
ABSTRACTS

1. Imaging

1.1 Com par a tive res o lu tion, gain and depth-of-field mea sure ments in B-mode and
short-lag spa tial co her ence im ages, Muyinatu A. Lediju, Jeremy Dahl and Gregg E.
Trahey, Duke Uni ver sity, Dur ham, NC, muyinatu.lediju@duke.edu.

The spa tial co her ence of back scat tered ul tra sound waves is pre dicted by the van Cittert
Zernike The o rem. This the o rem is the ba sis for the der i va tion of spa tial co her ence func tions
as the Fou rier trans form of the square of the prod uct of a source func tion (or tar get) and the
lat eral trans mit beam pres sure. Ex per i men tally, spa tial co her ence func tions are dis played as
the av er age post-de layed cor re la tions be tween rf ech oes re ceived by in di vid ual el e ments, as
a func tion of el e ment sep a ra tion, or el e ment lag. We uti lize in for ma tion in the first few lags
of spa tial co her ence func tions to im ple ment a novel tech nique termed Short-Lag Spa tial Co -
her ence (SLSC) im ag ing. 

The the ory was im ple mented to pre dict the ex pected spa tial co her ence of a va ri ety of
source func tions, in clud ing le sions, sine waves with a range of fre quen cies and step tar gets.
Field II was used to sim u late re ceived chan nel sig nals from these same im ag ing tar gets. Ex -
per i men tal phan tom and clin i cal in di vid ual chan nel sig nals were ac quired us ing the Axius
Di rect Di ag nos tic User In ter face (Siemens Med i cal So lu tions USA, Inc., Issaquah, WA), in
con junc tion with a syn thetic re ceive-ap er ture tech nique. Spa tial-co her ence func tions were
com puted for short lags (typ i cally 1-30% of the trans mit ap er ture). The re sult ing SLSC
func tion com puted at each ax ial and lat eral res o lu tion cell was summed and the summed val -
ues were dis played as SLSC im ages. For sim u la tion and ex per i men tal data, matched
B-mode im ages were con structed with the same in di vid ual chan nel data us ing con ven tional
de lay-and-sum meth ods. Res o lu tion was mea sured via the nu mer i cal dif fer en ti a tion of step
tar gets and the autocorrelation of im age tex ture (i.e., speckle in B-mode im ages). Re sults
from the var i ous sine-wave in put fre quen cies were used to cre ate SLSC im age trans fer func -
tions. SLSC im ages show better res o lu tion than B-mode im ages for most short-lag val ues.
Trans fer func tion re sults re vealed that SLSC im ages and B-mode im ages have com pa ra ble
gain at the fo cus for most in put fre quen cies, with the ory and sim u la tions hav ing no ta ble
agree ment. We also re port on SNR as a func tion of depth in matched sim u lated and ex per i -
men tal B-mode and SLSC im ages. 

1.2 Har monic co her ence im ag ing us ing short-lag spa tial co her ence: dem on stra tion
of ba sic prin ci ples and ex per i men tal and sim u la tion re sults, Jeremy J. Dahl,1 Gianmarco 
F. Pinton2 and Gregg E. Trahey,1 1De part ment of Bio med i cal En gi neer ing, Duke Uni ver sity,
Dur ham, NC and 2Institut Langevin, ESPCI, Paris, France.

Short-lag spa tial co her ence (SLSC) im ag ing is a new im ag ing tech nique that is based on
the co her ence of back scat tered waves at small spa tial sep a ra tions.  The pri mary ap pli ca tion
of SLSC im ag ing is clut ter re duc tion, al though SLSC im ag ing typ i cally shows fa vor able
im ag ing char ac ter is tics such as im proved con trast-to-noise ra tio (CNR) and sig nal-to-noise
ra tio (SNR) com pared to con ven tional B-mode im ag ing even when no noise is pres ent.
SLSC im ages are formed by in te grat ing the spa tial co her ence func tion over the short-lag re -
gion.  Im age clut ter, which ap pears as an omnidirectional source in the back scat ter, has low
spa tial co her ence and is thus sup pressed.  Con ven tional har monic im ag ing meth ods also
sup press im age clut ter, al though the mech a nism is en tirely dif fer ent.  Har monic im ag ing
meth ods sup press clut ter be cause the har monic sig nals are gen er ated fur ther down stream
from tis sue lay ers that po ten tially trap the acous tic pulse and pro duce re ver ber a tion clut ter. 

1 ABSTRACTS, ULTRASONIC IMAGING AND TISSUE CHARACTERIZATION



Con ven tional har monic im ag ing, how ever, is not mu tu ally ex clu sive to SLSC im ag ing and
there fore the two tech niques can be com bined. 

We in tro duce a har monic ver sion of the SLSC im ag ing (HSLSC) tech nique.  Be cause the
same sig nals that are used to con struct B-mode im ages are also used to con struct SLSC im -
ages, the ben e fits ob tained with har monic im ag ing are also ap pli ca ble to SLSC im ag ing. 
We com pare the char ac ter is tics of fun da men tal and har monic spa tial co her ence func tions
and dem on strate the ef fects of ab er ra tion and clut ter on these func tions us ing a full-wave,
non lin ear acous tic (FWNA) sim u la tion method.  In ad di tion, we use the FWNA sim u la tor to 
com pare B-mode, har monic B-mode, SLSC and HSLSC im ag ing in a va ri ety of im ag ing
tasks, in clud ing le sion detectability both with and with out re al is tic mod els of hu man ab -
dom i nal lay ers and in mod els of heart cham bers.  We also dem on strate HSLSC im ag ing in
tis sue-mim ick ing phan toms and hu man liver.  On av er age, SLSC and HSLSC yielded better 
detectability than their B-mode coun ter parts while the har monic im ag ing modes yielded
better detectability than the fun da men tal im ag ing modes.  For ex am ple, in the heart cham ber 
model, a po ten tial throm bus with -12 dB mag ni tude rel a tive to the cham ber wall dem on -
strated a CNR of 0.36, 1.26, 1.38 and 2.32 in the fun da men tal B-mode, fun da men tal SLSC,
har monic B-mode and HSLSC im ages, re spec tively.  The speckle SNR of the throm bus was
2.07, 2.70, 1.59 and 2.55 for the same im ag ing modes, re spec tively.  We con clude that
HSLSC im ag ing is a vi a ble im ag ing method for clut ter re duc tion and can im prove the per -
for mance of SLSC im ag ing by min i miz ing the im pact of clut ter in the back scat tered sig nals. 
Sup ported by NIH grant R21-EB008481 from the Na tional In sti tute of Bio med i cal Im ag ing
and Bio en gi neer ing.  In-kind and tech ni cal sup port pro vided by the Ul tra sound Di vi sion at
Siemens Med i cal So lu tions USA, Inc.

1.3 Per for mance eval u a tion of short-lag spa tial co her ence im ag ing in the pres ence
of acous ti cal noise, Marko Jakovljevic, Dongwoon Hyun, Gregg Trahey and Jeremy Dahl,
Duke Uni ver sity, Dur ham, NC.

We have re cently de vel oped a novel beamforming tech nique called short-lag-spa tial-co -
her ence (SLSC) im ag ing and ap plied it to sup press the ef fects of clut ter in ul tra sound im -
ages.  The im ages are formed by uti liz ing small spa tial dif fer ences in the co her ence func tion
of back scat tered ul tra sound. In this pa per, we uti lize sim u la tions to eval u ate the per for -
mance of SLSC im ag ing un der dif fer ent noise lev els and com pare it to the con ven tional
B-mode im ag ing.  Spe cif i cally, sim u la tions in Field II, a lin ear acous tic sim u la tion method
and a full-wave non lin ear acous tic (FWNA) sim u la tion method were used to dem on strate
the de tec tion of le sions of vary ing sizes and con trasts with and with out acous ti cal in ter fer -
ence in the back scat tered data.  In ad di tion, in vivo data was ac quired on hu man liver
vasculature where the acous ti cal noise level var ied across the pa tients.  

Matched SLSC and B-mode im ages were formed from the sim u lated and in vivo data and
im age con trast, CNR and SNR were cal cu lated.  Sim u la tion re sults show that in noise-free
con di tions, B-mode and SLSC im ages are nearly equiv a lent in le sion de tec tion, based on the 
con trast-to-noise ra tio (CNR) of the le sion. How ever, SLSC im ages have higher con trast
and CNR than their B-mode coun ter parts with the ad di tion on acous ti cal clut ter.  This is due
to the fact that SLSC sup presses in co her ent ech oes aris ing from the acous ti cal clut ter.  The
im age qual ity met rics of in vivo im ages are con sis tent with those of sim u la tion im ages. 
SLSC im ages show better vi su al iza tion of liver vasculature in the pres ence of clut ter while
in some cases they in di cate the pres ence of the struc tures not vis i ble in the B-mode im ages. 
We also dis cuss the po ten tial ap pli ca tions, lim i ta tions, and trade offs of SLSC im ag ing. Sup -
ported by NIH grants R21-EB008481 from the Na tional In sti tute of Bio med i cal Im ag ing
and Bio en gi neer ing and R01-CA114093-04S1 from the Na tional Can cer In sti tute. The au -
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thors wish to thank the Ul tra sound Di vi sion at Siemens Med i cal So lu tions USA, Inc. for
their in-kind and tech ni cal sup port.

1.4 Super-res o lu tion im ag ing of a large num ber of scat ter ers us ing time re ver sal
and MU SIC, Yassin Labyed and Lianjie Huang, Los Alamos Na tional Lab o ra tory, Mail
Stop D443, Los Alamos, NM 87545,yassin@lanl.gov.

In time-re ver sal ul tra sound im ag ing, point scat ter ers or un known tar gets smaller than the
ul tra sound wave length are se quen tially probed us ing N trans ducer el e ments and the back -
scat tered sig nals are mea sured at the N el e ment lo ca tions. This sys tem is char ac ter ized at
each fre quency by the trans fer ma trix Ki,j , with i and j rang ing from 1 to N. The trans fer ma -
trix is used to com pute the Hermitian time re ver sal ma trix T=K† K whose non zero
eigenvalues can be shown to cor re spond in a one-to-one man ner with the dif fer ent tar gets.
Fur ther more, the eigenvalues are pro por tional to the reflectivities of the tar gets. In par tic u -
lar, ex cit ing the ar ray by one of the eigenvectors fo cuses the gen er ated wavefield on the as -
so ci ated tar get. There fore, if the dif frac tion im pulse re sponse for each el e ment is known for
the me dium in which the tar gets are em bed ded, an im age of the tar get lo ca tions can be gen er -
ated. Us ing Mul ti ple Sig nal Clas si fi ca tion (MU SIC) in con junc tion with time-re ver sal pro -
cess ing has been shown to yield im ages with subwavelength res o lu tion.

Pre vi ous stud ies on time-re ver sal and MU SIC im ag ing were con ducted only for the case
where the num ber of tar gets is smaller than the num ber of trans ducer el e ments. In ad di tion,
the dif frac tion im pulse re sponses of the trans ducer el e ments were ap prox i mated with the
Green’s func tion of the back ground me dium. We de velop a new tech nique based on time re -
ver sal and MU SIC for de tect ing scat ter ers when the num ber of im ag ing tar gets is larger than
the num ber of trans ducer el e ments. Our new im ag ing method is based on di vid ing the im age
plane into sub re gions and cal cu lat ing the time re ver sal ma trix from the win dowed back scat -
tered sig nals orig i nat ing from each sub re gion. We fur ther im prove im age res o lu tion us ing
the dif frac tion im pulse re sponses of the trans ducer el e ments. 

Com puter sim u la tions and ex per i ments with a syn thetic ap er ture lin ear ar ray on phan toms 
con tain ing glass microspheres showed that when the num ber of tar gets is larger than the
num ber of trans ducer el e ments, a sin gle eigenvector no lon ger fo cuses ul tra sound en ergy on
one sin gle tar get but rather on sev eral tar gets with an ef fi ciency that is quan ti fied by the as so -
ci ated eigenvalue. How ever, our new tech nique can lo cate all the tar gets and pro vide im ages 
with a res o lu tion of ap prox i mately l/12. In ad di tion, highly ac cu rate se lec tive fo cus ing on
each tar get is achieved. The re sults also showed that com pen sat ing for the trans ducer el e -
ments im pulse re sponses de creases the er rors in tar get lo cal iza tion and im proves im age res -
o lu tion. Sup ported by the Breast Can cer Re search Pro gram of DoD Con gres sio nally
Di rected Med i cal Re search Pro grams.

1.5 Im ag ing small tar gets us ing syn thetic-ap er ture ul tra sound, Lianjie Huang,1

Yassin Labyed,1 Mi chael Wil liam son,2  Rob ert Rosenberg,2 Philip Heintz2  and Dan iel
Sandoval,2  1Los   Alamos Na tional Lab o ra tory, Los Alamos, NM 87545 and  2De part ment of
Ra di ol ogy, Uni ver sity of New Mex ico, Al bu quer que, NM 87131, ljh@lanl.gov. 

We in ves ti gate the ca pa bil i ties of syn thetic-ap er ture ul tra sound for im ag ing small tar gets
us ing an in ves ti ga tional sys tem from InnerVision Med i cal Tech nol o gies. Cur rent clin i cal
ul tra sound lacks of the ca pa bil ity of im ag ing small tar gets such as breast microcalci -
fications.  Syn thetic-ap er ture ul tra sound has re cently de vel oped as a prom is ing tool to im -
prove the ca pa bil i ties of med i cal ul tra sound. 

Microcalcifications are tiny specks of min eral de pos its (cal cium). They are the first sign
of breast can cer in more than 30% of all cases. For ex am ple, ductal car ci noma in situ (DCIS)
rep re sents ap prox i mately 20% of all breast can cers de tected by mam mog ra phy and ap prox i -
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mately 95% of all DCIS is di ag nosed be cause of mammographically-de tected microcal -
cifications. The size of breast microcalcifications ranges ap prox i mately from 0.1 mm to 0.5
mm. They can be scat tered through out the mam mary gland, or oc cur in clus ters. They  may
or may not be as so ci ated with a tu mor; there fore, they must be de tected and char ac ter ized
ac cu rately ac cord ing to their size, num ber, dis tri bu tion and mor phol ogy to de ter mine if they 
are be nign or ma lig nant.

We use two dif fer ent tis sue-equiv a lent phan toms to study the im ag ing ca pa bil i ties of
InnerVision DAS009, a real-time syn thetic-ap er ture ul tra sound sys tem, for im ag ing small
tar gets. The cen ter fre quency used is ei ther 5 MHz or 8 MHz. The two phan toms con tain line 
tar gets with a di am e ter of 0.05 mm. We use InnerVision DAS009 to im age the two phan -
toms and com pare the re sults with those ob tained from clin i cal scan ners Acuson Se quoia
512 and Siemens S2000. In ad di tion, we in ves ti gate the im ag ing ca pa bil i ties of syn -
thetic-ap er ture ul tra sound us ing each phys i cal el e ment or vir tual source of phased multi-el -
e ments to emit unfocused ul tra sound. We will use InnerVision DAS009 for in vivo stud ies
of breast microcalcification de tec tion. Sup ported by the Breast Can cer Re search Pro gram
grant #BC085221 of the U.S. DoD Con gres sio nally Di rected Med i cal Re search Pro grams.

1.6 Quan ti ta tive track ing of ten don mo tion from ul tra sonic im ages us ing curved
M-mode, Paul Otto,1 Lindsey Curatalo,2 Avinash Eranki,1 Laura Prosser, 2 Di ane Damiano,2

Kath ar ine Al ter2  and Siddhartha Sikdar, 1, 3  1De part ment of Elec tri cal and Com puter En gi -
neer ing, George Ma son Uni ver sity, Fairfax, VA 22030 and  2Func tional and Ap plied
Biomechanics Sec tion, Re ha bil i ta tion Med i cine De part ment, Na tional In sti tutes of Health,
Bethesda, MD  20892, ssikdar@gmu.edu.

Back ground: Neu ro log i cal dis eases such as ce re bral palsy (CP) lead to gait im pair ments. 
Foot drop is one im pair ment where the pa tient is un able to ad e quately per form an kle
dorsiflexion (i.e., lift their toes). Pa tients at tempt to com pen sate for this by flex ing or
circumducting their hip to achieve better toe clear ance dur ing the swing phase of gait but
may still catch their toes lead ing to trip ping and fall ing. Typ i cal treat ment for foot drop in -
cludes an kle orthoses that block plantarflexion through out the gait cy cle.  Func tional elec -
tri cal stim u la tion is an al ter na tive to tra di tional an kle orthoses that de liv ers sur face elec tri cal 
stim u la tion to the com mon peroneal nerve to pro vide dorsiflexion dur ing the swing phase of 
gait with out lim it ing plantarflexor power. Tra di tion ally, joint ki ne mat ics, dynamometry
and electromyographic data have been used as clin i cal out come mea sures for as sess ing
foot drop. Quan ti ta tive meth ods for di rect mea sure ments of ten don ki ne mat ics may lead to
im proved clin i cal out come mea sures. In re cent years, ul tra sound im ag ing (US) has be come
an im por tant tool for di rect as sess ment of length, shape and de for ma tion of mus cles and ten -
dons. There is a need for val i dated meth ods that can be used in an of fice-based set ting us ing
com mer cially-avail able equip ment. 

Ob jec tive: The ob jec tive of this study is to val i date an US-based al go rithm for ten don tis -
sue track ing that can be used with con ven tional real-time B-mode im ag ery. Our al go rithm
tracks ten don mo tion in a curved M-mode im age gen er ated by resampling the ul tra sound
im ages along the ten don us ing a para met ric curve. This semi-au to matic method en ables a
quan ti ta tive char ac ter iza tion of mo tion along the length of the ten don.

Meth ods: Chil dren and ad o les cents (N = 7) with spas tic CP who am bu late in de pend ently
with no assistive de vice (Gross Mo tor Func tion Clas si fi ca tion Scale level I & II) were eval u -
ated. All par tic i pants had uni lat eral foot drop as de ter mined by clin i cal ob ser va tion of bare -
foot walk ing. The pa tients were seated in an up right po si tion and asked to per form re peated
dorsiflexion and re lax ation. The tibialis an te rior ten don was im aged us ing an Ultrasonix
SonixTouch US sys tem and a 5-14 MHz lin ear ar ray trans ducer. The US trans ducer was sta -
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bi lized over the ten don us ing a cus tom Neo prene cuff. Si mul ta neously, the an kle joint mo -
tion was mon i tored us ing a Vicon 612 3D mo tion cap ture sys tem. 

The re con structed B-mode im age se quence was an a lyzed offline us ing Matlab. The tis sue- 
mo tion de tec tion method can be di vided into two steps: resampling fol lowed by mo tion es ti -
ma tion.  We mod eled the ten don us ing a curved spline with equally-spaced sam ple points.
This spline is user selectable and placed over the ten don in the ul tra sound im age.  The US im -
age se quence is then resampled at equally-spaced points along the spline to gen er ate a curved
M-mode im age. The ten don mo tion in this curved M-mode im age is quan ti fied by speckle
track ing us ing a nor mal ized cross-cor re la tion to gen er ate a time se ries of the ten don mo tion.
This time se ries was then com pared with the time se ries of the an kle joint an gle ac quired us ing
3D mo tion cap ture for val i da tion. The lin ear ve loc ity of the ten don and the cor re spond ing joint 
an gu lar ve loc ity dur ing dorsiflexion was com puted as the slope of the ten don dis place ment
and joint an gle time se ries, re spec tively. 

Re sults and dis cus sion: The lin ear ten don ve loc i ties mea sured us ing US showed good
cor re la tion with the joint an gu lar ve loc i ties mea sured us ing 3D mo tion cap ture (R2 = 0.86 for 
lin ear re gres sion for pooled data over mul ti ple tri als). The slope of the lin ear re gres sion was
nearly iden ti cal for all seven sub jects. The stan dard de vi a tion of the lin ear re gres sion slope
for each pa tient was found to be 0.08 for a mean of 0.7, sug gest ing that the func tional ra dius
of move ment is ap prox i mately the same for all pa tients.  These re sults show that the lin ear
ten don ve loc ity can be used as a sur ro gate mea sure for joint an gle ki ne mat ics. The cur rent
stan dard for gait anal y sis is 3D mo tion cap ture, which re quires a spe cial ized gait lab and ex -
pen sive equip ment. Our re sults in di cate that mon i tor ing of ten don ki ne mat ics us ing con ven -
tional ul tra sound equip ment can be used as a sur ro gate mea sure. Fur ther more, our method
en ables para met ric mod el ing of the ten don ki ne mat ics. We are work ing on in cor po rat ing
our meth ods into a por ta ble US sys tem that can mon i tor ten don ki ne mat ics dur ing gait. Sup -
ported in part by Grant Num ber 0953652 from the Na tional Sci ence Foun da tion and the in -
tra mu ral re search pro gram at the Na tional In sti tutes of Health Clin i cal Cen ter.

1.7 FDA-ap proved smartphone ul tra sound sys tem, Wil liam D. Rich ard,1, 2 Da vid M.
Zar,1-3 Sailesh Chutani3 and Ro man Solek4  1Wash ing ton Uni ver sity in St. Louis, One
Brookings Drive, St. Louis, MO 63021, 2Z&R Tech nol o gies, L.L.C., 282 Birchwood Cross -
ing Lane, Mary land Heights, MO 63043, 3Mobisante, Inc., 16625 Redmond Way, Suite M,
Redmond, WA 98052 and 4Interson Cor po ra tion, 7026 Koll Cen ter Park way, Suite 201,
Pleasanton, CA 94566, wdr@wustl.edu.

The first FDA-ap proved smartphone ul tra sound sys tem is a com plete ul tra sound sys tem
re quir ing no ex ter nal bat ter ies or ac ces so ries to im age in real time any where in the world.
The en tire sys tem con sists of a ge neric Microsoft Win dows Mo bile smartphone and a
Universial Se rial Bus (USB) ul tra sound probe. The probe con nects di rectly to the smart -
phone via a pas sive USB ca ble, draw ing less than 100 mA at 5V, or ½ W, al low ing a runtime
of up to 90 min utes (or a full day of typ i cal use). Since more than 90% of the world’s pop u la -
tion lives within range a cell tower, prac ti tio ners in re mote ar eas can in stantly share di ag nos -
tic im ages with col leagues around the globe. We briefly re view the sys tem ar chi tec ture,
de scribe the user in ter face and pres ent clin i cal im ages ob tained us ing the sys tem. Sup ported
in part by Microsoft Re search through the Cell Phone as a Plat form for Healthcare ini tia tive.

1.8 High-res o lu tion ul tra sonic method for 3D fin ger print im ag ing, R.Gr. Maev, F.
Severin and Moeen Uddini, The In sti tute for Di ag nos tic Im ag ing Re search, 688 Uni ver sity
Av e nue W. Wind sor, On tario, CAN ADA N9A 5R5, seviarzy@uwindsor.ca.

This work in tro duces a newer de vel op ment of the ul tra sonic fin ger print im ag ing for
biometrics pur poses. The pro posed method in cludes high-res o lu tion pulse-echo scan ning
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with a spher i cally-fo cused 50 MHz acous tic lens. This al lows us to ob tain a 3D set of acous -
tic data that can be used for both fin ger prints iden ti fi ca tion and tis sue ex am i na tion. Fur ther
pro cess ing in cludes noise re duc tion and its pre sen ta tion in a form of B- and C-scans. This
gives to tal con trol over the vi su al iza tion op tions. In ter nal struc ture of the near sub-skin re -
gion can be re con structed and an a lyzed. In par tic u lar, the dis tri bu tion of the sweat pores
(which are lo cated along the ridges) can be eas ily vi su al ized by set ting the C-scan gate on
proper depth un der the skin sur face. The op ti mized set ups, acous tic pa ram e ters of the sys -
tem, sig nal and im age pro cess ing op tions are dis cussed thor ough. As re sult, ob tained acous -
tic im ages could be used as a rec og niz able source of in for ma tion in tis sue char ac ter iza tion
and bio met ric iden ti fi ca tion.

1.9 Char ac ter iza tion of the spa tial res o lu tion of dif fer ent high-fre quency im ag ing
sys tems us ing a novel anechoic-sphere phan tom, Erwan Filoux,1 Jon a than Mamou,1 Or -
lando Aristizabal2 and Jeffrey A. Ketterling,1  1Riv er side Re search, Lizzi Cen ter for Bio med -
i cal En gi neer ing, 156 Wil liam Street, New York, NY 10038 and 2Skirball In sti tute of
Biomolecular Med i cine, New York Uni ver sity School of Med i cine, 540 First Av e nue, New
York, NY 10016.

The spa tial res o lu tion of high-fre quency ul tra sound (HFU, >20 MHz) im ag ing sys tems is
usu ally de ter mined us ing wires per pen dic u lar to the beam. Re cently, two tis sue-mim ick ing
phan toms (TMPs) were de vel oped to es ti mate the three-di men sional (3D) res o lu tion. Each
of the TMPs con tained ran domly-dis trib uted anechoic spheres with di am e ters rang ing from
0.1 to 1.09 mm. The abil ity of an HFU sys tem to de tect these spheres against a speckle back -
ground pro vides a re al is tic es ti ma tion of its 3D spa tial res o lu tion. In the pres ent study, these
TMPs were used with HFU sys tems us ing sin gle-el e ment trans duc ers, lin ear ar rays and an -
nu lar ar rays. The TMPs were scanned us ing a VisualSonics(tm) Vevo 770 and Vevo 2100
and a cus tom HFU sys tem based on a 5-el e ment an nu lar ar ray. All trans duc ers had a nom i -
nal cen ter fre quency of 40 MHz and sim i lar ax ial and lat eral res o lu tions. Re sults ob tained
with the cus tom sys tem, us ing syn thetic fo cus ing and chirp-coded ex ci ta tion, were com -
pared to those of the Vevo sys tems in terms of sphere de tec tion, i.e., 3D spa tial res o lu tion,
and con trast-to-noise ra tio (CNR). Re sult ing B-mode im ages in di cated that only the an nu -
lar-ar ray trans ducer was able to de tect the 0.2 mm spheres over at least 7 mm within the
phan toms. The an nu lar ar ray ex cited by a chirp-coded sig nal pro vided im ages of the high est
con trast, with a max i mum CNR of 1.8 at the fo cus, com pared to 1.3 when us ing im pulse ex -
ci ta tion and 1.6 with the sin gle-el e ment trans ducer and lin ear ar ray. These re sults showed
that the axisymmetrical ra di a tion pat tern of an nu lar ar rays pro vide im proved de tec tion ca -
pa bil i ties com pared to lin ear ar rays when im ag ing in-vivo struc tures in tis sues.

2.  Quan ti ta tive Ul tra sound 1

2.1 Acous tic mi cros copy im ag ing of breast tu mors, E. Yu. Maeva and I. Seviaryna,
In sti tute for Di ag nos tic Im ag ing Re search, Uni ver sity of Wind sor, 401 Sun set Ave., Wind -
sor, On tario N9B 3P4 Can ada, seviary@uwindsor.ca.

At sur gery time, sur geons some times have dif fi culty de ter min ing if they achieved an ad e -
quate mar gin of nor mal tis sue around the ex cised tu mor. Meth ods of Scan ning Acous tic Mi -
cros copy (SAM) were used to vi su al ize struc tures in thickly-sliced not-fixed or fixed/not-
stained spec i mens. Spec i mens of hu man breast con tain ing ductal car ci noma tu mors with
2–3 cm lat eral di men sions and 2–4 mm thick nesses were ex am ined by pulse-echo scan ning 
acous tic mi cro scopes with 25-100 MHz spher i cally-fo cused lenses. Two dif fer ent acous tic
mi cro scopes work ing in sound speed, sound at ten u a tion and acous tic im ped ance modes
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were used. By se lec tively gating the re flected sig nal, the im ages of the in ter nal tis sue struc -
tures were ob tained and three-di men sional anal y sis of the sam ples was per formed. Com -
pared with sub se quently-pre pared con ven tional per ma nent slides from the same spec i mens, 
the acous tic im ages show good cor re la tion of dis ease-free mar gins. The ob tained re sults
prove SAM po ten tials as an ad junc tive method for pa thol o gists to rap idly de ter mine tu mor
size and re sec tion mar gin sta tus dur ing intraoperative con sul ta tion and pro vide more com -
plete spec i men as sess ment dur ing gross ex am i na tion.

2.2 De tec tion of metastases in dis sected lymph nodes of colorectal, gas tric and
breast-can cer pa tients us ing high-fre quency ul tra sound, Er nest J. Feleppa,1 Jon a than
Mamou,1 Emi Saegusa-Bee croft,2 Alain Coron,3 Mi chael Oelze,4 Tadashi Yamaguchi,5

Junji Machi,2 Masaki Hata,2 Eu gene Yanagihara2 and Pascal Laugier,3  1Riv er side Re search,
New York, NY, 2Uni ver sity of Ha waii and Kuakini Med i cal Cen ter, Ho no lulu, HI, 3Univer -
sité Pi erre et Ma rie Cu rie and CNRS, Paris, France, 4Uni ver sity of Il li nois, Ur bana Cham -
paign, IL and 5Chiba Uni ver sity, Chiba, Ja pan.

A re li able means of de tect ing metastases in re gional lymph nodes is es sen tial for ac cu rate
stag ing of can cer and ef fec tive plan ning of ther apy.  Cur rent stan dard time-con sum ing
histopathology meth ods ap pear to have high false-neg a tive rates for metastases that are 2
mm or smaller.  We have been in ves ti gat ing high-fre quency (HF) quan ti ta tive ul tra sound
(QUS) meth ods to pro vide a rapid and re li able means of de tect ing metastases in dis sected
nodes based on their ul tra sound-scat ter ing prop er ties. 

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

To date, we have an a lyzed the echo sig nals of more than 240 nodes, in clud ing ab dom i nal
nodes of colorectal and gas tric can cer pa tients and axillary nodes of breast-can cer pa tients.
3-D im ages gen er ated from rf data were seg mented semi au to mat i cally to se lect nodal tis sue
for anal y sis.  Echo sig nals from nodal tis sue were pro cessed to yield QUS es ti mates, which
in cluded B-mode en ve lope-sig nal sta tis ti cal fea tures. Dif fer ent histological node ar chi tec -
tures were ob served and dif fer ent QUS re sults were ob tained for ab dom i nal com pared to
axillary nodes.

Linea- discriminant anal y sis and ROC-curve meth ods were ap plied to as sess the abil ity of
spec tral pa ram e ters, scat terer-prop erty es ti mates and sta tis ti cal fea tures to dis tin guish can -
cer ous from non can cer ous nodes.  Clas si fi ca tion per for mance was as sessed for in di vid ual
es ti mates and var i ous lin ear com bi na tions of es ti mates.  ROC re sults for axillary as well as
ab dom i nal nodes showed ex cel lent clas si fi ca tion.  For ab dom i nal nodes, the ar eas un der the
ROC curves ap proached 1.0 for a com bi na tion of all QUS es ti mates.  Slightly- poorer re sults 
were ob tained for axillary nodes.  Im ages based on QUS pa ram e ters showed an ex cel lent
abil ity to de pict met a static foci.

These en cour ag ing ini tial re sults sug gest that HF QUS meth ods may pro vide a clin i -
cally-valu able means of de tect ing small met a static can cers in dis sected lymph nodes that
might not be de tected us ing stan dard pa thol ogy pro ce dures.  The abil ity of HF QUS to re veal
oth er wise-missed metastases will en able pa thol o gists to more-ef fi ciently fo cus histo logical
ef fort on can cer-con tain ing re gions of nodes.  Fu ture stud ies will in ves ti gate the ap pli ca bil -
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ity of these meth ods to de tec tion of nodal metastases in situ. Sup ported in part by NIH/NCI
grant CA100183.

2.3 Cross-plat form com par i son of back scat ter co ef fi cient from four clin i cal im ag -
ing sys tems in four well-char ac ter ized phan toms, Lauren A. Wirtzfeld,1 Kibo Nam,2

Goutam Ghoshal,1 Viksit Kumar,3 Ivan M. Rosado-Mendez,2 Al ex an der D. Pawlicki,1 Er -
nest L. Madsen,2 Tim o thy A. Bigelow,3 Mi chael L. Oelze,1 James A. Zagzebski,2 Tim o thy J. 
Hall2 and Wil liam D. O’Brien Jr.,1  1De part ment of Elec tri cal and Com puter En gi neer ing,
Uni ver sity of Il li nois at Ur bana-Cham paign, Ur bana, IL, 2De part ment of Med i cal Phys ics,
Uni ver sity of Wis con sin, Mad i son, WI and 3De part ment of Me chan i cal En gi neer ing, Iowa
State Uni ver sity, Ames, IA, wdo@uiuc.edu.

The abil ity to reproducibly es ti mate the back scat ter co ef fi cient (BSC) across dif fer ent
clin i cal im ag ing sys tems is crit i cal to mov ing quan ti ta tive ul tra sound (QUS) im ag ing into a
clin i cal set ting. In our pre vi ous QUS stud ies of phys i cal phan toms, agree ment in BSC es ti -
mates was dem on strated across dif fer ent sin gle-el e ment lab o ra tory sys tems. Also, BSC es -
ti mates were in agree ment with scat ter ing the ory. The goal of this study was to com pare the
BSC ob tained from four dif fer ent clin i cal im ag ing sys tems us ing the same well-char ac ter -
ized phan toms. The four im ag ing sys tems were an Ultrasonix RP; a Zonare Z.one scan en -
gine; a Siemens Acuson S2000; and a VisualSonics Vevo2100.

All phan toms em ployed have been pre vi ously de scribed and well char ac ter ized with sin -
gle-el e ment data from two in sti tu tions (UIUC,(1) UW(2)). For the cur rent study from three in -
sti tu tions (UIUC, UW, ISU), four phan toms were im aged. Three of the phan toms con sisted
of weakly -scat ter ing agar spheres of var i ous di am e ters, nom i nally be tween 90 and 212 µm,
each ex hib it ing os cil la tory be hav ior in BSC vs fre quency that is char ac ter is tic of the sphere
sizes. One phan tom con tained glass bead scat ter ers, mea sur ing 41±0.2 µm in di am e ter. Data 
from all sys tems ac cu rately re pro duced the dif fer ent BSC vs fre quency shapes.  Ex cel lent
cross-plat form quan ti ta tive agree ment was ob served across all four im ag ing sys tems for
BSC mea sure ments in all phan toms, in clud ing di rect agree ment with the ory for the
glass-bead phan tom. Sup ported by NIH Grant R01CA111289.

(1) J Acoust Soc Amer 128, 903 (2010). (2) Ul tra sonic Im ag ing 32, 48 (2010).

2.4 Ul tra sonic back scat ter co ef fi cient mea sure ment agree ment across mul ti ple im -
ag ing plat forms from in vivo ro dent tu mors, Lauren A. Wirtzfeld,1 Goutam Ghoshal,1

Ivan M. Rosado-Mendez,2 Kibo Nam,2, Viksit Kumar,3 Al ex an der D. Pawlicki,1 Mi chael A. 
Kurowski,1 Na than R. Hirtz,4 Em ily L. Hartman,1 Rita J. Miller,1 Douglas G. Simpson,4,
Tim o thy A. Bigelow,3 James A. Zagzebski,2 Mi chael L. Oelze,1 Tim o thy J. Hall2 and Wil -
liam D. O’Brien Jr.,1 1De part ment of Elec tri cal and Com puter En gi neer ing, Uni ver sity of Il -
li nois at Ur bana-Cham paign, Ur bana, IL, 2De part ment of Med i cal Phys ics, Uni ver sity of
Wis con sin, Mad i son, WI, 3De part ment of Me chan i cal En gi neer ing, Iowa State Uni ver sity,
Ames, IA, 4De part ment of Sta tis tics, Uni ver sity of Il li nois at Ur bana-Cham paign, Cham -
paign, IL and 5Beckman In sti tute, Uni ver sity of Il li nois at Ur bana-Cham paign, Ur bana, IL,
wdo@uiuc.edu.

In or der to trans late quan ti ta tive ul tra sound (QUS) tech niques to the clinic, it is nec es sary
to dem on strate that the QUS mea sure ment re sults are plat form in de pend ent. The back scat -
ter co ef fi cient (BSC) is a fun da men tal pa ram e ter that de scribes scat ter ing on an ab so lute
scale and a pa ram e ter from which sev eral other im por tant QUS pa ram e ters are cal cu lated.
There fore, dem on strat ing agree ment be tween the BSC es ti mates us ing dif fer ent sys tems is
sig nif i cant. This study is an intercomparison of BSC es ti mates ac quired by dif fer ent groups
from two in vivo tu mor mod els, an orthotopic mouse mam mary car ci noma (4T1) and a
spon ta ne ous rat-mam mary fibroadenoma. The ul tra sound sys tems em ployed in cluded three 
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clin i cal im ag ing sys tems: an Ultrasonix RP; a Zonare Z.one scan en gine di ag nos tic sys tem
and a Siemns Acuson S2000,  as well as a pre clin i cal an i mal im ag ing sys tem, a VisualSonics 
Vevo2100. Radio fre quen cy (rf) echo data span ning the 2–14 MHz fre quency range were ac -
quired in three di men sions from all an i mals us ing each sys tem. Each re search group (UIUC,
UW, ISU) pro cessed their rf data in de pend ently, and the re sult ing BSCs were com pared. 
Good agree ment was ob served in BSCs across all im ag ing sys tems. Vari a tions in BSCs
were ob served across dif fer ent fibroadenomas, which could have been due to the het er o ge -
ne ity within and be tween tu mors. On the other hand, the car ci no mas are very uni form tu -
mors and good agree ment was ob served in BSC es ti mates be tween sys tems and for dif fer ent
tu mor sam ples. This type of agree ment en ables QUS re sults to be com pared be tween sys -
tems. We will now be gin in ves ti gat ing how char ac ter is tic dif fer ences be tween dif fer ent pa -
thol o gies cor re spond to dif fer ent QUS re sults. This work was sup ported by NIH Grant
R01CA111289.

2.5 De tec tion of lay ers of aligned col la gen in hu man cer vi cal tis sue us ing ul tra -
sound, Lisa M. Reusch,1 Helen Feltovich,2 Lindsey Carlson,1 Jeremy J. Dahl,3 Mark L.
Palmeri,3 Kevin Eliceiri4 and Tim o thy J. Hall,1 1Med i cal Phys ics, Uni ver sity of Wis con sin -
Mad i son, Mad i son, WI,  2Ma ter nal Fe tal Med i cine, Intermountain Healthcare, Park City,
UT,  3Bio med i cal En gi neer ing, Duke Uni ver sity, Dur ham, NC and  4Lab o ra tory for Op ti cal
and Com pu ta tional In stru men ta tion, Uni ver sity of Wis con sin-Mad i son, Mad i son, WI,
lmmcguire@wisc.edu. 

Ob jec tives: Spon ta ne ous preterm birth rates have not changed in a cen tury de spite ex ten -
sive re search. Col la gen align ment in the cer vix con trib utes to cer vi cal strength and un der -
goes re ar range ment long be fore gross changes (short en ing, soft en ing) can be seen; thus,
un der stand ing cer vi cal microstructure is an im por tant first step to un der stand ing cer vi cal
dys func tion. A quan ti ta tive as sess ment of these changes in women has been chal leng ing due 
to a lack of noninvasive tech nol ogy so phis ti cated enough to in ter ro gate the micro structure
of the cer vix. We aim to de velop such a tech nique us ing quan ti ta tive ul tra sound (QUS) and
acous tic-ra di a tion-force-im pulse (ARFI) mea sure ments. We cor rob o rate our ul tra sound
find ings with multiphoton op ti cal mi cros copy.

Meth ods: Hys ter ec tomy spec i mens (n = 5) were scanned us ing a Siemens Acuson S2000
ul tra sound sys tem equipped with a pro to type intracavity trans ducer (Siemens Med i cal So lu -
tions USA, Malvern, PA, USA).  Radio fre quen cy (rf) data were ac quired with the endo -
cervical ca nal par al lel to the trans ducer ap er ture. trans mit and re ceive an gles were changed
through elec tronic con trol to as sess anisotropic acous tic prop a ga tion. Back scat tered data
were col lected for steer ing an gles be tween ±40º in steps of 4º. The to tal back scat tered power
(BSP) was com puted for each an gle by in te grat ing the power spec tra.  Data from a phan tom
with spher i cal scat ter ers were used for sys tem cal i bra tion. ARFI mea sure ments were col -
lected at steer ing an gles of 0º, ±20º and ±40º and dis place ments were es ti mated us ing a
cross-cor re la tion method. Shear sounds speeds are es ti mated from the time-to-peak val ues.
Lastly, the tis sue was sec tioned and im aged us ing sec ond har monic gen er a tion (SHG) im ag -
ing. 

Re sults: The two dif fer ent US as sess ment tech niques (QUS, ARFI) show a change in
prop er ties as the dis tance away from the endocervical ca nal in creases. In par tic u lar, at a dis -
tance of about 6 mm away from the ca nal, the loss in BSP as a func tion of beam steer ing
changes and the shear sound speed in creases.  Ad di tion ally, the SHG im ages show a qual i ta -
tive change in the ap par ent col la gen or ga ni za tion at a depth that is con sis tent with the change 
in US prop er ties.  This change in acous ti cal and op ti cal prop er ties in di cates that we are de -
tect ing the pres ence of at least one layer within the cer vix.  On go ing work aims to quan tify
the dif fer ence be tween cervices that have given birth to ones that have not and to quan tify the 
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col la gen align ment in the SHG im ages us ing a curvelets-based anal y sis.  Sup ported by NIH
grants R21HD061896 and R21HD063031.

3. Shear-Wave Imaging

3.1 Us ing quan ti ta tive shear-wave elas tic ity im ag ing tech niques to noninvasively
char ac ter ize liver fi bro sis, Mark L. Palmeri,1 Ned C. Rouze,1 Mi chael H. Wang,1 Manal
Abdelmalek,2 Cynthia Guy3 and Kathryn R. Night in gale,1 1De part ment of Bio med i cal En gi -
neer ing, Duke Uni ver sity, 2Di vi sion of Gastroenterology, Duke Uni ver sity Med i cal Cen ter
and 3De part ment of Pa thol ogy, Duke Uni ver sity Med i cal Cen ter, Dur ham, NC, mark.palmeri@
duke.edu (over view).

Liver fi bro sis can re sult from al co holic and nonalcoholic eti ol o gies and af fects mil lions
of pa tients each year who must be eval u ated for dis ease pro gres sion and can di dacy for liver
trans plant or other ther a peu tic in ter ven tions.    The cur rent gold stan dard for liver fi bro sis
char ac ter iza tion is liver bi opsy but this in va sive pro ce dure is costly and has the risks of in -
fec tion and hem or rhage in ad di tion to pa tient pain and dis com fort.  Over the past 10 years,
there have been ef forts to char ac ter ize liver fi bro sis us ing noninvasive im ag ing tech niques,
such as acous tic-ra di a tion-force-based shear-wave elas tic ity im ag ing, to pro vide the cli ni -
cian with a bed side tool to eval u ate liver health in a clinic set ting.  Rec og niz ing that fibrotic
tis sue can be stiffer than healthy tis sue, liver fi bro sis can be in di rectly char ac ter ized by es ti -
mat ing its stiff ness through es ti ma tion of shear wave speed.  Acous tic Ra di a tion Force Im -
pulse (ARFI) shear-wave im ag ing is one such mo dal ity that has been de vel oped and stud ied
for such noninvasive liver fi bro sis mea sure ment.  

Shear waves are gen er ated us ing im pul sive, fo cused acous tic-ra di a tion-force ex ci ta tions
and the speed of those prop a gat ing shear waves is es ti mated us ing a va ri ety of time-of-flight
(TOF) al go rithms.  We have im ple mented cus tom ARFI shear wave im ag ing se quences us -
ing a Siemens CH4-1 curvilinear trans ducer on a Siemens SONOLINE Antares™    scan ner. 
The ra di a tion force ex ci ta tions were fo cused at 49 mm with an F/2 fo cal con fig u ra tion to de -
liver a 180 µs ex ci ta tion at 2.0 MHz.  Shear waves were tracked us ing 3.0 MHz track ing
beams and 4:1 par al lel re ceive span ning 20 mm lat er ally-off set from the ra di a tion-force ex -
ci ta tion at a prf of 4.8 kHz.  We have ex plored sev eral al go rithms to ro bustly re con struct
shear wave speeds un der as sump tion of ho mo ge ne ity of the liver and a pri ori knowl edge of
the di rec tion of shear-wave prop a ga tion.  An over view of our Lat eral TTP, RANSAC, and
Ra don-sum trans for ma tion meth ods will be pre sented in the con text of a 172 pa tient ret ro -
spec tive/pro spec tive study look ing at liver fi bro sis in Non-al co holic Fatty Liver Dis ease
(NAFLD) pa tients.  Sig nif i cant fi bro sis (F3-4) is able to be dif fer en ti ated from in sig nif i -
cant-to-mild fi bro sis (F0-2) with 90% sen si tiv ity and spec i fic ity us ing a shear-stiff ness
thresh old of 4.24 kPa.  Liver shear stiff ness was not de pend ent on hepatocyte bal loon ing, in -
flam ma tion nor im ag ing lo ca tion.

Fu ture di rec tions for shear-wave elas tic ity im ag ing in clude the vi su al iza tion of struc tures
that vi o late the ho mo ge ne ity as sump tions that were uti lized in the liver-fi bro sis stud ies.  The 
ho mo ge neous TOF re con struc tion al go rithms re quire mod i fi ca tion to ac com mo date shear-
 wave re flec tions from stiff ness in ter faces.  We have uti lized shear-wave lead ing-edge al go -
rithms with smaller spa tial-re con struc tion ker nels to re duce the ar ti facts as so ci ated with
shear-wave re flec tions and we have been able to gen er ate ac cu rate quan ti ta tive stiff ness im -
ages of spher i cal in clu sions in sim u la tion and phan toms.  Quan ti ta tive shear-wave im ages
suf fer from de creased spa tial res o lu tion that is de pend ent on the ker nel size, with CNRs that
are ap prox i mately half that of qual i ta tive ARFI im ages us ing sim i lar ra di a tion-force ex ci ta -
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tions (6.2 vs. 11.5).  Com bin ing the higher res o lu tion of qual i ta tive elas tic ity im ages with
the quan ti ta tive shear-wave im ages will al low for ad di tional char ac ter iza tion of liver le sions 
to be per formed in the clin i cal set ting. Sup ported by NIH grants R01 EB-002132 and R01
CA142824.

3.2 Vi bra tion Elastography: over view and clin i cal re sults, Kevin J. Parker, Zaegoo
Hah and Deborah Rubens, Roch es ter Cen ter for Bio med i cal Ul tra sound, Uni ver sity of
Roch es ter, Hopeman Hall 203, Roch es ter NY 14627-0126, kevin.parker@roch es ter.edu
(in vited).

We pres ent the evo lu tion of elastographic tech niques that em ploy si nu soi dal vi bra tions as
in puts and de rive im ages of rel a tive or ab so lute stiff ness as an out put.    The ear li est im ages
and the o ret i cal foun da tions are de scribed, along with the pro lif er a tion of tech niques over a
de cade.  Fi nally, the de vel op ment of crawl ing waves, which are in ter fer ence pat terns of
shear waves, is de scribed.  Crawl ing waves can be gen er ated by ap ply ing two vi bra tion
sources, and ex am ples are com pared from me chan i cal con tact sources and ra di a tion-force
sources.  Fi nally, clin i cal re sults in the pros tate, liver and thy roid are dem on strated.  The ac -
cu racy of can cer de tec tion in the pros tate is now sur pass ing 80% us ing some of these
elastographic tech niques. This pro vides a great im prove ment over B-scan im ag ing and is
use ful for guid ing, but not yet re plac ing, nee dle bi opsy. 

3.3 Ex plo ra tion of the hu man cer vix us ing acous tic-ra di a tion-force-im pulse mea -
sure ments, Lisa M. Reusch,1 Helen Feltovich,1, 2 Lindsey C. Carlson,1 Jeremy J. Dahl,3

Mark L. Palmeri3 and Tim o thy J. Hall,1 1Uni ver sity of Wis con sin-Mad i son, Med i cal Phys -
ics, Mad i son, WI, 2Intermountain Healthcare, Ma ter nal-Fe tal Med i cine, Provo, UT 3 and
Bio med i cal En gi neer ing, Duke Uni ver sity, Dur ham, NC, lmmcguire@wisc.edu (in vited) .

Ob jec tive: De spite de cades of re search, preterm birth has been, and still re mains, a prob -
lem. Prog ress has been hin dered by a lack of un der stand ing of the cer vix due, in part, to a
lack of noninvasive as sess ment tech niques pre cise enough to in ter ro gate the cer vi cal
microstructure. An ad di tional chal lenge to un der stand ing the cer vix is the com plex ity of the
cer vix it self; cer vi cal col la gen is or ga nized into lay ers of aligned col la gen of dif fer ing ori en -
ta tion.  This or ga ni za tion con trib utes much of the cer vi cal strength but also means the cer vix
is very inhomogeneous and anisotropic.  Cer vi cal col la gen also un der goes re ar range ment
lead ing to short en ing and soft en ing of the cer vix but this re ar range ment oc curs long be fore
these large-scale changes can be seen. Acous tic-ra di a tion-force-im pulse (ARFI) tech niques 
are good can di dates for as sess ing the strength of the cer vix noninvasively, and, in par tic u lar, 
for de tect ing small changes in the cer vix be fore gross changes are ev i dent. 

Method: Five hys ter ec tomy spec i mens were col lected from pa tients un der go ing hys ter ec -
tomy for be nign rea sons.  The cer vi cal sam ples were scanned us ing a Siemens Acuson
S2000 ul tra sound ma chine equipped with a pro to type intracavity trans ducer (Siemens Med -
i cal So lu tions USA, Malvern, PA, USA).  ARFI data were ac quired with the endocervical
ca nal par al lel to the trans ducer ap er ture at beam steer ing an gles of 0º, ±20º and ±40º.  Dis -
place ments were es ti mated us ing a cross-cor re la tion method and shear-sounds speeds were
cal cu lated us ing a lat eral time-to-peak method.  

Re sults:  Im ages of the dis place ments show clear ev i dence of lay er ing within the cer vix. 
Spe cif i cally, two re gions with dif fer ing shear-sound speeds were found.  The first re gion,
which cov ers roughly the in ner 6 mm of the cer vix, has a lower shear-sound speed of about 2
m/s. The sec ond re gion cov ers the rest of the ra dius of the cer vix (from ~6 mm to the outer
edge) and has a shear-sound speed of about 5 m/s.  Of par tic u lar in ter est is that we seem to be
able to mea sure lo cal prop er ties as op posed to only mea sur ing av er age be hav ior, mak ing
ARFI mea sure ment tech niques good meth ods for quan ti ta tive as sess ment of the stiff ness
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(and, there fore, strength) of the cer vix, as well as mea sur ing changes that oc cur in dif fer ent
re gions of the cer vix.  Fur ther work in volves mod el ing of the cer vix to ex am ine the ef fect of
bound aries on shear-wave prop a ga tion, mea sur ing the back scat tered echo sig nal to an a lyze
the ani so tropy and cor rob o rat ing the ul tra sound re sults with im ages taken us ing multi -
photon op ti cal tech niques. Sup ported by NIH grant R21HD063031.

3.4 Mea sure ments of viscoelastic prop er ties of myocardium us ing wave-prop a ga -
tion meth ods, Mat thew W. Ur ban, Cristina Pislaru, Ivan Nenadic and James F. Green leaf,
De part ment of Phys i ol ogy and Bio med i cal En gi neer ing, Mayo Clinic Col lege of Med i cine,
Roch es ter, MN 55905, ur ban.mat thew@mayo.edu (in vited).

Back ground: Di a stolic dys func tion is the im paired abil ity of the heart to fill and main tain its
stroke vol ume at phys i o logic fill ing pres sures and is due to ab nor mal ven tric u lar re lax ation
and/or stiff ness. Knowl edge of the quan ti ta tive val ues of the viscoelastic prop er ties of the
myocardium would pro vide the cli ni cian a tool to eval u ate di rectly myo car dial prop er ties in pa -
tients.

Ob jec tive: The goal of this work is to de velop a noninvasive method us ing wave prop a -
ga tion tech niques to mea sure me chan i cal prop er ties of the myocardium in vivo. 

Meth ods: We mod eled the left-ven tric u lar wall as a viscoelastic plate (Voigt model)
with dispersive shear-wave char ac ter is tics and ap plied Lamb wave the ory to es ti mate visco -
elastic ma te rial prop er ties. We call this method Lamb wave Dis per sion Ul tra sound
Vibrometry (LDUV). The method was first val i dated in vi tro in gel a tin and ure thane rub -
ber phan toms and then tested in eight pigs in an open-chest prep a ra tion. The in vi tro re -
sults were com pared with re sults from an em bed ded-sphere test. Ini tial in vivo tests were
per formed us ing a me chan i cal ac tu a tor to cre ate har monic (50-350 Hz), prop a gat ing me -
chan i cal waves in the myo car dial wall and a Sonix RP sys tem to track the wave mo tion
(ac qui si tion rate: ~2500 Hz). Data were ac quired over sev eral car diac cy cles. Dis per sion
curves were fit with a viscoelastic, antisymmetric Lamb wave model to ob tain es ti mates
of the shear elas tic ity, m1, and vis cos ity, m2. Myo car dial elas tic ity was also mea sured us ing 
an in de pend ent in va sive method (i.e., pres sure-seg ment length). We have also per formed
mea sure ments in pigs us ing ul tra sound ra di a tion force (Verasonics sys tem) to in duce wall 
vi bra tions and mea sure wave prop a ga tion in one quick mea sure ment (6-12 ms data ac qui -
si tion, frame rate 4000- 8000 Hz), from both di rect (open-chest) and transthoracic ap -
proaches.

Re sults: The mean and stan dard de vi a tions of the in vi tro LDUV re sults in gel a tin (m1 =
15.9 ± 0.5 kPa and m2 = 0.7 ± 0.4 Pa×s) and ure thane phan toms (m1 = 45.1 ± 1.4 kPa and m2 =
6.5 ± 0.8 Pa×s) com pared well with the val i da tion test us ing an em bed ded sphere in gel a tin
(m1 = 16.6 ± 0.3 kPa and m2 = 0.5 ± 0.02 Pa×s) and ure thane sam ples (m1 = 46.6 ± 3.2 kPa and
m2 = 5.7 ± 0.8 Pa×s). In vivo, we eval u ated the shear elas tic ity and vis cos ity in both di as tole
and sys tole. The mean and stan dard de vi a tion of m1 in di as tole and sys tole was 1.81 ± 0.86
and 21.14 ± 8.25 kPa, re spec tively. The mean and stan dard de vi a tion of m2 in di as tole and
sys tole was 2.76 ± 0.60 and 4.16 ± 4.62 Pa×s, re spec tively. We found ex cel lent agree ment
be tween the elas tic term mea sured by LDUV and the shear-elas tic modulus mea sured by
pres sure-seg ment length anal y sis. The mea sure ments made us ing ra di a tion-force-in duced
waves (Verasonics) were in agree ment with those made with the me chan i cal ac tu a tor; how -
ever, data were more noisy and pre ci sion of mea sure ments was lower, and, thus, more re -
fine ments are needed. 

Con clu sion: We dem on strated that LDUV mea sure ments and Lamb wave the ory al low us 
to es ti mate viscoelasticity of the myo car dial wall in vivo through out the course of the car -
diac cy cle. Sup ported in part by grant EB002167 from the NIH.
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3.5 Rapid ac qui si tion of ARFI-in duced shear-wave ve loc ity es ti mates us ing tem po -
rally-in ter leaved dis place ment track ing, Pe ter J. Hollender,  Rich ard R. Bouchar and
Gregg E. Trahey, Duke Uni ver sity, Dur ham, NC, pe ter.hollender@duke.edu.

Shear-wave velocimetry of ARFI-in duced trans verse waves has been dem on strated to be
a vi a ble way to es ti mate the shear modulus of  viscoelastic me dia. To mea sure the
shear-speed of these trans verse waves, the off-axis re sponse of the tar get re gion must be
tracked to im age wave prop a ga tion.  A wider re gion of track ing will re duce jit ter in the ve -
loc ity es ti mate but tra di tion ally re quires su per im pos ing the re sponse of mul ti ple ex ci ta tions
and thus in creases sus cep ti bil ity to mo tion ar ti fact.  By in ter leav ing mul ti ple track ing lo ca -
tions af ter a sin gle ex ci ta tion, tem po ral sam pling of each lat eral lo ca tion is sac ri ficed to ob -
tain es ti mates quasi-si mul ta neously for a wide field of view.  The trade off be tween jit ter
re duced by the wide field of view and that in tro duced by re duced tem po ral sam pling is
shown to be fa vor able when mo tion is pres ent. An anal y sis of this method’s op ti mi za tion
and its ap pli ca tion is pre sented with elas tic phan tom ver i fi ca tion and in vivo val i da tion with
intracardiac data from ca nine stud ies. Sup ported by NIH Med i cal Im ag ing Train ing Grant
EB001040, NIH 5R37HL096023 and NIHR01EB01248. 

3.6 Acous ti cal near-field im ag ing by dy namic strains anal y sis over the Lamb-wave
field, Kano Teramoto, Ryoji Inoue, Mahbub Hasan and Tawhidul Is lam Khan, De part ment
of Ad vanced Tech nol ogy Fu sion, Saga Uni ver sity, Ja pan, tera@me.saga-u.ac.jp. 

Quan ti ta tive acous ti cal im ag ing meth ods are used or de vel oped to clas sify the tu mor re -
gions. These meth ods es ti mate the char ac ter is tics of the tis sue elas tic ity of a re gion of in ter -
est hav ing some inhomogeneity with re spect to the sur round ing soft tis sues. 

  The goal of this study is to pro pose a novel near-field im ag ing method for shear-wave
elastography and subwavelength im ag ing. The pro posed method uti lizes the de ter mi nant of
a covariance ma trix com posed of the or thogo nal pair of the shear strains. Ap plied on the sur -
face of tis sues, a me chan i cal vi bra tion ex cites sev eral kinds of waves: (a) pres sure and shear
waves prop a gat ing in the me dium, (b) a Ray leigh wave that is con fined to the sur face of the
me dium and (c) sym met ric and anti-sym met ric Lamb-waves trav el ing along the skin layer.
The first two waves are uti lized for tra di tional ul tra sonic tech niques, such as pulse-echo
meth ods. In con trast to these clas si cal tech niques, in which the wave length is shorter than
the thick ness of skin, the Lamb-wave has the ad van tage of prop a gat ing over a large area,
thus in spect ing the en tire tis sue. In this study, the prob lem of re con struct ing a super-re -
solved im age of stiffer re gion is con sid ered.

  The im age re con struc tion the ory can be sum ma rized as fol lows. (1) The dis tri bu tions of the 
nor mal dis place ment of the skin sur face are gov erned by the 2-di men sional wave equa tion. (2) 
When the sin gle prop a gat ing wave ex ists on the sur face of the tis sue with out any stiffer re -
gions, the or thogo nal pair of the out-of-sur face shear strains are lin early de pend ent each other.
There fore, the de ter mi nant of a covariance ma trix, which is com posed of the or thogo nal pair
of the shear strains, be comes zero. (3) When a re gion of in ter est hav ing some inhomogeity ex -
ists, the scat tered wave field arises in the Lamb-wave field. Con se quently, the de ter mi nant be -
comes larger than zero be cause of the in de pend ency be tween the or thogo nal pair.

To wards that goal, we have been eval u at ing the pro posed im ag ing method by com par ing
the the o ret i cal anal y ses with sev eral acous ti cal ex per i ments in vi tro. In the ex per i ments, the
spec i men is ex cited with 36 kHz fre quency with 36 mm wave length. The dis tri bu tions of
nor mal dis place ments are ob served by a la ser in ter fer om e ter. The or thogo nal pair of
out-of-sur face shear strains is ob tained by sub tract ing x and y di rec tion ally ad ja cent dis -
place ments, re spec tively. From the ex per i men tal re sults, subwavelength, 2 mm res o lu tion is 
con firmed.  Sup ported by Grant-in-Aid for Sci en tific Re search (KAKENHI 22560421)
from JSPS and MEXT of the Jap a nese Gov ern ment.
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3.7 Track ing shear wave prop a ga tion in 3D us ing a real-time vol u met ric im ag ing
ul tra sound trans ducer, Mi chael Wang, Brett Byram, Mark Palmeri, Ned Rouze and
Kathryn Night in gale, De part ment of Bio med i cal En gi neer ing, Duke Uni ver sity, Dur ham,
NC, mhw12@duke.edu.

Tis sue dis place ment due to acous tic-ra di a tion-force im pulse (ARFI) ex ci ta tion can only
be mon i tored in one cross-sec tional plane of the anat omy us ing con ven tional 1D ar ray ul tra -
sound trans duc ers. As a re sult, stiff ness es ti ma tion can only be per formed within 2D planes,
which hin ders full ap pre ci a tion of the 3D na ture of the anat omy. With the re cent avail abil ity
of ma trix-ar ray ul tra sound trans duc ers, ac qui si tion of dis place ment fields within a vol ume
of tis sue in real-time is now pos si ble. There are sev eral po ten tial ad van tages in us ing a ma -
trix-ar ray trans ducer for mon i tor ing ARFI dis place ments, in clud ing: (1) the abil ity to track
shear-wave prop a ga tion in mul ti ple di rec tions to re veal stiff ness ani so tropy and (2) the abil -
ity to mea sure ARFI re sponse over a larger tis sue vol ume, in creas ing the amount of high
SNR data avail able for stiff ness re con struc tion.

A sys tem ca pa ble of track ing ARFI-in duced shear-wave prop a ga tion in 3D is pre sented.
An an nu lar fo cused HIFU pis ton trans ducer (H-101, Sonic Con cepts, Bothell, WA) is used
for gen er at ing ra di a tion-force ex ci ta tion (1.1 MHz, f/1, 60 mm fo cal depth). A 2D ma -
trix-ar ray trans ducer (4Z1C, Siemens Healthcare, Ul tra sound Busi ness Unit, Moun tain
View, CA) in serted in the cen tral open ing of the HIFU pis ton was used for mon i tor ing the
re sult ing ARFI dis place ment.  The face of the 4Z1C was flush with the ra di at ing sur face of
the pis ton. Shear waves were in duced in a ho mo ge neous phan tom (E = 4.5 kPa) us ing a 1000 
cy cle push pulse (0.9 ms du ra tion) with an Isppa value of 4100 W/cm2 (in wa ter). Dis place -
ment track ing was per formed at a cen ter fre quency of 2.5 MHz us ing a 10 × 12 (lat eral × el e -
va tion) rect an gu lar grid of re ceive beams. The spa tial ex tent of this track ing re gion was 16.5 
× 20 mm (lat eral × el e va tion) at the push fo cal depth of 60 mm. The push axis was lo cated at
one cor ner of the track ing re gion, al low ing dis place ments in one quad rant sur round ing the
push to be ob served. 30:1 par al lel re ceive was used to beamform 5 × 6 beam lo ca tions for
ev ery trans mit, en abling a vol ume rate of 2 kHz to be achieved. With this im ag ing con fig u -
ra tion, shear-wave prop a ga tion away from the push in all di rec tions within a 90º field of
view in the lat eral-el e va tion plane are ob served, for the very first time. Fur ther op ti mi za tion
of im ag ing pa ram e ters is be ing per formed to in crease the field of view and vol ume rate.
Shear-wave speed re con struc tion al go rithms, which take ad van tage of the ad di tional data
avail able from track ing shear wave prop a ga tion in mul ti ple di rec tions, are be ing in ves ti -
gated. Sup ported by NIH grants R01 EB-002132 and R01 CA142824.

4.  Quan ti ta tive Ul tra sound 2/Bone

4.1 Com par i son of the back scat tered power loss in multiparous ver sus nulliparous
cervices, Lisa M Reusch,1 Helen Feltovich,1  Lindsey C. Carlson,1 Kevin Eliceiri3 and Tim o -
thy J Hall,1 1Med i cal Phys ics, Uni ver sity of Wis con sin, Mad i son, WI, 2Ma ter nal-Fe tal Med i cine,
Intermountain Healthcare, Provo, UT and 3Lab o ra tory for Op ti cal and Com pu ta tional Im -
ag ing, Uni ver sity of Wis con sin, Mad i son, WI, lmmcguire@wisc.edu.

Ob jec tive:  The lack of noninvasive tech nol ogy so phis ti cated enough to in ter ro gate the
microstructure of the cer vix hin ders quan ti ta tive as sess ment of the cer vix, re sult ing in the
on go ing prob lem of preterm birth.  Un der stand ing the cer vi cal microstructure is nec es sary
to un der stand cer vi cal dys func tion.  The strength of the cer vix co mes from col la gen align -
ment and in or der to de velop a com pre hen sive un der stand ing of the cer vi cal microstructure,
we use quan ti ta tive ul tra sound tech niques to de tect align ment in cer vi cal col la gen.
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Meth ods:  Radio fre quen cy (rf) echo data were col lected with a Siemens Acuson S2000 ul -
tra sound ma chine us ing a pro to type intracavity trans ducer (Siemens Med i cal So lu tions
USA, Malvern, PA, USA). The trans ducer was op er ated as a lin ear ar ray and the beam was
elec tron i cally steered be tween ±40º in steps of 4º. Back scat tered power (BSP) for each an gle 
was cal cu lated from the rf echo data by Fou rier trans form and the power spec tra in te grated. 
Data from five hys ter ec tomy spec i mens were col lected.  Three of the sub jects had never had
ba bies (nulliparous) and two of the sub jects had given birth at least once (multiparous).  Data 
from a phan tom con tain ing spher i cal scat ter ers were also col lected at the same time to ac -
count for changes in the trans ducer’s sen si tiv ity and ef fec tive ap er ture.  BSP loss from the
cer vi cal spec i mens was com pared to the BSP loss in the phan tom to ex am ine de vi a tions
from iso tro pic scat ter ing.  BSP loss from the multiparous cervices was also com pared to the
nulliparous cervices.

Re sults: A monotonically-in creas ing loss of BSP as a func tion of steer ing an gle oc curred
in both tis sue and phan tom; how ever, the cer vi cal tis sue showed 20-60dB ex cess power loss
com pared to the phan tom. This is con sis tent with the pres ence of anisotropic scat ter ing
struc tures. In ter est ingly, com par i son of multiparous to nulliparous sam ples showed greater
power loss in the lat ter.  Ad di tion ally, the BSP loss in nulliparous cervices is sym met ric
about 0° steer ing an gle whereas the BSP loss in the multiparous cervices is much more
asym met ric. Re sults show that not only are these meth ods good for de tect ing or ga ni za tion in 
cer vi cal col la gen but that we can also de tect dif fer ences be tween cervices. On go ing stud ies
fur ther in ves ti gate dif fer ences be tween multiparous and nulliparous cervices us ing ARFI as
well as multiphoton op ti cal im ag ing tech niques. Sup ported by NIH grant R21HD- 061896.

4.2 Three-di men sional im ped ance map anal y sis and com par i son of nor mal and
fatty rab bit liver, Al ex an der D. Pawlicki, Al ex an der J. Dapore, Sandhya Sarwate and Wil -
liam D. O’Brien, Jr., Bioacoustics Re search Lab o ra tory, De part ment of Elec tri cal and
Com puter En gi neer ing, Uni ver sity of Il li nois at Ur bana-Cham paign, Ur bana, IL.

Three-di men sional im ped ance maps (3DZMs) are vir tual (com pu ta tional) data sets of
real tis sue that can be used to study fun da men tal ul tra sonic prop er ties. 3DZMs are cre ated
from a se ries of ad ja cent histological tis sue slide im ages that have been re aligned to one an -
other us ing a reg is tra tion scheme.  Each pixel is as signed an im ped ance value to cre ate a 3D
map of acous tic im ped ance.  The rec re ated tis sue vol ume is a valu able tool for es ti ma tion of
ul tra sound back scat ter and quan ti ta tive ul tra sound (QUS) pa ram e ters such as the ef fec tive
scat terer di am e ter (ESD).  The ul ti mate goal of 3DZMs is to help iden tity the acous tic scat -
ter ing sites of tis sue and aid in de vel op ing more ac cu rate mod els of scat ter ing and in ter ac -
tion with tis sue microstructure.

In a pre vi ous ex per i ment, a sam ple of fatty rab bit liver was chem i cally fixed and scanned
with sin gle-el e ment ul tra sound trans duc ers rang ing in cen ter fre quen cies from 7.5 to 65
MHz.  A to tal of 24 3DZMs were then made from the sam ple and the ESD was es ti mated us -
ing the fluid-filled sphere form fac tor model.  The re sults showed that when weight ing the
es ti ma tion to ward smaller scat terer sizes, the ESD was 7.04 ± 1.30 µm, which cor re sponds
closely to the size of the liver cell nu cleus of the ac tual tis sue.  This re sult sug gests that the
liver cell nu cleus could be the pri mary source of scat ter ing in fatty liver.

As a con tin u a tion to the ex per i ment de scribed above, the same ul tra sound scans and his -
tol ogy pro cess ing were per formed on a sam ple of nor mal (nonfatty) fixed rab bit liver to in -
ves ti gate the acous tic back scat ter and the es ti mated ESD of nor mal liver.  The 3DZM
tech nique has the po ten tial to be a pow er ful tool in di ag no sis of fatty liver dis ease be cause of
the abil ity to both vi su ally and quan ti ta tively as sess the prop er ties of tis sue microstructure. 
In ad di tion to the ex treme cases of nor mal and fully-de vel oped fatty liver, in ter me di ate
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stages of the dis ease pro gres sion can also be stud ied to de ter mine the de pend ence of ul tra -
sound scat ter ing as the fat con tent of the tis sue changes. Sup ported by NIH R01CA111289.

4.3 Im prove ments in mea sure ments of BUA and SOS in hu man calcaneus, Keith A.
Wear, Food and Drug Ad min is tra tion, 10903 New Hamp shire Blvd, Sil ver Spring, MD,
20993.

Al though calcaneal broad band ul tra sound at ten u a tion (BUA) and speed-of-sound (SOS)
are good pre dic tors of osteoporotic frac ture risk, BUA and SOS mea sure ments ex hibit sub -
stan tial inter-sys tem vari abil ity.  The ob jec tives of this work were to (1) com pare phase in -
sen si tive (PI) de tec tion, which sup presses phase can cel la tion, and con ven tional phase
sen si tive (PS) de tec tion for mea sure ment of BUA and (2) test a com pen sa tion for mula for
re duc ing vari abil ity in SOS mea sure ments.  Data from 16 hu man calcaneus sam ples in vi tro
and 73 women in vivo were ac quired us ing a GE Lu nar Achil les In sight bone sonometer. 
Radio fre quen cy data were pro cessed off-line us ing both PI and PS al go rithms.  BUA mea -
sure ments (mean ± sd) were 22.1 ± 15.8 dB/MHz (PS) and 17.6 ± 7.2 (PI) in vi tro and 81.4 ±
21.4 dB/MHz (PS) and 67.2 ± 9.7 dB/MHz (PI) in vivo.  Com pen sa tion of SOS mea sure -
ments re duced (1) av er age tran sit-time-marker-re lated SOS vari abil ity by 75% in 73
women and (2) band width-re lated SOS vari abil ity by 80% in a bone-mim ick ing phan tom. 
These new meth ods may en able a sub stan tial im prove ment in con sis tency in bone sonometry.  
The men tion of com mer cial prod ucts, their sources or their use in con nec tion with ma te rial
re ported herein is not to be con strued as ei ther an ac tual or im plied en dorse ment of such
prod ucts by the De part ment of Health and Hu man Ser vices.

4.4 Us ing Bayesian meth ods to char ac ter ize the pres ence of at ten u a tion ar ti facts
aris ing from over lap ping fast and slow waves in cancellous bone, Am ber M. Nel son,1

Jo seph J. Hoffman,1 Mark R. Hol land,1 Katsunori Mizuno,2 Yoshiki Nagatani,3 Mami
Matsu kawa2  and James G. Miller,1  1Wash ing ton Uni ver sity in St. Louis, St. Louis, MO,
2Doshisha Uni ver sity, Ja pan and 3Kobe City Col lege of Tech nol ogy, Ja pan, james.g.miller@
wustl.edu.

Ob jec tive: The goal of this study was to in ves ti gate the at ten u a tion be hav ior of over lap -
ping fast and slow waves in cancellous bone, us ing Bayesian pa ram e ters es ti mated from ex -
per i men tally-ob tained wave forms. 

Meth ods: Sim u lated data with Bayesian pa ram e ters were gen er ated us ing a prop a ga tion
model in clud ing both fast and slow waves. The fast and slow waves were gen er ated for bone 
thick nesses that sys tem at i cally var ied from 15 mm to 5 mm in 1 mm in cre ments. Two anal y -
sis meth ods for de ter min ing the at ten u a tion as a func tion of prop a ga tion dis tance were ap -
plied. The first was a time-do main anal y sis us ing the am pli tudes of the first peak of the
mixed wave form. The sec ond was a fre quency-do main anal y sis method ap plied to the sep a -
rated fast and slow waves.  Two sets of Bayesian pa ram e ters were ob tained from ex per i men -
tal wave forms that passed through two dif fer ent sam ple thick nesses.

Re sults: In the time-do main anal y sis, the ap par ent at ten u a tion of the fast wave is larger at
the be gin ning and grad u ally de creases as the wave trav els far ther into the bone. In sim u la -
tion, fre quency-do main anal y sis of the sep a rated waves pro vides at ten u a tion co ef fi cients
for each wave mode that do not de pend on the prop a ga tion dis tance. 

Dis cus sion: The sim u lated data in di cate that the ap par ent de pend ence of the at ten u a tion
prop er ties on prop a ga tion dis tance can arise from an a lyz ing the un sep a rated sig nal with
time-do main anal y sis. Phase can cel la tion at the face of a phase-sen si tive re ceiver can also
yield ap par ent at ten u a tion prop er ties that ap pear to vary with prop a ga tion dis tance, which
might be as so ci ated with dif fer ent val ues of Bayesian pa ram e ters for dif fer ent prop a ga tion
lengths.  Sup ported in part by NIH R01 AR057433.
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4.5 Ul tra sonic ma nip u la tion of bone cells, in vivo ad ap ta tion and tis sue me chan i cal
strength, Yi-Xian Qin, Shu Zhang, Su zanne Ferreri and Jacky Cheng, De part ment of Bio -
med i cal En gi neer ing, Stony Brook Uni ver sity, Stony Brook, NY, Yi-Xian.Qin@sunysb.edu.

In tro duc tion: It is well doc u mented that ul tra sound, as a me chan i cal sig nal, can pro duce a
wide va ri ety of bi o log i cal ef fects in vi tro and in vivo. The pur pose of the cur rent study was to
(1) de velop a meth od ol ogy to al low for in-vi tro ma nip u la tion of osteoblastic cells us ing
acous tic-ra di a tion force gen er ated by ul tra sound, (2) use this meth od ol ogy to de ter mine the
mor pho log i cal and bi o log i cal re sponses of bone cells to ul tra sound and (3) mit i gate bone
loss un der es tro gen-de fi cient osteopenia. 

Meth ods: In-vi tro cel lu lar ma nip u la tion: We used a ther apy- fo cused trans ducer that had a 
spher i cal cap with 64 mm di am e ter and 62.64 mm fo cal length. MC3T3-E1 osteoblastic
cells were cul tured in a-MEM con tain ing 1% pen i cil lin-strep to my cin and 10% decomp -
lemented new born calf se rum. In-vivo ovx model: 72, 16 y.o. Sprague-Dawley rats were di -
vided into six groups; base line con trol, age-matched con trol, OVX con trol, OVX + 5
mW/cm2 ul tra sound (US), OVX + 30 mW/cm2 US and OVX + 100 mW/cm2 US.  Low-in -
ten sity pulsed ul tra sound (LIPUS) was de liv ered transdermally at the L4/L5 ver te brae, us -
ing gel-cou pled plane-wave US trans duc ers. The sig nal was ap plied 20 min/day, 5 days/
week for 4 weeks.     

Re sults: In-vi tro cel lu lar re sponse: The meth od ol ogy al lowed ma nip u la tion of MC3T3-
E1 cells by an acous tic-ra di a tion force. The de for ma tion of cell mem branes was ob served by 
the US ma nip u la tion, which ap peared af ter 15 s treat ment with 6 W pulsed ul tra sound. We
also im aged the move ment of pri mary cilia, which showed cor re spond ing move ment when
sub jected to pulsed ul tra sound. In-vivo re sponse: LIPUS treat ment sig nif i cantly in creased
BVF com pared to OVX con trols for the 100 mW/cm2 -treated group.  In ter est ingly, the
100mW/cm2 -treated groups showed a sig nif i cant im prove ment over the 5mW/cm2- treated
group.   

Dis cus sion: The ob served pri mary cilia can be moved dy nam i cally by the acous tic force.
These find ings sup port the hy poth e sis that LIPUS can in hibit bone loss and pre serve bone
strength un der con di tions of es tro gen-de fi cient osteopenia.  Sup ported by NIH (R01
AR52379 & R01 AR49286), U.S. Army Med i cal Re search and NSBRI. The au thors are
grate ful for the as sis tance from Dr. C. Jacobs and S. Temiyasa for help on the pri mary cilia. 

5. Tu mor Monitoring

5.1 Three-di men sional power Dopp ler ul tra sound for char ac ter iz ing tu mor vas cu -
lar re sponse to ra di a tion, Ahmed El Kaffas,1, 2 Anoja Giles1, 2 and Greg ory J. Czarnota,1, 2 
1Im ag ing Re search and Ra di a tion On col ogy, Sunnybrook Health Sci ences Cen tre, 2075
Bay view Ave. and  2De part ments of Ra di a tion On col ogy and Med i cal Bio phys ics, Uni ver -
sity of To ronto, 2075 Bay view Ave., To ronto, ON, Can ada, M4N 3M5, greg ory.czarnota@
gmail.com.

High-fre quency power Dopp ler ul tra sound is a noninvasive vas cu lar im ag ing mo dal ity
ideal for quan ti ta tive as sess ment of vascularity in pre clin i cal tu mor mod els. Ad van tages of
power Dopp ler over other Dopp ler tech niques in clude min i mal trans ducer an gle de pend -
ence, no aliasing and in creased sen si tiv ity to slow blood flow as com pared to mean fre -
quency tech niques. While con trast-en hanced ul tra sound meth ods al low for de tec tion of
smaller blood ves sels and even slower flows, power Dopp ler has the ad van tage of be ing lo -
gis ti cally more fea si ble for stud ies in volv ing a large num ber of sam ples and al lows ob tain -
ing data for full 3D tu mor vol umes. The aim of this work is to uti lize high-fre quency 3D
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power Dopp ler ul tra sound to as sess tu mor re sponse to vas cu lar tar get ing ther a pies in com -
ple ment to stan dard tis sue-char ac ter iza tion meth ods. 

Breast can cer MDA-MB-231 xenografts were treated with sin gle ra di a tion doses of 0 to
16 Gy alone, or in com bi na tion with Sutent, an antiangiogenic agent. Three-di men sional
power Dopp ler ul tra sound data were ac quired be fore and 24 hours af ter treat ment us ing a 25 
MHz trans ducer and a VEVO770. To as sess tu mor vas cu lar re sponse, we have de vel oped a
num ber of pa ram e ters that in cludes the vascularity in dex (VI: per cent flow sig nal per tu mor
vol ume), ves sel di men sions (two and three di men sions), ves sel shape and branch ing and the 
dis tri bu tion of flow sig nal through out tu mor. 

As an tic i pated, the VI de creased by more than 50% when tu mors were treated with sin gle
large doses of ra di a tion greater than 8 Gy. How ever, this did not oc cur for lower ra di a tion
doses while Sutent ap peared to en hance the radioresistance of tu mor blood ves sels. A
change in ves sel sizes was also ob served af ter ra di a tion ther apy and Sutent ther apy with
good cor re la tion be tween the power Dopp ler anal y ses and histopathology with blood ves sel 
marker stain ing. Anal y ses with quan ti ta tive ul tra sound meth ods and TUNEL stain ing in di -
cate an en hanced dose-de pend ent in crease in tu mor cell death when ra di a tion was com bined 
with Sutent. These re sults in di cate that Sutent treat ment may radiosensitize tu mors by al ter -
ing the tu mor microenvironment. 

5.2 Quan ti ta tive ul tra sound and dif fuse op ti cal spec tros copy eval u a tions of treat -
ment re sponse in pa tients with lo cally ad vanced breast can cer re ceiv ing che mo ther -
apy, Omar Falou,1, 2 Naum Papanicolau,1, 2 Hany Soliman,1, 2  Jac que line Spayne,1, 2 Rebecca
Dent,3 Mar tin Yaffe,1, 2 Mi chael C. Kolios4 and Greg ory J. Czarnota,1, 2  1Im ag ing Re search
and Ra di a tion On col ogy, Sunnybrook Health Sci ences Cen tre, 2De part ments of Ra di a tion
On col ogy and Med i cal Bio phys ics, Uni ver sity of To ronto,  3De part ment of Med i cal On col -
ogy, Sunnybrook Health Sci ences Cen tre and  4De part ment of Phys ics, Ryerson Uni ver sity,
To ronto, ON, Can ada, greg ory.czarnota@gmail.com.

The ne ces sity for a noninvasive and in ex pen sive im ag ing mo dal ity to both di ag nose and
mon i tor treat ment re sponse has led to re newed in ter est in the po ten tial of ul tra sound and op -
ti cal im ag ing. The aim of this study is to in ves ti gate the po ten tial of both quan ti ta tive ul tra -
sound and dif fuse op ti cal spec tros copy (DOS) for mon i tor ing of pa tients with lo cally
ad vanced breast can cer (LABC) un der go ing che mo ther apy.

Fif teen women re ceiv ing neoadjuvant treat ment for breast can cer had the af fected breast
scanned six times:  be fore, 1 week, 2 weeks, 4 weeks and 8 weeks fol low ing ini ti a tion of the
treat ment and prior to sur gery.  A sim i lar co hort of women had their breast scanned with
quan ti ta tive ul tra sound at the same times to track tu mour re sponses with spec tral pa ram e -
ters. A Sonix RP (Ultrasonix Med i cal Cor po ra tion, Rich mond, BC, Can ada) ul tra sound de -
vice was used to col lect B-mode and three-di men sional radio fre quen cy data of the tu mor
us ing an L15-5 6.0 cm trans ducer stim u lated at 10 MHz. For each scan time quan ti ta tive ul -
tra sound pa ram e ters in clud ing mid-bad-fit, spec tral slop and 0-MHz in ter cept were de ter -
mined. Three-di men sional maps of op ti cal ab sorp tion and scat ter ing prop er ties of the tu mor 
at dif fer ent wave lengths (690 nm, 730 nm, 780 nm and 830 nm) were ob tained us ing a
SoftScan com mer cial tomographic dif fuse op ti cal spec tros copy sys tem (ART Inc., Mon -
treal, QC, Can ada). Op ti cal prop er ties were con verted to func tional in di ces re lated to tis sue
microstructure and bio chem i cal com po si tion such as ox y gen ated he mo glo bin, deoxygen -
ated he mo glo bin, to tal he mo glo bin, wa ter con cen tra tions and scat ter power. Tu mor re -
sponse was eval u ated from clin i cal re sponse and patho log i cal re sponse us ing whole mount
pa thol ogy af ter mas tec tomy.

Pa tients who re sponded to treat ment showed an in crease in ul tra sound back scat ter, spec -
tral slope and in ter cept com pared to nonresponders. In terms of op ti cal pa ram e ters, re -
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spond ing pa tients showed a re duc tion in deoxyhemoglobin, he mo glo bin, to tal he mo glo bin,
wa ter con cen tra tions and scat ter power com pared to nonresponding pa tients. Both groups of 
changes oc curred within 1-4 weeks of start ing che mo ther apy in pa tients who would have an
ul ti mate clin i cal re sponse. For re spond ers, mid-band fit typ i cally in creased by 10 ± 2 dB at 4
weeks time whereas op ti cal pa ram e ters in di cated a con cur rent de crease by 80 ± 5% of to tal
he mo glo bin and wa ter con tent in the tu mor.  The re sults in di cate that both quan ti ta tive ul tra -
sound and dif fuse op ti cal spec tros copy have the po ten tial to quan tify changes in tu mors dur ing 
treat ment and, hence, may pro vide noninvasive com ple men tary man ners to mon i tor treat ment re -
sponse in pa tients re ceiv ing neoadjuvant che mo ther apy for lo cally-ad vanced breast can cer.

5.3 Con ven tional fre quency, quan ti ta tive-ul tra sound eval u a tion of tu mor cell death
re sponse in lo cally-ad vanced breast can cer pa tients to che mo ther apy treat ment, Naum 
Papanicolau,1, 2  Rebecca Dent,3 Sunil Verma,3 Maureen Tru deau,3 Jac que line Spayne,2 Sara
Iradji,1 Ervis Sofroni,1 Justin Lee,1, 2 Mar tin Yaffe,1, 2 Mi chael Kolios4 and Greg ory J.
Czarnota,1, 2  1Im ag ing Re search and Ra di a tion On col ogy, Sunnybrook Health Sci ences
Cen tre, 2De part ments of Ra di a tion On col ogy and Med i cal Bio phys ics, Uni ver sity of To -
ronto, 3De part ment of Med i cal On col ogy, Sunnybrook Health Sci ences Cen tre, De part ment 
of Med i cine, Uni ver sity of To ronto and 4De part ment of Phys ics, Ryerson Uni ver sity, To -
ronto, ON, Can ada , greg ory.czarnota@gmail.com.

 The aim of many can cer ther a pies is to in duce cell death within a tar get tu mor.  A sub stan -
tial body of re search us ing in vi tro and in vivo mod els has dem on strated that cell death can be 
de tected via quan ti ta tive ul tra sound tech niques. This study in ves ti gates for the first time the
po ten tial to quan tify tu mor re sponses to ther apy in pa tients, us ing spec tral and sig nal en ve -
lope sta tis tics anal y sis of ul tra sound data. 

A clin i cal study was un der taken in ves ti gat ing the ef fi cacy of ul tra sound to quan tify cell
death in tu mor re sponses with can cer treat ment. Pa tients (n = 20) with lo cally-ad vanced
breast can cer re ceived anthracyline and taxane-based che mo ther apy treat ments over four to
six months. The ma jor ity of pa tients went on to have a mod i fied rad i cal mas tec tomy and cor -
re la tive whole-mount histopathology. Data col lec tion con sisted of ac quir ing tu mor im ages
and radio fre quen cy data prior to treat ment on set and at four times dur ing neoadjuvant che -
mo ther apy (weeks 0, 1, 4, 8 and pre op er a tively). Data col lec tion was car ried out us ing an
Ultrasonix-RP and an L15-5 6cm trans ducer pulsed at 10 MHz. Data in di cated in creases of
ap prox i mately 9 dBr (±1.67) max i mally in ul tra sound back scat ter in pa tients who clin i cally
re sponded to treat ment. Pa tients as sessed as re spond ing poorly dem on strated sig nif i cantly
lower in creases (2.3 ± 1.7 dBr).  In creases in 0-MHz in ter cept fol lowed sim i lar trends while
in creases in spec tral slope were ob served lo cally from tu mor re gions dem on strat ing in -
creases in tis sue echogenicity. 

Us ing spec tral pa ram e ters, there was a clear sep a ra tion of pa tients who had an ul ti mate
com plete clin i cal re sponse at 4-6 months of che mo ther apy from clin i cal par tial-re spond ers
and nonresponders. This was ap par ent at week 4 for the mid-band-fit and 0-MHz in ter cept
and at week 1 for the mid-band-fit pa ram e ter. This study dem on strates the po ten tial of ul tra -
sound to quan tify changes in tu mors in re sponse to can cer treat ment ad min is tra tion in a clin -
i cal set ting. The re sults in di cate that such re sponses can be de tected early dur ing a course of
che mo ther apy and should per mit in ef fec tive treat ments to be changed to more ef fi ca cious,
po ten tially lead ing to im proved treat ment out comes.

5.4 Quan ti ta tive-ul tra sound and power-Dopp ler eval u a tion of tu mor cell death re -
sponse in blad der-can cer xenograft treated with ra di a tion-en hanc ing microbubble
dis rup tion, Wil liam Tran,1, 2 Alborz Gorjizadeh,1, 2 Naum Papanicolau,1, 2 Sara Iradji1, 2  and
Greg ory J. Czarnota,1, 2   1Im ag ing Re search and Ra di a tion On col ogy, Sunnybrook Health

19 ABSTRACTS, ULTRASONIC IMAGING AND TISSUE CHARACTERIZATION



Sci ences Cen tre and  2De part ments of Ra di a tion On col ogy and Med i cal Bio phys ics, Uni -
ver sity of To ronto, To ronto, ON, Can ada , greg ory.czarnota@gmail.com.

Tu mor vas cu lar en do the lial cells re spond to ul tra sound me di ated microbubble ex po sure
and are spe cif i cally im pli cated in en hanced tu mor re sponse to ra di a tion.  We mon i tored the
re sponse of a blad der tu mor line to a new microbubble-based ra di a tion sen si tiz ing treat ment 
here us ing quan ti ta tive rf-based and power-Dopp ler based ul tra sound meth ods.

Tu mor vasculature re sponse mon i tor ing was per formed in hu man blad der can cer HT-
1376 xenografts in Se vere Com bined Immuno-De fi cient (SCID) mice fol low ing ul tra -
sound-me di ated microbubble treat ment and ra di a tion.  Acute re sponse was as sessed 24
hours af ter treat ment us ing power (am pli tude) mode Dopp ler ul tra sound us ing a VEVO-
770 Ul tra sound op er at ing at 30 MHz. Quan ti ta tive ul tra sound data was col lected us ing the
same sys tem in ad di tion to an Ultrasonix-RP and an L14-5 probe pulsed at 10 MHz. Lon gi -
tu di nal stud ies mon i tored tu mor re sponse at 7 days, 14 days, 21 days and 28 days us ing the
same im ag ing tech niques. Treat ment con di tions con sisted of ul tra sound me di ated 0%, 1%
and 3% microbubble con cen tra tions and ra di a tion doses of 0 Gray, 2 Gray and 8 Gray to the
tu mor in both acute and lon gi tu di nal stud ies. Con trol con di tions con sisted of 3% micro -
bubble in jec tion to the mouse cir cu la tion with out ul tra sound ac ti va tion and ul tra sound ex -
po sure with out microbubble in jec tion (11 con di tions, n = 102).  Quan ti ta tive anal y sis at
sched uled time points us ing power-mode Dopp ler ul tra sound data and spec tral ul tra sound
(rf) anal y sis re vealed re duced microvessel den sity and tu mor cell death in ul tra sound
microbubble treat ment alone and also with com bined treat ment and ra di a tion.

The pres ent study sug gests that in duced ischemia and hypovascularization were pres ent
within the tu mor’s core com part ment.  Immunohistological anal y sis af ter tu mor ex trac tion
at 24 hours or 21-28 days showed treat ment ef fi cacy and val i dated ne crotic re gions within
the cen ter of the tu mor.   These core re gions re vealed con densed ar eas of fi bro sis and ne cro -
sis (ar eas where cel lu lar nu clei are sparse, yet cel lu lar com po nents are pres ent).  These re -
sults were most ob vi ous when microbubble-ul tra sound was used in com bi na tion with
ra di a tion.  The re sults of the study dem on strated that ul tra sound me di ated microbubble ex -
po sure can po ten ti ate ra di a tion sen si tiv ity in tu mors and lead to ne cro sis within the tu mor
com part ment.

5.5 Tis sue char ac ter iza tion of tu mor re sponse to microbubble-based vas cu lar dis -
rup tion us ing photoacoustic im ag ing, Joris Nofiele1, 2  Chris tina Kim,1, 2  Azza Al
Mahrouki,1, 2  F. Stu art Fos ter,1, 2 Mi chael C. Kolios2, 3 and Greg ory J. Czarnota,1, 2  1Im ag ing
Re search and Ra di a tion On col ogy, Sunnybrook Health Sci ences Cen tre, 2De part ments of
Ra di a tion On col ogy and Med i cal Bio phys ics, Uni ver sity of To ronto and  3De part ment of
Phys ics, Ryerson Uni ver sity, To ronto, ON, Can ada, greg ory.czarnota@gmail.com.

Tu mor vasculature has been shown to di rectly af fect the ef fi ciency of ra di a tion ther apy,
en gen der ing the search for vas cu lar dis rupt ing treat ment mo dal i ties. We have re cently de -
vel oped such treat ment – ul tra sound-in duced cav i ta tion of microbubbles – and have shown
its ef fi ciency as a ra di a tion enhancer, us ing power Dopp ler and his tol ogy. Here, we have
used the hy brid im ag ing tech nique of photoacoustics to quan tify tu mor he mo glo bin con -
tent, iden ti fy ing pos i tive cor re la tions with power Dopp ler and his tol ogy mea sure ments. 

Pros tate tu mors were in duced in SCID mice in the hind leg and were treated with 2 Gy and 
8 Gy ra di a tion com bined with 1% (v/v) Definity microbubbles insonified at 580 kPa and
833 kPa with 0.5 MHz ul tra sound. Blood flow was mea sured us ing power Dopp ler be fore
and 24 hours fol low ing treat ment. He mo glo bin con tent was photoacoustically mea sured us -
ing a VisualSonics LAZR (VisualSonics, To ronto) sys tem at 750 nm and 850 nm light
wave lengths, which were more sen si tive to deoxygenated and ox y gen ated he mo glo bin re -
spec tively, be fore and 24 hours fol low ing treat ment. Fol low ing treat ment, mice were sac ri -
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ficed and tu mors were col lected and stained with in situ end-la bel ling (ISEL) to iden tify and
quan tify re gions of cell death. 

The stron gest cor re spon dence across all three treat ment as sess ment mo dal i ties was found
when com bin ing 8Gy of ra di a tion with both ul tra sound pres sures. With the sig nal ob tained
at 750 nm op ti cal stim u lus we ob served a 20% and 15% de crease in he mo glo bin con tent
with 580 kPa and 833 kPa pres sures re spec tively, which cor re sponded to a 44% and 31% re -
spec tive de creases in blood flow as mea sured with power Dopp ler. Cor re spond ing his tol ogy 
in di cated a 45% and 38% rel a tive re gion of cell death for 580 kPa and 833 kPa pres sures, re -
spec tively.  Data ob tained us ing 850 nm op ti cal stim u lus to probe tis sue in di cated sim i lar
trends. Con trol sam ples showed a neg li gi ble change blood flow and his tol ogy in di cated
min i mal cell death (2% of to tal area).

In sum mary, mea sures of he mo glo bin par al leled changes in power Dopp ler in di ca tors of
blood flow. De struc tion of blood ves sels by this ther apy lead to de creases in flow and he mo -
glo bin and were as so ci ated with in creases in cell death as de tected histologically.

5.6 Quan ti ta tive and para met ric anal y sis em ploy ing con ven tional fre quency ul tra -
sound of can cer treat ment ef fects in vivo, Naum Papanicolau,1, 2 Anoja Giles, 1, 2 Mi chael
Kolios3 and Greg ory Czarnota,1, 2  1Im ag ing Re search and Ra di a tion On col ogy, Sunnybrook 
Health Sci ences Cen tre, 2De part ments of Ra di a tion On col ogy and Med i cal Bio phys ics,
Uni ver sity of To ronto, and 3De part ment of Phys ics, Ryerson Uni ver sity, To ronto, ON, Can -
ada, greg ory.czarnota@gmail.com.

The in tent of can cer ther a pies is to tar get and kill tu mors in or der to halt pro lif er a tion of the 
dis ease.  Cur rent as sess ment of treat ment ef fi cacy is in many cases based solely upon ex am -
in ing large-scale changes in tu mor vol ume, of ten de ter mined through phys i cal ex am i na tion.  
Large-scale changes in tu mor struc ture, such as de creases in vol ume or struc tural ri gid ity,
are the re sult of ex ten sive changes in tu mors at the microstructural level, most of ten through
the pro cess of cell death.  These microstructural changes of ten re quire a sig nif i cant pe riod of
time to man i fest in a man ner de tect able by phys i cal ex am i na tion, de lay ing a phy si cians ca -
pac ity to de ter mine early treat ment ef fi cacy.  In this study, we in ves ti gate the ef fi cacy of
quan ti ta tive ul tra sound em ployed at a clin i cally-rel e vant fre quency to de tect micro struc -
tural changes in re sponse to can cer-ther apy ad min is tra tion.

Solid PC-3 pros tate tu mors were grown in SCID mice and treated in three groups. The
first re ceived ul tra son i cally-ac ti vated microbubble anti-angiogenic treat ment, the sec ond
re ceived an 8 Gy dose of sin gle frac tion, 100 kVp X-ray ra di a tion and the third re ceived ad -
min is tra tion of both. A vary ing set of treat ment con di tions em ploy ing the same treat ment
mo dal i ties pro vided vary ing de grees of apoptotic cell death that was ex am ined via para met -
ric-im age anal y sis. Tu mors were ex am ined via 10 MHz ul tra sound prior to treat ment and at
24 hours af ter wards. An i mals were sub se quently sac ri ficed and tu mors ex cised for histo -
path o logical anal y sis us ing haematoxylin & eosin as well as TUNEL stain ing. 

We ob served an in crease in ul tra sound back scat ter 24 hours fol low ing anti-angiogenic
and ra di a tion treat ment ad min is tra tion. Anal y sis of the nor mal ized power spec tra of the
10MHz data yielded an in crease of ap prox i mately 3.4dBr (±0.9), 4.8dBr (±0.8) and 5.9dBr
(±0.9) in the three treat ment cat e go ries com pared to data ac quired be fore treat ment.  Spec -
tral slope and 0-MHz in ter cept pa ram e ters fol lowed sim i lar trends.  Para met ric mappings of
tu mour re gions in di cated in creas ing spec tral pa ram e ters in tu mors un der go ing larger frac -
tions of cell death as de ter mined us ing haematoxyline and eosin stain ing and immuno -
histochemistry.

This study ex am ined the ef fi cacy of quan ti ta tive ul tra sound em ployed at a clin i cally-rel e -
vant fre quency to de tect changes in tis sue microstructure in re sponse to can cer ther apy ad -
min is tra tion. The ad vent of a man ner ca pa ble of noninvasively de tect ing changes in tu mor
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microstructure in re sponse to can cer treat ment ad min is tra tion would po ten ti ate early as -
sess ment of treat ment re sponse and en able phy si cians to cus tom ize treat ment based upon an 
in di vid ual pa tient re sponse early in the treat ment course.

6. Con trast

6.1 High-fre quency re sponse of poly mer-shelled ul tra sound con trast agents: in flu -
ence of shell pa ram e ters, Jeffrey A. Ketterling,1 Parag V. Chitnis,1 Sujeeth Raj Koppolu,2

Jon a than Mamou1 and Dan iel Gross,1  1Lizzi Cen ter for Bio med i cal En gi neer ing, Riv er side
Re search, New York, NY and  2De part ment of Chem i cal & Bi o log i cal En gi neer ing, Poly -
tech nic In sti tute of New York Uni ver sity, Brook lyn, NY (over view).

Poly mer-en cap su lated microbubbles rep re sent the new est gen er a tion of ul tra sound con -
trast agents (UCAs). These agents are more rigid than other classes of con trast agents, such
as lipid-shelled agents, and it has been shown that the agents must be rup tured be fore they
be come acous ti cally ac tive. The pro cess for man u fac tur ing poly mer-shelled UCAs fa cil i -
tates pro duc tion of tightly-con trolled size dis tri bu tions and small di am e ters. The small di -
am e ters trans late to higher res o nance fre quen cies and po ten tially make the poly mer agents
suit able for high-fre quency (>20 MHz) ul tra sound (HFU) ap pli ca tions, such as der ma tol -
ogy, oph thal mol ogy and small-an i mal im ag ing. Two types of char ac ter iza tion stud ies in -
volv ing four types of UCAs were con ducted in or der to de ter mine acous tic ex ci ta tion and
shell-ma te rial pa ram e ters rel e vant to HFU-in duced rup ture and non lin ear os cil la tions of the
re sult ing microbubbles. First, the subharmonic re sponse from in di vid ual UCAs was ex am -
ined us ing HFU (40 MHz) ex ci ta tion in an in-vi tro flow phan tom. Sec ond, UCAs were sub -
jected to slowly in creas ing static overpressure and ‘fra gil ity’ (e.g., rup ture pres sure) was
re corded. The overpressure-in duced rup ture ex hib ited a sharp thresh old, which was not size 
de pend ent, but was de pend ent on the shell pa ram e ters, such as modulus and thick ness. Sim -
i lar to the overpressure study, the on set of UCA subharmonic ac tiv ity ex hib ited a sharp
acous tic-pres sure thresh old, which was also cor re lated with shell pa ram e ters. The re sults
sug gest that shell pa ram e ters can be ad justed to op ti mize poly mer-shelled UCAs for spe -
cific di ag nos tic and ther a peu tic ap pli ca tions that rely on ul tra sound-me di ated UCA de struc -
tion. Sup ported by Na tional In sti tutes of Health re search grant EB006372.

6.2 On the util ity of subharmonic con trast microbubble sig nals, F. Forsberg,1 J.K.
Dave,1,5 V.G. Halldorsdottir,1,5 J.R. Eisenbrey,1 J.S. Raichlen,3 J.B. Liu,1 C. Miller,2 J.M.
Gon za lez,2 M.E. Mc Don ald,4 D.A. Mer ton,1 D. Brown1 and V. Navarro,2  De part ments of
1Ra di ol ogy, 2Gastroenterology & Hepatology, 3Med i cine and 4Radiologic Sci ences, Thomas
Jef fer son Uni ver sity, Phil a del phia, PA 19107 and 5School of Bio med i cal En gi neer ing and
Health Sys tems, Drexel Uni ver sity, Phil a del phia PA 191047, flemming.forsberg@jef fer -
son.edu (in vited).

Our group (and oth ers) has been de vel op ing con trast-en hanced subharmonic im ag ing
(SHI) for im proved de pic tion of tu mor blood flow and to pro vide quan ti ta tive as sess ment of
phys i o log i cal pa ram e ters; in par tic u lar, the noninvasive es ti ma tion of hy dro static blood
pres sures us ing subharmonic microbubble sig nals (a method known as SHAPE; U.S. Pat ent 
6,302,845).  In SHI. pulses are trans mit ted at one fre quency but only ech oes at half that fre -
quency (i.e., the subharmonic) are re ceived.  Be cause the abil ity to gen er ate subharmonic
sig nals is ex clu sive to ul tra sound con trast agents, SHI of fers im proved vi su al iza tion of
blood flow with nearly-com plete tis sue sup pres sion.  

Re cently, we im ple mented soft ware for real-time SHI and SHAPE on sev eral com mer cial 
ul tra sound scan ners.  Four teen women with 16 bi opsy-proven breast le sions (four ma lig -
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nant) par tic i pated in a SHI pi lot study, which also in volved static and dy namic cu mu la tive
max i mum in ten sity (CMI) SHI.  The area un der the ROC curve (Az) for the di ag no sis of
breast can cer was 0.64 for grayscale and PDI, 0.67 with con trast en hanced PDI, 0.76 for
mam mog ra phy, 0.78 for SHI and 0.75 for static CMI-SHI.  For dy namic CMI-SHI mode, Az
in creased to 0.90, which was sig nif i cantly better than mam mog ra phy (p = 0.03).

In four ca nines, SHAPE pres sure mea sure ments were ac quired in the cham bers of the
heart and com pared to an in va sive pres sure cath e ter.  For two ca nines, the cal i bra tion fac tor
for con vert ing subharmonic sig nals to pres sure (in mmHg/dB) was ob tained from the aorta
and LV pres sure es ti mates were cal cu lated us ing the known peak-sys tolic LV pres sures. 
The max i mum ab so lute er rors for the LV di a stolic pres sures (LVDP) for mean LVDP, min i -
mum LVDP, end LVDP and mean LV pres sure were 1.36 to 5.48 mmHg, re spec tively. 
More over, es ti mat ing the peak sys tolic right ven tric u lar (RV) pres sure re sulted in er rors of
0.0 to 2.3 mmHg.  Fi nally, a hu man trial of SHAPE in pa tients with por tal hy per ten sion is
un der way and pre lim i nary re sults will be pre sented.

In con clu sion, in vivo hu man and ca nine ex per i ments have dem on strated the fea si bil ity of
per form ing breast SHI as well as car diac and por tal hy per ten sion SHAPE, us ing com mer cial 
ul tra sound scan ners.  The pre lim i nary re sults are en cour ag ing with SHAPE res o lu tion on
the or der of 0 to 6 mmHg. Sup ported in part by U.S. Army Med i cal Re search Ma te rial Com -
mand un der DAMD17-00-1-0464 and W81XWH-08-1-0503 as well as AHA grant no
0655441U, NIH R21 HL081892 and RC1 DK087365 and GE Healthcare, Oslo, Nor way.

6.3 Dy nam ics of con trast microbubbles and their subharmonic re sponse for non -
invasive blood pres sure es ti ma tion, Kausik Sarkar,1 Amit Katiyar1 and Flemming Fors -
berg,2  1Me chan i cal En gi neer ing, Uni ver sity of Del a ware, 130 Acad emy Street, New ark, DE 
19716 and 2De part ment of Ra di ol ogy, Thomas Jef fer son Uni ver sity, 132 South 10th Street,
Phil a del phia, PA 19107, sarkar@udel.edu (in vited).

Es ti ma tion of lo cal or gan-level blood pres sure can help in di ag nos ing and mon i tor ing
heart and vas cu lar dis eases. Subharmonic sig nals from ul tra sound con trast microbubbles
have been pro posed as a noninvasive al ter na tive to the cur rent prac tice of us ing ma nom e -
ter-tipped cath e ters. An ap prox i mately 10dB lin ear de crease in subharmonic com po nent
with 25 kPa pres sure in crease (typ i cal blood pres sure vari a tion) has been re ported for sev -
eral con trast microbubbles. In this talk, we will re port on a the o ret i cal in ves ti ga tion of the
thresh old of subharmonic gen er a tion and the de pend ence of subharmonic re sponse on am -
bi ent pres sure vari a tion. 

For a free bub ble, there ex ists a thresh old ex ci ta tion pres sure for subharmonic re sponse,
the thresh old be ing min i mum at twice the res o nance fre quency of the free bub ble. We nu -
mer i cally show that for a num ber of mod els — New to nian and viscoelastic in ter fa cial rhe o -
log i cal mod els de vel oped by our group, a model due to de Jong and co work ers — of
en cap su la tion, the min i mum subharmonic thresh old oc curs near twice the res o nance fre -
quency sim i lar to the case of a free bub ble. How ever, for other mod els — Church-Hoff’s lin -
ear viscoelastic model, model due to Marmottant et al and our re cent strain-soft en ing
in ter fa cial rhe o log i cal model — the min i mum thresh old de vi ates from twice the res o nance
fre quency. They have a min i mum thresh old near the res o nance fre quency de pend ing on en -
cap su la tion pa ram e ters, such as elas tic ity and vis cos ity.

In the sec ond part, we will show that a re duc tion of subharmonic with am bi ent pres sure in -
crease oc curs only be low a cer tain ex ci ta tion fre quency. Above an other crit i cal fre quency,
the subharmonic sig nal in creases with am bi ent pres sure. In be tween, the vari a tion is
nonmono tonic. Fur ther more, where it de creases with am bi ent pres sure, the re la tion ship is
lin ear only above cer tain ex ci ta tion pres sure. The be hav ior is ex plained by an a lyz ing the de -
pend ence of res o nance fre quency of a bub ble on the am bi ent pres sure. The de pend ence of
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the crit i cal fre quen cies on bub ble ra dius and pos si bly bub ble size dis tri bu tion will be dis -
cussed. Be hav iors for sev eral mod els for en cap su lated con trast microbubbles will also be
re ported.  Sup ported by NSF and NIH.

6.4 Intravascular subharmonic im ag ing of ath ero scle ro sis: an in vivo pi lot study, A. 
Sridharan,1, 2 J.R. Eisenbrey,1 E.D. deMuinck,3 M.M. Doy ley4 and F. Forsberg,1  1De part -
ment of Ra di ol ogy, Thomas Jef fer son Uni ver sity, Phil a del phia, PA 19107, 2De part ment of
Elec tri cal and Com puter En gi neer ing, Drexel Uni ver sity, Phil a del phia PA 19104,  3De -
part ment of Car di ol ogy, Dartmouth Med i cal School, Hanover, NH 0375 and 4De part ment
of Elec tri cal and Com puter En gi neer ing, Uni ver sity of Roch es ter, Roch es ter, NY 14627,
flemming.forsberg@jef fer son.edu.

Subharmonic im ag ing (SHI) of ul tra sound con trast microbubbles us ing intravascular ul -
tra sound (IVUS) pro vides ex cel lent tis sue sup pres sion and a unique op por tu nity to ex clu -
sively im age vasa va so rum blood flow, which could po ten tially better iden tify ar eas of
plaque.  In this study, the fea si bil ity of vi su al iz ing atherosclerotic plaque neovasculature us -
ing para met ric SHI IVUS was in ves ti gated in vivo. 

Ath ero scle ro sis was in duced in the aorta of two Watanabe Her i ta ble Hyperlipidemic
rab bits by a com bi na tion of high cho les terol diet and bal loon de-endothelization.  Fol low -
ing in jec tion of Definity (Lantheus Med i cal Im ag ing, N Billerica, MA), radio fre quen cy
(rf) IVUS sig nals were ac quired at 40 MHz us ing a Gal axy IVUS scan ner (Boston Sci en -
tific, Natick, MA). SHI (at 20 MHz) was per formed off-line by ap ply ing an 8th-or der
bandpass fil ter to the ac quired rf data.  Con trast-to-tis sue ra tios (CTRs) were com puted
for the ves sel rel a tive to the plaque area over four time points.  CTRs were also cal cu lated
for the tis sue-plaque and tis sue-ves sel from four tis sue re gions of in ter est (ROIs) at four
time points over the con trast wash-in/wash-out cy cle.  Para met ric im ages were gen er ated
show ing cu mu la tive max i mum in ten sity (CMI), time to peak (TTP), per fu sion (PER) and
time-in te grated in ten sity (TII) for the fun da men tal and subharmonic data sets and CTR
mea sure ments were re cal cu lated for these im ages.  Spec tral anal y sis of the cho sen ROIs
was also per formed based on the rf data.

In jec tion of con trast bub bles re sulted in sub stan tial sig nal en hance ment and im proved
the de lin ea tion be tween the plaque and ves sel lu men.  In SHI mode, no tice able tis sue sup -
pres sion oc curred (al though in ten sity from the con trast agent was also re duced).  No sig nif i -
cant im prove ment in plaque-to-ves sel lu men CTR was ob served be tween the sub harmonic
and fun da men tal IVUS (2.1 ± 3.64 vs. 2.2 ± 4.20; p = 0.5).  How ever, CTR for plaque-tis -
sue was im proved (11.8 ± 7.32 vs. 9.9 ± 7.06; p < 0.0001) for SHI rel a tive to fun da men tal
im ag ing.  CMI and TII maps of both fun da men tal and subharmonic data pro vided in -
creased CTR rel a tive to nonparametric data sets (p < 0.002).  Ad di tion ally, para met ric
maps for CMI, PER and TII of SHI IVUS showed sig nif i cantly-im proved ves sel lu men to
plaque CTR for SHI rel a tive to the fun da men tal (p < 0.04).  As ex pected, the fre quency
spec tra from tis sue and ves sel lu men showed a sig nal dom i nated by the trans mit fre -
quency (37-39 MHz).  Fre quency spec tra from ves sel lu men, how ever, showed a larger
sub harmonic (20-22 MHz) rel a tive to the tis sue spec tra in di cat ing microbubble gen er a -
tion of subharmonic sig nals.   

In con clu sion, para met ric SHI IVUS of atherosclerotic plaque is fea si ble and im proves
the vi su al iza tion of ath ero scle ro sis as dem on strated by im prove ments in the ves sel lu men to
plaque CTR. Sup ported in part by NIH grants RO1 HL088523 and RO1 CA 140338.

6.5 The o ret i cal and ex per i men tal in ves ti ga tion of the dy nam ics of ul tra sound con trast
agents: oc cur rence of higher subharmonics, Amin Jafari Sojahrood,1 Raffi Karshafian,1

Greg ory J. Czarnota,2 Yanjun Gong,3 Eno Hysi,1 Tyrone Por ter3 and Mi chael C. Kolios,1 
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1De part ment of Phys ics, Ryerson Uni ver sity, To ronto, ON, Can ada, 2De part ment of Med i -
cal Bio phys ics, Uni ver sity of To ronto and On tario Can cer In sti tute, To ronto, On tario, Can -
ada and 3De part ment of Me chan i cal En gi neer ing, Boston Uni ver sity, Boston, MA 02215
(in vited).

Back ground: The non lin ear be hav ior of ul tra sound con trast agents (UCAs) is a key pa -
ram e ter to sup press tis sue sig nal and achieve en hanced blood con trast. De spite the rich non -
lin ear char ac ter of UCAs, their dy nam ics is very com plex. Con trol ling the be hav iour of
UCAs is a chal leng ing task es pe cially since there is not enough in for ma tion about the re -
sponse of the UCAs to changes in the full con trol pa ram e ter space (UCAs ra dii, driv ing fre -
quency and pres sure and the shell pa ram e ters). On the other hand, lim i ta tions in the im ag ing
de vice may im pose an other prob lem as the in duced non lin ear be hav ior fre quency re sponse
may not be within the band width of the re ceiver. Com plete knowl edge on the dy nam ics of
the UCAs will help in op ti miz ing the con trol pa ram e ters to achieve a de sir able non lin ear be -
hav iour that can be de tected by the im ag ing sys tem.

Method: In this study, the dy nam ics of the UCAs is stud ied the o ret i cally by solv ing the
Hoff model. The re sults of the nu mer i cal sim u la tions were vi su al ized in an ef fi cient man ner
for a large range of its con trol pa ram e ters. The bi fur ca tions di a grams of the nor mal ized os -
cil la tions of UCAs of dif fer ent sizes were plot ted ver sus the ap plied pres sure. The pre dicted
re sults were also ver i fied ex per i men tally by sonicating Artenga bub bles and an in-house
made lipid shell bub bles with 30 cy cle pulses of 25 MHz fre quency and pres sure am pli tudes
of 0.1-2.5 MPa us ing the Vevo770 (VisualSonics, To ronto, On tario) im ag ing de vice. To es -
ti mate the bub ble size, the ring-down os cil la tions of the bub bles at their nat u ral res o nance
fre quency and af ter the 30 cy cle driv ing pulse was an a lyzed.

Re sults: Sim u la tions showed that if the bub ble sizes are op ti mized so that their res o nance
fre quency is a frac tion (1/3,1/4..) of the sonication fre quency, above a cer tain pres sure
thresh old, the bub bles can emit subharmonics at (1/3,2/3..) of the sonication fre quency. This 
emis sion is con com i tant with an in crease in the back scat tered pres sure, while the bub ble os -
cil la tions still re main sta ble. Ex per i men tal re sults showed that the subpopulation of the bub -
bles that are able to show this be hav ior scat ter sound ac cord ing to the the o ret i cal pre dic tions
(e.g., hav ing three max ima for subharmonics at f/3 and 2f/3) when the size of the bub ble is
de rived from the ring-down anal y sis based on the same back scat tered sig nal. In ad di tion,
size changes in bub bles due to acous tic ir ra di a tion were de tected in some of the sig nals.

Dis cus sion and Con clu sion: It was shown that through care ful UCA size se lec tion and
con trol of the in ci dent pres sure, the UCAs can emit sig nals at higher subharmonics than 1/2.
Higher subharmonic sig nals will in crease both the res o lu tion and the sen si tiv ity of the
subharmonic im ag ing method, as these sig nals have higher fre quen cies that are closer to the
cen tral fre quency of the trans ducer. For a sig nal which has (f/3 and 2f/3) subharmonics,
there are three max ima in the back scat tered pres sure of the UCAs. This was ver i fied ex per i -
men tally by an a lyz ing the sig nal from sin gle bub bles with their size es ti mated from the
ring-down anal y sis. In some cases, af ter a few cy cles, sig nif i cant changes in the bub ble size
were de tected due to the ul tra sound ex po sure. This was ver i fied by the change of the sig nal
shape (grad ual dis ap pear ance of the maximas) and the ring-down anal y sis.

6.6 Char ac ter iza tion of sin gle ul tra sound con trast agent col lapse dy nam ics us ing
postexcitation re bound sig nals, Dan iel King and Wil liam O’Brien, Jr., Bioacoustics Re -
search Lab o ra tory, Uni ver sity of Il li nois at Ur bana-Cham paign, 405 N. Mathews Ave., Ur -
bana, IL 61801, daking3@il li nois.edu (in vited).

Ul tra sound con trast agents (UCAs) re spond dy nam i cally to ul tra sound pulses. When
insonified with suf fi ciently large peak rarefactional pres sures (PRPA), sin gle UCAs un -
dergo in er tial col lapse that may con tain broad band postexcitation emis sions fol low ing their
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prin ci pal re sponse to ex ci ta tion. A dou ble-pas sive cav i ta tion de tec tion tech nique, in volv ing 
the con fo cal align ment of one trans mit and two pas sive re ceive trans duc ers, was used to an -
a lyze the acous tic re sponse emit ted by a UCA from a spe cific lo cal ized vol ume. This tech -
nique al lows sin gle UCA be hav ior in re sponse to large PRPAs to be char ac ter ized.

Suf fi ciently di lute mix tures of com mer cial (Definity and Optison) and non com mer cial
microbubbles were pre pared such that on av er age only a sin gle UCA was pres ent within the
con fo cal re gion. A 3 cy cle in ci dent pulse re peat ing at 10 Hz was var ied in fre quency from
0.9 to 7.1 MHz and in PRPA up to 6 MPa. The ac quired sig nals were first cat e go rized based
on the sym me try of the re sponse and also clas si fied ac cord ing to the pres ence or ab sence of
postexcitation sig nals in the time do main. The postexcitation sig nal was hy poth e sized to in -
di cate the tran sient col lapse of the microbubble, an as sump tion sup ported by mod el ing sug -
gest ing that postexcitation re bound oc curs only af ter shell rup ture and in er tial cav i ta tion
thresh olds have been reached.

The per cent age of sym met ric sig nals ex hib it ing postexcitation emis sions was found to in -
crease as PRPA was in creased or as fre quency was de creased, gen eral trends in agree ment
with other meth ods of mea sur ing col lapse. Dis tinct curves in di cat ing the per cent age of
postexcitation sig nals as a func tion of PRPA were ob served for dif fer ent pop u la tions of
UCAs; the na tive Definity pop u la tion was found to have lower PRPA thresh olds for
postexcitation sig nals than the na tive Optison pop u la tion. These dis tinc tions pro vide in sight 
into how the col lapse be hav iors of a given pop u la tion microbubbles may be in flu enced by
their var i ous prop er ties. Sup ported by NIH Grant R37 EB002641.

6.7 Es ti mat ing con cen tra tion of ul tra sound con trast agents with back scat ter co ef fi -
cients, Scott M. Leithem, Wil liam D. O’Brien, Jr. and Mi chael L. Oelze, Bioacoustics Re -
search Lab o ra tory, Uni ver sity of Il li nois at Ur bana-Cham paign, 405 N Mathews, Ur bana,
IL 61801, leithem2@il li nois.edu (in vited).

Ul tra sound con trast agents (UCAs) are cur rently used clin i cally to en hance the con trast of 
ul tra sound im ages. Re cently, how ever, microbubbles have been ex plored as a means to en -
hance ther a peu tic tech niques, such as sonoporation, lithotripsy and high-in ten sity fo cused
ul tra sound (HIFU). Be cause the ef fec tive ness of these tech niques re lies on the con cen tra -
tion of bub bles at a tar get site in the body, it would be ben e fi cial to be able to ac quire
real-time es ti mates of UCA con cen tra tion noninvasively. A novel method for es ti mat ing the 
con cen tra tion of UCAs at a tar get lo ca tion, based upon es ti mates of back scat ter co ef fi cient
(BSC) at fre quen cies above res o nance of the UCAs, was de vel oped. Cal cu la tion of the BSC
was ac com plished us ing ul tra sonic ref er ence mea sure ments from the back plane wall of a
Plexi glas® cham ber de vel oped for an ex per i men tal flow sys tem. For each trial, an av er age
of 500 snap shots of the ul tra sonic back scat ter from Definity® microbubbles flow ing
through the cham ber was ac quired. Im me di ately fol low ing this pro ce dure, a sam ple of the
UCAs was ex tracted from the flow path close to the tar get site in or der to op ti cally ver ify the
con cen tra tion es ti mates. Us ing es ti mates of the at ten u a tion co ef fi cient through the cloud of
bub bles, BSC was cal cu lated as a func tion of fre quency for the 15-25 MHz range. Ul tra sonic-
based es ti mates of UCA con cen tra tion were ob tained by us ing a Levenberg-Marquardt fit -
ting al go rithm to match the cal cu lated BSC to a lin ear-scat ter ing model. The al go rithm was
able to con verge for all tri als in un der 0.5 s, in di cat ing that it was ef fec tive for pro vid ing
real-time con cen tra tion in for ma tion. Ul tra sonic-based con cen tra tion es ti mates were com -
pared to con cen tra tion es ti mates ob tained op ti cally with a hemacytometer. All ul tra -
sonic-based es ti mates were within one stan dard de vi a tion of op ti cally-de rived es ti mates.
These re sults in di cate that the BSC can be used to es ti mate the con cen tra tion of UCAs. Sup -
ported by NIH grant R37EB002641.
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7.  Quan ti ta tive Ul tra sound 3

7.1 Power-spec tral es ti ma tion for quan ti ta tive ul tra sound in the pres ence of spec u -
lar ech oes, Adam Luchies, Wil liam D. O’Brien, Jr. and Mi chael L. Oelze, Bioacoustics Re -
search Lab o ra tory, De part ment of Elec tri cal and Com puter En gi neer ing, The Uni ver sity of
Il li nois at Ur bana-Cham paign, Ur bana, IL, 61801, luchies1@il li nois.edu.

Quan ti ta tive ul tra sound (QUS) tech niques have been used to re late the power spec trum of
the ul tra sonic back scat ter sig nal to acous tic and microstructural prop er ties of bi o log i cal tis -
sues. When the tis sue be ing ex am ined is sto chas tic, i.e., com posed of many ran domly-po si -
tioned subresolvable scat ter ers, the back scat ter sig nal power spec trum is es ti mated by
av er ag ing periodograms from ad ja cently-spaced scan line seg ments in a data block as so ci ated
with a spe cific lo ca tion in the tis sue. Es ti mat ing the power spec trum in this man ner re quires
the as sump tion that each data block con tains uni form dif fuse scat ter ing, an as sump tion that
is in val i dated when a data block in cludes a nonstationary sig nal el e ment such as a spec u lar
echo.

The goal of this work was to use Welch’s method for power spec trum es ti ma tion to ob tain
data-block power-spec tral es ti mates that were un af fected by spec u lar ech oes. The Welch
method func tions by seg ment ing time-do main sig nals into over lap ping win dowed sub sec -
tions and trans form ing them into the fre quency do main us ing the Fou rier trans form. The re -
sult ing mod i fied periodograms are av er aged to form the smoothed spec tral es ti mate. Data
block scan line seg ments were seg mented into three over lap ping (50%) Welch sub sec tions.
Welch sub sec tions were tested for am pli tude nonstationarities and re moved from the
periodogram av er age if an am pli tude nonstationarity was de tected. The method pro duced
spec tral es ti mates for each data block that were un af fected by spec u lar ech oes.

The method was ap plied to sim u lated and ex per i men tal back scat ter data con tain ing spec -
u lar ech oes.  For ex am ple, a re duc tion of 51% was ob served in the stan dard de vi a tion of ef -
fec tive scat terer di am e ter (ESD) es ti mates from a sim u lated back scat ter im age con tain ing
sev eral spec u lar ech oes (with the size of the spec u lar scat ter ers twice that of the back ground
scat ter ers).  As an other ex am ple, a re duc tion of 43% was ob served in the stan dard de vi a tion
of ESD es ti mates mea sured from the in side of a ro dent tu mor con tain ing sev eral spec u lar
ech oes. Re sults sug gest that the de scribed Welch’s seg ment-ex clu sion method can re duce
the ef fects of spec u lar ech oes on QUS es ti mates, lead ing to more pre cise es ti ma tion of the
ESD pa ram e ter. Sup ported by NIH Grant CA111289.

7.2 A graph i cal user in ter face for quan ti ta tive ul tra sound data anal y sis, Tim o thy J.
Hall,1 Lindsey Carlson,1 An drew Bat tles,2 Da vid P. Duncan,1, 3 James A. Zagzebski1 and
Wil liam D. O’Brien Jr.,2   1De part ment of Med i cal Phys ics, Uni ver sity of Wis con sin, Mad i son,
WI,  2De part ment of Elec tri cal and Com puter En gi neer ing, Uni ver sity of Il li nois at Ur -
bana-Cham paign, Ur bana, IL and  3Siemens Healthcare USA Ul tra sound Di vi sion, Moun -
tain View, CA, tjhall@wisc.edu.

Ob jec tive: Quan ti ta tive ul tra sound (QUS) im ag ing tech niques are be ing de vel oped and
tested as ad junc tive in for ma tion for med i cal di ag no sis, mon i tor ing dis ease pro gres sion and
ther apy. Com mon ap pli ca tions in clude breast im ag ing, thy roid im ag ing and uter ine cer vi cal 
as sess ment. One of the fun da men tal steps in many QUS tech niques is power-spec tral es ti -
ma tion from radio fre quen cy echo data and it is clear that there is a wide va ri ety of meth ods
for this task. In ad di tion, there are a va ri ety of meth ods avail able for es ti mat ing ‘sim ple’
acous tic prop er ties such as acous tic-at ten u a tion co ef fi cients. To better fa cil i tate ap pli ca tion
of QUS tech niques to dif fer ent an a tom i cal sites and us ing var i ous data ac qui si tion sys tems,
tools to aid in com mon sig nal se lec tion and pro cess ing tasks would be use ful. This re port de -
scribes a graph i cal user in ter face to as sist in QUS data anal y sis. The in tent is to pro vide a
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com mon in ter face for im port ing echo sig nal data, se lect ing re gions of in ter est, com put ing
power spec tra and es ti mat ing and dis play ing a va ri ety of QUS pa ram e ters. 

Method:  The GUI in its cur rent form is be ing shared by two re search groups (UW and
UIUC). Those groups are jointly de vel op ing, test ing and en hanc ing its per for mance. The
tool is be ing im ple mented us ing Matlab as a base signa- pro cess ing pack age.  In put data for -
mats in clude sig nals from sin gle-el e ment trans ducer lab o ra tory ap pa ra tus as well as from a
va ri ety of ar ray-based clin i cal ul tra sound sys tems, such as the data from the Siemens Axius
Di rect ul tra sound re search in ter face (Siemens ACUSON Antares and S2000), the Ultra -
sonix RP and the Visualsonics Vevo2100.  Se lec tions of anal y sis con di tions such as re gions
of in ter est, sig nal-win dow ing func tions, spec tral es ti ma tors and com puted pa ram e ter out -
puts are pro vided.  The GUI also has soft ware to es ti mate pa ram e ters based on the en ve lope
sta tis tics and the gen er al ized spec trum. Ad di tional pa ram e ter-es ti mate al go rithms are cur -
rently be ing im ple mented and tested. Broad avail abil ity of this GUI and as so ci ated al go -
rithms is ex pected in the near fu ture. To test the pro gram ming, com par i sons are done
be tween at ten u a tion and back scat ter co ef fi cients vs. fre quency out put by the GUI al go -
rithms and re sults pro vided by sep a rate pro grams al ready im ple mented by the groups.  

Re sults:  The GUI, its source code, al go rithm source code and test data from phan toms
and in vivo scans will be broadly dis trib uted via FTP web ac cess. By mak ing this GUI, the
al go rithms be hind it and sam ple data sets avail able to the world-wide ‘Tis sue Char ac ter iza -
tion Com mu nity,’ we ex pect that us ers can test these al go rithms with the pro vided data, and
com pare with pub lished re sults, to as sure proper us age. They can then test their al go rithms
with the same data or test their data with these al go rithms. The an tic i pated re sult is a sig nif i -
cant ad vance in the abil ity to per form and ad vance QUS tech nol ogy. Sup ported by NIH
Grants R01CA111289 and R21HD061896.

7.3 Ul tra sonic back scat ter co ef fi cient quan ti ta tive es ti mates from Chi nese ham ster
ovary and BALB/3T3 cell pel let biophantoms, Aiguo Han, Rami Abuhabsah, James P.
Blue, Jr., Sandhya Sarwate and Wil liam D. O’Brien, Jr.,  Bioacoustics Re search Lab o ra -
tory, De part ment of Elec tri cal and Com puter En gi neer ing, Uni ver sity of Il li nois at Ur -
bana-Cham paign, 405 N. Mathews, Ur bana, IL 61801.

Ob jec tive: Model-based quan ti ta tive ul tra sound (QUS) im ag ing re quires scat ter ing mod -
els that match well an a tomic microstructure scat ter ing sites. The an a tomic model un der
eval u a tion is that of a eukaryotic cell. Pre vi ous work has dem on strated that back scat ter co -
ef fi cient (BSC) es ti mates made from low-con cen tra tion, Chi nese ham ster ovary (CHO) cell 
pel lets agree well with the con cen tric-spheres model. This work has two ob jec tives. First,
large con cen tra tion CHO cell pel lets are stud ied to ob serve the ef fect of co her ent scat ter ing.
Sec ond, BALB/3T3 fibroblast cell pel lets are stud ied to fur ther val i date the ap pli ca bil ity of
the con cen tric spheres model for low-cell con cen tra tions.

Meth od ol ogy: Live cells of known con cen tra tion are placed in a mix ture of bo vine plasma 
and thrombin to form a clot, what we call a cell pel let. BSC mea sure ments of cell pel let
biophantoms con tain ing ei ther CHO (13 µm in di am e ter) or 3T3 (23 µm in di am e ter) cells
were made with 20, 40 and 80 MHz fo cused trans duc ers (over all band width: 10-100 MHz).
Cell pel lets were then histologically pro cessed (H&E) for as sess ment.

Re sults: First, 18 - CHO cell pel let sam ples with six dif fer ent num ber den si ties (1.2, 5.0,
20, 72, 224, 473 Mcells/mL) were eval u ated. The re sults show that the BSC mag ni tude as a
func tion of num ber den sity is non lin ear un der the con di tion of large con cen tra tion due to co -
her ent scat ter ing. The es ti mated cell di am e ter us ing con cen tric spheres model de creases
with num ber den sity (15.8, 14.6, 15.1, 13.6, 9.6, 7.1 µm for 1.2, 5.0, 20, 72, 224, 473
Mcells/mL cell pel lets, re spec tively), which in di cates that the con cen tric spheres model is
not ac cu rate for large cell con cen tra tions. Sec ond, 12 - 3T3 cell pel let sam ples with 4 dif fer -
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ent num ber den si ties (1.2, 4.8, 18, 52 Mcells/mL) were eval u ated. The es ti mated BSC
agrees well with the con cen tric spheres model. Fit ting the data to the con cen tric spheres
model yielded av er age cell di am e ter es ti mates of 20 µm and nu clear di am e ter es ti mates of 10 
µm for 3T3 cells.

Con clu sion: At a large cell con cen tra tion, co her ent scat ter ing ap pears to af fect the mag ni -
tude and shape of the BSC vs. fre quency curve and con se quently the QUS pa ram e ter es ti -
mates from the o ret i cal mod els. The con cen tric spheres model is not ad e quate for this case.
How ever, for a low cell con cen tra tion, the con cen tric spheres model is ap pli ca ble to both
CHO and 3T3 cells and is able to dif fer en ti ate CHO and 3T3 cells merely based on cell di am -
e ter. Sup ported by NIH R01CA111289.

7.4 A sim u la tion study on the photoacoustic sig nals from nonaggregating and ag -
gre gat ing eryth ro cytes, Ratan K. Saha, Eno Hysi and Mi chael C. Kolios, De part ment of
Phys ics, Ryerson Uni ver sity, 350 Vic to ria Street, To ronto, Can ada, M5B2K3, ratank.saha|
eno.hysi|mkolios@ryerson.ca.

Back ground: Photoacoustic (PA) im ag ing com bines the mo lec u lar spec i fic ity pro vided
by op ti cal im ag ing and the res o lu tion pro vided by clin i cal ul tra sound to probe the op ti cal
and thermoelastic prop er ties of tis sue. By ex ploit ing the large op ti cal ab sorp tion of ox y gen -
ated and deoxygenated blood at the ap pro pri ate wave lengths, it can dif fer en ti ate the ox y gen -
a tion states of eryth ro cytes. Eryth ro cyte ag gre ga tion is ob served in a wide range of
cir cu la tory dis or ders. Since the ag gre ga tion of eryth ro cytes al ters their spa tial or ga ni za tion,
we hy poth e size that this eryth ro cyte ag gre ga tion would al ter the photoacoustic sig nal pro -
duced and could be de tect able us ing PA spec tral anal y sis. The tech nique pre sented here
dem on strates the po ten tial of PA im ag ing as a di ag nos tic mo dal ity for de tect ing eryth ro cyte
ag gre ga tion based the o ret i cal cal cu la tions of the PA sig nal as a func tion of ag gre gate size. 

Method: Two-di men sional blood tis sue re al iza tions sim u lat ing nonaggregating eryth ro -
cytes were gen er ated us ing a Monte Carlo method known as Ran dom Se quen tial Ad sorp -
tion. Co or di nates of nonaggregating eryth ro cytes were ran domly cho sen with the re stric tion
that they would not over lap with ex ist ing par ti cles un der pe ri odic bound ary con di tions. A
hex ag o nal-pack ing scheme was used to ar range in di vid ual eryth ro cytes form ing an ag gre -
gate. Such an ag gre gate was then placed ran domly and re peat edly within the re gion of in ter -
est to gen er ate an ag gre gated blood sam ple. The PA sig nal from a col lec tion of cells
em u lat ing a tis sue re al iza tion was sim u lated by us ing the lin ear-su per po si tion prin ci ple for
the spher i cal waves gen er ated by the eryth ro cytes. For each eryth ro cyte (ap prox i mated as a
ho mo ge neous sphere), the PA pres sure due to the ex po sure to a delta-func tion la ser pulse
was com puted by em ploy ing a fre quency-do main ap proach. The PA sig nal prop er ties, such
as en ve lope sta tis tics and fre quency-de pend ent power spec tra, were in ves ti gated by vary ing
the hematocrit and ag gre gate size for 250 tis sue re al iza tions for each eryth ro cyte hemato -
crit/ag gre gate size con di tion ex am ined. 

Re sults: A monotonic in crease in the PA sig nal am pli tude was ob served with in creas ing
hematocrit (for nonaggregating eryth ro cytes) and the cor re spond ing sig nal en ve lope his to -
grams fol lowed the Ray leigh dis tri bu tion. The dom i nant fre quency con tent of the sig nal ap -
peared at ap prox i mately 200 MHz. For ag gre gated eryth ro cytes, the PA sig nal am pli tude
in creased as the mean ra dius of gy ra tion of ag gre gates in creased. The Ray leigh fit pa ram e -
ter, as so ci ated with the best fit curves of the PA sig nal en velop his to grams, also in creased as
the ag gre gate size in creased. The spec tral in ten sity in the low fre quency re gime in creased
sig nif i cantly as the mean size of clus ters in creased com pared to the nonaggregating case.
For ex am ple, at 15.6 MHz for clus ter sizes of 9.79 µm and 15.39 µm, we found 8 dB and 11
dB en hance ments, re spec tively, in the PA spec tral in ten sity com pared to the nonaggregated
tis sue sam ple. 
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Con clu sion: To the best of our knowl edge, the PA method dis cussed here has never been
ap plied to the in ves ti ga tion of eryth ro cyte ag gre ga tion. Our sim u la tion re sults show a large
in crease in spec tral in ten sity of the PA sig nals, spe cif i cally 11 dB for the larg est ag gre gate
size com pared to the nonaggregated sam ple near di ag nos tic ul tra sound fre quen cies. This
sug gests that ag gre gated sam ples of blood could be as sessed us ing PA spec tros copy. The
sim u la tion method de vel oped here can eas ily be ex tended to gen er ate more re al is tic tis sue
re al iza tions (such as eryth ro cyte rouleaux) in 3D. This study dem on strates the fea si bil ity of
PA im ag ing for the clin i cal de tec tion and as sess ment of eryth ro cyte ag gre ga tion.

7.5 Es ti ma tions of acous tic at ten u a tion and back scat ter co ef fi cient of ro dent tu -
mor-mim ick ing struc tures, Ivan M. Rosado-Mendez,1 Kibo Nam,1  Lauren A. Wirtzfeld,2

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

Ob jec tive: The at ten u a tion (a) and back scat ter co ef fi cients (BSCs) of tis sue are in her ent
char ac ter is tics and, as such, their es ti ma tions are ex pected to be in de pend ent of the prob ing
sys tem and the data-pro cess ing tech nique. A re cent char ac ter iza tion of spon ta ne ous fibro -
adenomas and im planted car ci no mas in live ro dents was con ducted with sev eral dif fer ent
im ag ing sys tems. Fibroadenomas ex hib ited un ex pect edly high at ten u a tion co ef fi cients and
es ti mated BSCs within and among these tu mors ex hib ited large vari abil ity.(1)  Thus, it is im -
per a tive to eval u ate the ex per i men tal meth od ol ogy us ing well-char ac ter ized phan toms
where agree ment be tween sys tems can be com pared to each other and to ground truth. The
cur rent work is a multisystem, phan tom-based com par i son of a and BSC es ti mates un der
con di tions em u lat ing in vivo ro dent-tu mor scan ning.

Method:  A phan tom with a ho mo ge neous back ground con tain ing two le sion-mim ick ing,
1.5 cm di am e ter spher i cal in clu sions with dif fer ent at ten u a tion and back scat ter ing prop er -
ties (1.0 and 1.5 dB/cm-MHz with 25-43 and 75-90 mm glass beads, re spec tively) was con -
structed. The in clu sions pro truded from the sur face of the phan tom, mim ick ing con di tions
un der which live an i mal tu mors were stud ied. In clu sions were scanned with four dif fer ent
ul tra sound sys tems: an Ultrasonix RP, a VisualSonics Vevo2100, a Zonare Z.one, and a
Siemens Acuson S2000, each us ing lin ear ar ray trans duc ers and each pro vid ing radio fre -
quen cy (rf) echo data. Es ti mates of a for the in clu sions were com puted from the rf data ei -
ther by a ref er ence phan tom method(2) or by a hy brid method.(3) BSCs were es ti mated us ing
the ref er ence-phan tom method.  a and BSC es ti mates made with the clin i cal sys tems were
com pared with lab o ra tory mea sure ments from test cyl in ders of the phan tom con tents, ob -
tained dur ing phan tom con struc tion. The lat ter mea sure ments ap plied a sub sti tu tion tech -
nique and sin gle el e ment trans duc ers. Faran the ory pre dic tions, based on the known
phan tom com po si tion, were also in cluded in the BSC com par i sons.

Re sults: Lab o ra tory-based es ti mates of a were 1.0 dB/cm-MHz (sphere 1) and 1.58
dB/cm-MHz (sphere 2). Frac tional dif fer ences of clin i cal-based es ti mates from these val ues 
ranged from 0 to 26% (sphere 1) and from 0.6 to 25% (sphere 2).  Pre lim i nary re sults of
BSCs were com pa ra ble to lab o ra tory-sys tem es ti ma tions and Faran-the ory pre dic tions. 
Intersystem vari abil ity was larger in the case of the highly at ten u at ing sphere. Sup ported by
NIH Grant R01CA111289.

(1) Wirtzfeld et al.  J Ul tra sound Med 29, 1117-1123 (2010). (2) Yao et al. Ul tra sonic Im -
ag ing 12, 58-70 (1990). (3) Kim and Varghese. Ul tra sound Med Biol 34, 1808-1819 (2008).
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7.6 At ten u a tion and back scat ter co ef fi cient es ti mates in lay ered tis sue-mim ick ing
phan toms, Kibo Nam,1 Ivan M. Rosado-Mendez,1 Lauren A. Wirtzfeld,2 Goutam Ghoshal,2

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

 Back scat ter and at ten u a tion co ef fi cient es ti mates are es sen tial el e ments in many Quan ti -
ta tive Ul tra sound Im ag ing modes. In clin i cal ap pli ca tions, some of these pa ram e ters are not
eas ily ob tained be cause of inhomogeneities of over ly ing tis sue above a re gion of in ter est. In
a pre vi ous study,(1) us ing rf echo sig nal data ac quired by a Siemens Antares im ag ing sys tem
and ap ply ing a ref er ence phan tom method(2) to ac count for sys tem de pend en cies, ex cel lent
agree ment was ob tained among back scat ter co ef fi cients and at ten u a tion es ti ma tions from
well-con trolled lab o ra tory ex per i ments with lay ered phan toms and the o ret i cal val ues.  The
goal of the cur rent study is to as sess the reproducibility of back scat ter and at ten u a tion es ti -
mates of lay ered phan toms scanned with a va ri ety of clin i cal ul tra sound sys tems. 

Two phan toms were scanned us ing lin ear-ar ray trans duc ers. Both phan toms have three
lay ers. One phan tom has a uni form at ten u a tion co ef fi cient in all lay ers but the mid dle layer
has 6 dB higher back scat ter. The other phan tom has uni form back scat ter in all lay ers but the
mid dle layer has a 0.2dB/cm-MHz higher at ten u a tion co ef fi cient. These prop er ties were
ver i fied us ing sub sti tu tion mea sure ments ap plied to cy lin dri cal test sam ples formed dur ing
phan tom con struc tion. The lay ered phan toms were scanned with four clin i cal ul tra sound
im ag ing sys tems: a Siemens Acuson S2000, an Ultrasonix RP, a Zonare Z.one and a
VisualSonics Vevo2100, and rf echo data were stored for offline anal y sis. The at ten u a tion
co ef fi cient from each layer was es ti mated us ing the ref er ence phan tom method(2) in de pend -
ently im ple mented by each re search group, and the back scat ter co ef fi cient for each layer
was cal cu lated us ing the at ten u a tion mea sure ments from cy lin dri cal sam ples of each layer
ob tained by sub sti tu tion method mea sure ments in the lab o ra tory. 

The at ten u a tion and back scat ter co ef fi cients es ti mates from the Siemens sys tem data
showed very good agree ment with re sults from the lab o ra tory mea sure ments and the o ret i cal 
val ues for each layer. The at ten u a tion co ef fi cient er ror var ied from 0-15% for the dif fer ent
lay ers. This study dem on strates that the at ten u a tion and back scat ter mea sure ments from lay -
ered me dia can be ac cu rately es ti mated with a clin i cal im ag ing sys tem that pro vides the ap -
pro pri ate echo data. Sup ported by NIH Grant R01CA111289.

(1) Nam et al. UITC (2009) (ab stract). (2)Yao et al. Ul tra sonic Im ag ing, 12, 58-70 (1990).

8.  Quan ti ta tive Ul tra sound 4

8.1 De vel op ment of ar tery-mim ick ing poly(vi nyl al co hol) cryogel phan toms, Benjamin
L. John son, Jo seph J. Hoffman, Jon a than I. Katz, Mark R. Hol land and James G. Miller,
Wash ing ton Uni ver sity in St. Louis, St. Louis, MO, james.g.miller@wustl.edu..

Back ground: Con tin u ing de vel op ment of very high fre quency Intravascular Ul tra sound
(IVUS) im ag ing sys tems has led to a need for sta ble, ac cu rate ar te rial tis sue-mim ick ing
phan toms.  Poly(vi nyl al co hol) cryogel has shown con sid er able prom ise as an ul tra sonic
phan tom ma te rial be cause of its tis sue-like speed of sound, low in trin sic ul tra sonic at ten u a -
tion and scat ter ing prop er ties, high struc tural ri gid ity and po ten tial in def i nite lon gev ity.

Re cent mea sure ments by our lab o ra tory of the ul tra sonic prop er ties of hu man cor o nary
ar ter ies pro vide the tar get val ues for the phan tom’s ul tra sonic char ac ter is tics.  Val ues for the
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speed of sound, fre quency-de pend ent at ten u a tion co ef fi cient, ap par ent in te grated back scat -
ter and fre quency-de pend ent back scat ter co ef fi cient of each layer (in tima, me dia, adven -
titia) of hu man cor o nary ar ter ies were de ter mined from these mea sure ments.

Ob jec tive: The ob jec tive of this work was to de velop a se ries of in di vid ual poly(vi nyl al -
co hol) cryogel phan toms that mimic the acous tic prop er ties of each layer of the cor o nary ar -
ter ies and to then con struct lay ered ar tery-mim ick ing intravascular ul tra sound phan toms.

Meth ods: The phan tom ma te rial con sisted of an aque ous poly(vi nyl al co hol) so lu tion
(5–15%) that also con tained spe cific con cen tra tions of poly ure thane and graph ite nano -
fibers with the pro por tions cho sen to match the ul tra sonic prop er ties of the de sired ar te rial
layer.  In or der to crosslink the phan tom so lu tion, the phan toms were put through 2 to 10
freeze/thaw cy cles in a chest freezer.  Mea sure ments of the speed of sound, at ten u a tion co ef -
fi cient and back scat ter prop er ties of the phan toms were made at 37 °C us ing an acous tic mi -
cro scope with trans duc ers of nom i nal cen ter fre quen cies of 25 MHz, 50 MHz and 100 MHz
(cov er ing a band width of ap prox i mately 20 MHz to 105 MHz). Ar tery-mim ick ing poly(vi -
nyl al co hol) cryogel phan toms were con structed us ing a cus tom phan tom mold. Intra -
vascular ul tra sound im ages of the phan toms were made with an intravascular ul tra sound
im ag ing sys tem (Vol cano s5i) with im ag ing cath e ters (the 20 MHz Ea gle Eye and the 40
MHz Rev o lu tion).  

Re sults: The phan tom ma te rial ex hib ited a speed of sound of that cor re sponded well with
the mea sure ments made in cor o nary ar ter ies.  The phan tom’s at ten u a tion prop er ties
matched those of the me dial cor o nary ar tery layer over the band width mea sured. The fre -
quency de pend ence of the at ten u a tion co ef fi cient (the slope of at ten u a tion) in the phan toms
was lin ear over the fre quency ranges in ves ti gated and matched well with the slope of at ten u -
a tion mea sured in all three ar te rial lay ers.  The ap par ent in te grated back scat ter val ues and
the back scat ter co ef fi cient of the phan toms were both con sis tent with the mea sure ments
made in cor o nary ar ter ies. The IVUS im ages made of the ar tery-mim ick ing phan toms
looked very sim i lar to IVUS im ages of ac tual hu man cor o nary ar ter ies. 

Con clu sion:  Poly(vi nyl al co hol) cryogel phan toms were con structed with ul tra sonic
speed of sound, fre quency de pend ence of the at ten u a tion co ef fi cient and back scat ter ing
prop er ties sim i lar to each layer of the cor o nary ar ter ies.  Ad di tion ally, the at ten u a tion co ef -
fi cient of the poly(vi nyl al co hol) cryogel phan toms was in creased to a point where it
matched the at ten u a tion prop er ties of the me dial layer well. Spe cial thanks to Russ Fedewa,
Anuja Nair, Stacy Amatangelo, and Amanda McNeeley at Vol cano Cor po ra tion.  This work 
was sup ported, in part, by NIH HL40302 and bene fited from an equip ment loan from Vol -
cano Corp.

8.2 Ul tra sonic prop a ga tion prop er ties of fibroadenomas in vi tro, Ellora Sen-Gupta,
Al ex an der D. Pawlicki, Lauren A. Wirtzfield, Rita J. Miller, An drew P. Bat tles and Wil liam
D. O’Brien, Jr., Bioacoustics Re search Lab o ra tory, De part ment of Elec tri cal and Com -
puter En gi neer ing, Uni ver sity of Il li nois at Ur bana-Cham paign, 405 N. Mathews, Ur bana,
IL 61801, esengup2@uiuc.edu .

Cur rently, there are no very spe cific and well-de fined ranges of acous tic prop er ties
known for fibroadenomas. The pur pose of this study was to de ter mine spe cific ul tra sonic
prop a ga tion prop er ties of rat fibroadenomas in vi tro in or der to better un der stand these
prop er ties rel a tive to quan ti ta tive ul tra sound tech niques. Hav ing a da ta base of val ues for the 
at ten u a tion, speed of sound and ul tra sonic back scat ter pro vides quan ti ta tive in for ma tion for 
im proved tu mor clas si fi ca tion. Sin gle-el e ment trans duc ers with cen ter fre quen cies of 3.5,
7.5, 10 and 13 MHz were used to scan ex cised rat fibroadenomas with the fo cal re gion in side 
the tis sue to ob tain back scat ter data. The fibroadenomas were then sliced into mul ti ple sec -
tions and placed on a re flec tor for through-at ten u a tion and speed-of-sound mea sure ments.
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The rat’s liver was ex cised and scanned in the same way be cause liver val ues are known to
within a rea son able range and can val i date the meth ods used to ob tain re sults from the
fibroadenoma data. The back scat ter data il lus trated the het er o ge ne ity of the fibroadenoma
tis sue with an es ti mated scat terer di am e ter range of 50 to 200 mm, which was also sup ported
by the at ten u a tion val ues rang ing be tween 1 and 4 dB/cm-MHz and sound-speed val ues
vary ing be tween 1500 and 1600 m/s com pared to the sam ple liver at ten u a tion value of about
0.5 dB/cm-MHz and a sound speed range of 1520 to 1560 m/s. These re sults show a range of
val ues for the ul tra sonic prop a ga tion prop er ties that better de fine the het er o ge neous na ture
of fibroadenomas for im proved tu mor clas si fi ca tion in the fu ture. Sup ported by NIH Grant
R01CA111289.

8.3 In ves ti ga tion of ce re bral hemodynamic al ter ations in re sponse to blunt cer vi cal
vas cu lar in ju ries, Dianna Purvis,1 Tayseer Aldaghlas,2 Anne Rizzo2 and Siddhartha Sikdar,1 
1De part ments of Neu ro sci ence and Elec tri cal and Com puter En gi neer ing, George Ma son
Uni ver sity and 2De part ment of Trauma Ser vices, Inova Fairfax Hos pi tal.

Back ground: Trauma is the lead ing cause of death in the United States for in di vid u als
youn ger than 45 years of age. Mo tor ve hi cle crashes in the United States are the most com -
mon cause of blunt trauma in jury re sult ing in nearly five mil lion in ju ries in 2009. Fur ther,
the World Health Or ga ni za tion pro jects that traf fic ac ci dents will be the third lead ing world -
wide health prob lem by the year 2020. The in ci dence of blunt cer vi cal vas cu lar in jury
(BCVI) has been re ported as 1-3% of a blunt trauma pop u la tion, with a 25% mor tal ity in ci -
dence from un de tected BCVI and a stroke rate of 60%. Un de tected BCVI of ten lead to ad -
verse neu ro log i cal sequelae in this pre dom i nately youn ger pop u la tion. Screen ing for BCVI
with com puted to mog ra phy angiography (CTA) is cur rently more com mon than con ven -
tional angiography. Al though CTA is a val i dated screen ing mo dal ity, the di ag no sis re mains
im per fect due to high false pos i tive rates. Fur ther more, CTA is in va sive, re quires pa tient
translocation and ra di a tion ex po sure cou pled with con trast risks. Dopp ler sonography has
dem on strated a high spec i fic ity in de tec tion of vas cu lar in ju ries. We are in ves ti gat ing the
bed side use of transcranial Dopp ler (TCD) sonography dur ing ini tial as sess ment and eval u -
a tion of BCVI in se verely-in jured trauma pa tients.

Ob jec tive: The goal of this study is to char ac ter ize and quan tify both lo cal cer vi cal and
global cerebrovascular hemodynamic al ter ations in re sponse to BCVI.

Meth ods: This is a pro spec tive pi lot study con ducted at a large level I trauma cen ter.
Trauma pa tients en rolled in the study are screened for BCVI with CTA, fol lowed within 48
hours by a com plete TCD ex am i na tion, fol low ing ap proved pro ce dures.  All extracranial
cer vi cal and intracranial vas cu lar seg ments are insonated us ing a por ta ble multigate power
M-mode TCD unit (Spencer Tech nol o gies, ST3) with a 2-MHz pen cil probe. The insona tion 
scheme is novel in that TCD data is col lected for all extracranial ce re bral sup ply ves sels, and
each seg ment of the Cir cle of Wil lis ar te rial sup ply. An in verse damp ing fac tor was used to
quan tify damp ened flow due to throm bus-ob struct ing in jured ves sels, iden ti fi ca tion of bi lat -
eral asym me tries in mean flow ve loc ity and al tered ce re bral hemodynamics in di cated by
wave form mor phol ogy. Dopp ler in di ces were then de rived from the spec tral wave form and
used to char ac ter ize flow al ter ations.

Re sults: Ten trauma pa tients meet ing study cri te ria, some with mul ti ple BCVI, have been
stud ied to date. Four sub jects were di ag nosed by CTA with BCVIs and an other was iden ti -
fied as prob a ble. The re main ing five sub jects were BCVI neg a tive per CTA. One BCVI sub -
ject had contralateral innominate and subclavian ar tery pseudoaneurysms con cur rent with
an in ter nal ca rotid ar tery (ICA) and ver te bral (VA) dis sec tion. An other sub ject pre sented
twice at an other treat ment fa cil ity and was sent home each time, then pre sented at our fa cil ity 
and was di ag nosed with a cer e bel lar in farct sub se quent to un de tected VA dis sec tion. Bi lat -
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eral VA dis sec tions along with al tered mid dle ce re bral ar tery flow were noted in an other
sub ject.

Lo cal cer vi cal TCD spec tral wave forms in di cate dis turbed hemodynamics sug ges tive of
ob struc tion and cor re late with pos i tive CTA re sults. Spe cif i cally, pre lim i nary anal y sis of
one ICA dis sec tion in di cated a down stream flow damp ened to 23% of the up stream flow.
These cer vi cal hemodynamic al ter ations had a global ce re bral ef fect, ex tend ing down -
stream be yond the lo cal-in jury site. Global ce re bral-flow al ter ations were noted on TCD
spec tral wave forms; spe cif i cally, the sub ject de scribed above with mul ti ple ICA, VA,
innominate and subclavian vas cu lar in ju ries dem on strated a bas i lar ar tery steal phe nom ena
and lo cal cer vi cal spec tral wave form al ter ations that in clude tardus-parvus and to-and-fro
wave forms. Our data find ings show ce re bral spec tral wave form anom a lies that in clude:
bruits, high re sis tance flow, ab sent antegrade di a stolic flow, re verse flow and re versed
ipsilateral oph thal mic ar tery flow. Bi lat eral mean flow ve loc ity asym me tries greater than
25% were also noted be tween left and right mid dle ce re bral ar ter ies. 

Dis cus sion: Pre lim i nary re sults in di cate that TCD is able to de tect al tered lo cal- and
global-flow sig na tures as so ci ated with BCVI con firmed by CTA. Whereas CTA pro vides
de fin i tive an a tom i cal as sess ment of vas cu lar in jury, TCD pro vides rich flow data re gard ing
hemodynamic ab nor mal i ties and ves sel wall in teg rity with out con trast and pa tient risk. Lo -
cal and global neurovascular changes in the BCVI in jured pa tient are not well stud ied. In di -
ces de rived from TCD spec tral wave forms can be an a lyzed to as sess se ver ity of in jury.
Stud ies have shown that the stroke rate is higher when throm bus ob structs 25% or more of
the in jured ves sel. Sub se quent anal y ses will use a net work anal y sis ap proach to fur ther elu -
ci date hemodynamic al ter ations and con se quent autoregulation in re sponse to BCVI. This
meth od ol ogy will as sess sys tem be hav ior in re sponse to a lo cal per tur ba tion. Meth ods will
in clude mod el ing each Cir cle of Wil lis ar te rial seg ment with an ap pro pri ate sur ro gate such
as a re sis tor-ca pac i tor (RC) cir cuit rep re sen ta tion and quan ti fi ca tion of pres sure-flow re la -
tion ships to iden tify hemodynamic flow al ter ations. In ad di tion, a means clus ter anal y sis of
Dopp ler in di ces for each ar te rial seg ment will be con ducted to iden tify po ten tial sig na tures
as so ci ated with BCVI to in form pat tern-rec og ni tion al go rithms and as sess ce re bral-per fu -
sion sta tus.  BCVI as sess ment and eval u a tion with por ta ble TCD has huge po ten tial for field
and bed side screen ing of in jured pa tients. We be lieve the hemodynamic in for ma tion de -
rived from TCD as sess ment has the po ten tial to al ter the pa tient care path way and im prove
out comes.

8.4  Wide-band width mea sure ment (22 MHz–105 MHz) of the ul tra sonic at ten u a -
tion of the cor o nary ar tery lay ers, Jo seph J. Hoffman,1 Benjamin L. John son,1 Mark R.
Hol land,1 Rus sell J. Fedewa2 and James G. Miller,1 1Wash ing ton Uni ver sity in St. Louis, St.
Louis, MO and 2Vol cano Cor po ra tion, San Diego, CA, james.g.miller@wustl.edu.

Back ground: The at ten u a tion co ef fi cient plays a sig nif i cant role in shap ing the im ages
cre ated by ul tra sonic scans, in clud ing those gen er ated by intravascular ul tra sound (IVUS)
pro ce dures. The ef fect of at ten u a tion is com pli cated in IVUS by the lay ered na ture of vas cu -
lar tis sue. Sig nals re ceived from the deeper lay ers are in flu enced by the in ter ven ing lay ers.
Fur ther more, the prop er ties of the lay ers can vary sub stan tially from per son to per son and
from site to site within the same in di vid ual. Atherosclerotic plaque, if pres ent, pres ents an
ad di tional inhomogeneous layer through which the sound must travel. 

Ob jec tive: Cur rently, lit tle is known about the at ten u a tion of the tis sues that make up cor -
o nary ar ter ies. The goal of this study was to quan tify the at ten u a tion of the lay ers of the cor o -
nary ar ter ies at fre quen cies per ti nent to intravascular ul tra sound.

Meth ods: Nine teen hu man left an te rior de scend ing cor o nary ar ter ies were col lected at au -
topsy. From these 19 ves sels, 36 fresh (not chem i cally fixed) seg ments were ul tra son i cally
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im aged and mea sured in the ax ial ori en ta tion with three trans duc ers of nom i nal cen ter fre -
quen cies 25, 50 and 100 MHz. For each seg ment, a C-scan was per formed in a ras ter pat tern
with each trans ducer and at each scan site, the at ten u a tion co ef fi cient was de ter mined by a
sub sti tu tion tech nique. Com par i son of the ul tra sonic data with sub se quently-gen er ated his -
tol ogy im ages per mit ted iden ti fi ca tion of the adventitia, me dia and in tima/plaque lay ers. 

Re sults: The mea sured at ten u a tion co ef fi cients of the con stit u ent cor o nary-ar tery tis sue lay ers 
showed a monotonic in crease with fre quency over the band width (22-105 MHz). The fre -
quency- dependent at ten u a tion co ef fi cients ex hib ited con ti nu ity across the band width, in di cat -
ing con sis tency among the mea sure ments. The at ten u a tion co ef fi cient of each layer was well
fit by a sin gle line over the full 22 MHz to 105 MHz band width and from this fit, the slope of at ten -
u a tion of the adventitia, me dia and in tima/plaque lay ers were found to be 0.16 dB/mm/MHz, 0.10
db/mm/MHz and 0.20 dB/mm/MHz, re spec tively.  At all fre quen cies, the me dia layer dem on -
strated con sis tently less at ten u a tion than the in tima/plaque and adventitia lay ers.

Con clu sion: The re sults gen er ated from this study ap pear to rep re sent the most com pre -
hen sive mea sure ments of the ax ial at ten u a tion co ef fi cient of fresh hu man cor o nary-ar tery
tis sue and atherosclerotic plaque to date. The ax ial-at ten u a tion co ef fi cient at the fre quen cies
of cur rent and near fu ture intravascular ul tra sound is the low est in the me dia and higher in
the in tima/plaque and adventitia. This re sult may be use ful for fu ture work mod el ing the ul -
tra sonic and me chan i cal prop er ties of cor o nary ar tery lay ers and plaques and may be rel e -
vant for the de sign and ap pli ca tion of new intravascular ul tra sonic im ag ing de vices. Spe cial
thanks to Anuja Nair, Amanda McNeeley, and Stacy Amatangelo at Vol cano Cor po ra tion.
Sup port pro vided in part by Vol cano Cor po ra tion and by NIH R01 HL 40302.  

8.5 On-axis eval u a tions of the power-law im pulse re sponse for a cir cu lar pis ton,
Chris to pher T. John son and Rob ert J. McGough, De part ment of Elec tri cal and Com puter
En gi neer ing, Mich i gan State Uni ver sity, East Lan sing, MI 48824, mcgough@egr.msu.edu.

Ul tra sound prop a ga tion in bi o log i cal me dia of ten fol lows a fre quency-de pend ent power-
law re la tion ship that in creas ingly at tenu ates the pres sure as the fre quency in creases.  This
power-law re la tion ship is ac com pa nied by dis per sion, where higher fre quen cies travel
faster than lower fre quen cies.  This com bi na tion of power-law at ten u a tion and dis per sion,
when eval u ated in the time do main as a func tion of in creas ing prop a ga tion dis tance, causes
tem po ral spread ing in the im pulse re sponse as the am pli tude de creases.  The ef fects of
power-law at ten u a tion and dis per sion are mod eled in the time-do main with an a lyt i cal
Green’s func tions that ex actly solve the power-law wave equa tion. These time-do main
Green’s func tions are causal for power-law ex po nents 0<y<1 and are noncausal for
power-law ex po nents y³1.

To dem on strate the ef fects of dif frac tion, at ten u a tion and dis per sion in the nearfield re -
gion, the on-axis im pulse re sponse for a cir cu lar pis ton was eval u ated in both the time- and
fre quency-do mains for a ten don-like me dium with a power-law ex po nent of 0.763 and an
at ten u a tion co ef fi cient of 0.56 Np/cm/MHz0.763.   The im pulse re sponse was com puted with
the Ray leigh-Sommerfeld in te gral, which superposes con tri bu tions from the power-law
Green’s func tion in both space and time.  The ex pres sions for the time-do main Green’s
func tions are pro por tional to scaled sta ble dis tri bu tions, which are eval u ated with the STA -
BLE tool box.  In the fre quency-do main, the Green’s func tion is eval u ated nu mer i cally us ing 
the char ac ter is tic func tion for the sta ble dis tri bu tion.

The re sults show that fre quency-do main cal cu la tions of the im pulse re sponse en coun ter
aliasing prob lems if the spac ing be tween fre quency sam ples is too large.  When the im pulse
re sponse is cal cu lated in the fre quency-do main, this aliasing causes wrap-around er rors in
the time-do main.  The aliasing prob lems, which are a con se quence of the slowly-de cay ing
tail of the sta ble dis tri bu tion, are di min ished when the spac ing be tween ad ja cent fre quency

35 ABSTRACTS, ULTRASONIC IMAGING AND TISSUE CHARACTERIZATION



sam ples is sig nif i cantly re duced.  Equiv a lently, the aliasing prob lems are al le vi ated when
the time win dow de fined for im pulse-re sponse cal cu la tions is ex tended un til the tail of the
sta ble dis tri bu tion has de cayed to a suf fi ciently small value.  Thus, due to the heavy tail of
the sta ble dis tri bu tion, the time du ra tion of the im pulse re sponse is sig nif i cantly lon ger in
power-law me dia than in lossless me dia.  In con trast, im pulse re sponse cal cu la tions eval u -
ated in the time-do main are in de pend ent of the num ber of time sam ples and the length of the
time win dow; there fore, the aliasing prob lems that are in her ent to fre quency-do main cal cu -
la tions are avoided when the im pulse re sponse is com puted in the time-do main.   These fea -
tures fa cil i tate ac cu rate time-do main cal cu la tions of the im pulse re sponse within shorter
time win dows or with fewer time sam ples.  De spite these dif fer ences, nu mer i cal eval u a tions 
show that the fre quency- and time-do main cal cu la tions con verge to the same re sult when
the fre quency-do main rep re sen ta tion of the Green’s func tion is suf fi ciently sam pled. Sup -
ported in part by NIH grant R01 EB012079.

8.6 Nu mer i cal eval u a tions of power-law Green’s func tions, Don ald J. VanderLaan
and Rob ert J. McGough, De part ment of Elec tri cal and Com puter En gi neer ing, Mich i gan
State Uni ver sity, East Lan sing, MI 48824, mcgough@egr.msu.edu.

The power-law wave equa tion, which is an ex ten sion of the Szabo wave equa tion, mod els
power-law at ten u a tion and dis per sion for power-law ex po nents 0<y<1 and 1<y£2.  So lu -
tions to the power-law wave equa tion are causal for 0<y<1 and noncausal for 1<y£2. 
Caputo’s frac tional wave equa tion, which was ap plied to mod els of bi o log i cal tis sue by
Wismer, also mod els at ten u a tion and dis per sion for 1<y£2.  The Caputo wave equa tion is
causal for all power-law ex po nents 1<y£2.  To fa cil i tate com par i sons be tween the Green’s
func tion so lu tions for these two wave equa tions, a map ping func tion is de fined and the pa -
ram e ters for the power-law wave equa tion are con verted into equiv a lent val ues for the
Caputo wave equa tion.  The Green’s func tions for each of these wave equa tions are eval u -
ated in the time- and fre quency-do mains at 2 MHz for a phase ve loc ity of 1595 m/s, an at ten -
u a tion of 77.85 Np/m, and a power-law ex po nent of y = 1.4.  In the fre quency-do main, the
fre quency-de pend ent phase ve loc i ties and at ten u a tion co ef fi cients are com pa ra ble at dis -
tances far from the source but sig nif i cant dif fer ences are ob served closer to the source.  In
the time-do main, the Green’s func tions dem on strate nearly iden ti cal be hav ior in the farfield 
re gion.  How ever, the time-do main Green’s func tion for the power-law wave equa tion can
pro duce noncausal re sults in the nearfield re gion, whereas the Caputo wave equa tion is
causal ev ery where for all pos i tive re lax ation times and sound speeds.  In the time-do main,
these Green’s func tion eval u a tions dif fer en ti ate be tween causal and noncausal be hav ior,
which is in di cated by the ab sence or pres ence of a re sponse that pre cedes the in put.  Nu mer i -
cal re sults dem on strat ing each of these prop er ties will be pre sented and the strengths and
weak nesses of each wave equa tion will be dis cussed.

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

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

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

9.3 NIH/CSR, 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 (in vited)
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10. ARFI/Elasticity

10.1 Re cent re sults and ad vances in transthoracic car diac acous tic ra di a tion force im -
pulse im ag ing, Da vid P. Bradway, Ste phen J. Rosenzweig, Joshua R. Doherty, Dongwoon
Hyun and Gregg E. Trahey, Duke Uni ver sity, Dur ham, NC, da vid.bradway@duke.edu.

We have pre vi ously shown fea si bil ity of transthoracic car diac acous tic ra di a tion force im -
pulse (ARFI) im ag ing in an i mal stud ies, de spite known lim i ta tions in the sys tem hard ware
spec i fi ca tions, re ceive-beam par al lel ism and data pro cess ing and dis play rates. Sev eral con -
cur rent pro jects car ried out by the au thors of this work have sought to ad dress these lim i ta -
tions while fur ther de vel op ing ARFI im ag ing meth ods. Firstly, we are cur rently work ing to
im ple ment next-gen er a tion ARFI im ag ing on the Siemens ACUSON SC2000 sys tem. We
are uti liz ing its ro bust power sup ply and high par al lel-re ceive chan nel count for sus tained
ex ci ta tions and fast off-axis track ing. Transthoracic car diac ARFI im ages from this new sys -
tem will be pre sented. Sec ondly, we have worked to im prove com pu ta tion and dis play
speeds for use with our cur rent ARFI im ag ing sys tems, the Siemens ACUSON Antares and
S2000. The real-time pro cess ing code im ple mented by the au thors uti lizes NVIDIA’s
CUDA par al lel com put ing ar chi tec ture on a graphics pro cess ing unit (GPU) for cal cu lat ing
the dis place ment es ti ma tion be tween track ing lines. In pre vi ous transthoracic car diac ARFI
tools, rel a tively long pro cess ing and dis play times made it dif fi cult to do real-time ROI se -
lec tion, to get quick, high-qual ity feed back and to fur ther de velop the method into a clin i -
cally-vi a ble tool. Early stud ies ei ther re lied on sim ple fil ter ing and pro cess ing of only a
small sub set of the ac quired data, or were com pleted while ‘fly ing blind’ with de layed
off-line anal y sis. In this work, we will show re sults from an i mal stud ies which were ac -
quired with real-time guid ance. We will dis cuss fu ture work to com bine these two pro jects
and to uti lize pow er ful in stru men ta tion, fast pro cess ing and near-real time dis play in the
clinic. Sup ported by NSF Grad u ate Re search Fel low ship and NIH grant #5R37HL 096023.
The au thors thank the Ul tra sound Di vi sion at Siemens Med i cal So lu tions, USA, Inc. for
tech ni cal and in-kind sup port.

10.2 Intracardiac ARFI im ag ing: ap pli ca tions, ad vance ments and re sults, Pe ter J.
Hollender,1 Steph a nie A. Eyerly,1 Ste phen J. Hsu,2 Pat rick D. Wolf1 and Gregg E. Trahey,1

1Duke Uni ver sity, Dur ham, NC and 2Siemens Med i cal Sys tems, Issaquah, WA, pe ter.hollender
@duke.edu

Acous tic Ra di a tion Force Im pulse (ARFI) Im ag ing tech niques are be ing in creas ingly
used to char ac ter ize tis sue elas tic prop er ties. Intracardiac Echocardiography (ICE) is a com -
monly-used im ag ing tech nique and ICE trans duc ers hold prom ise for mea sur ing myo car -
dial stiff ness with the ap pli ca tion of ARFI meth ods. With ad vances like car diac-op ti mized
beam se quenc ing and 3D reg is tra tion of trans ducer lo ca tion, ICE ARFI is over com ing many 
of the hur dles faced when at tempt ing to im age the heart and asses its func tion. The cur rent
state-of-the-art will be re viewed and in vivo data from four ca nine radio fre quen cy ab la tion
pro ce dures eval u at ing le sion con ti nu ity will be pre sented. Sup ported by NIH Med i cal Im ag -
ing Train ing Grant EB001040, NIH 5R37HL096023 and NIHR01EB01248.

10.3 Dem on stra tion of a free hand B-mode/ARFI im ag ing sys tem as a real-time clin -
i cal tool, Joshua R. Doherty,1 Douglas M. Dumont1 and Gregg E. Trahey,1, 2  1De part ment of
Bio med i cal En gi neer ing, Duke Uni ver sity, Dur ham, NC  and 2De part ment of Ra di ol ogy,
Duke Uni ver sity, Dur ham, NC , joshua.doherty@duke.edu.

Acous tic Ra di a tion Force Im pulse (ARFI) im ag ing tech niques have dem on strated the
abil ity to eval u ate the me chan i cal prop er ties of tis sue by pro vid ing a rel a tive mea sure of
stiff ness of struc tures com pared to sur round ing tis sue.  These tech niques have been ap plied
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by cli ni cians in sev eral ar eas of study, in clud ing liver, breast, pros tate, thy roid, car diac and
car dio vas cu lar im ag ing.  With slow data-pro cess ing times and typ i cally only sin gle frame
im ages, the clin i cal suc cess of ARFI has been lim ited in part due to the in abil ity of the
method to pro vide real-time feed back and mul ti ple view ing an gles to a cli ni cian.

Re cent ad vance ments in pulse se quenc ing tech niques have al lowed for the rapid ac qui si -
tion of mul ti ple frames of com bined B-mode and ARFI im ages at frame rates of 10 to 20 fps
for mul ti ple sec onds while meet ing the FDA acous tic-ex po sure safety lim its.  Stud ies on the
use of free hand scan ning in which the trans ducer is swept across re gions of in ter est have
shown there is lit tle loss in the over all qual ity of the formed im ages com pared to steady
non-swept ac qui si tion scans.  We have also de vel oped new meth ods that limit the size of the
data to be pro cessed by us ing only the time sam ples needed to mo tion-fil ter and dis play an
ARFI im age.  Com bined with the use of GPU cards for pro cess ing the data, real-time pro -
cess ing tech niques are be com ing pos si ble.  

The ap proach taken in this work is to dem on strate the fea si bil ity of these real-time ARFI
im ag ing tech niques as a vi a ble clin i cal tool.  Im ple mented on a Siemens S2000 Acuson ul -
tra sound sys tem with the 9L4 lin ear ar ray trans ducer, we col lected high frame rate com -
bined 2D B-mode and ARFI im ages of the breast, thy roid, and ca rotid ar tery in vivo us ing
free hand-sweep ing tech niques.  In-phase (I) and quad ra ture (Q) radio fre quen cy data was
pro cessed off-line us ing GPU pro ces sors on a lap top con nected to the scan ner.  The con sis -
tency of the de picted ARFI dis place ments and ar ti facts within the field of view were in ves ti -
gated to eval u ate the use free hand scan ning in an in vivo en vi ron ment with mo tion.   

We have dem on strated ARFI as a real-time im ag ing tool ca pa ble of ac quir ing mul ti ple
frames of data with the abil ity to pro cess and dis play these im ages quickly.  We be lieve this
sys tem could pro vide a cli ni cian with an im proved method for iden ti fy ing spe cific struc -
tures of in ter est such as can cer that may be un de tected with con ven tional B-mode ul tra -
sound. Sup ported by NIH grant R01-HL075485 and R37-HL096023.  We would like to
thank the Ul tra sound Di vi sion at Siemens Med i cal So lu tions USA, Inc. for their tech ni cal
and in-kind sup port.

10.4 Photoacoustic de tec tion of acous tic-ra di a tion-force-in duced dis place ments in
oc u lar tis sues, Ron ald H. Silverman,1, 2 Raksha Urs,1  Har riet O. Lloyd,1 Jeffrey A.
Ketterling,2 Fanting Kong3 and Y-C Chen,3  1De part ment of Oph thal mol ogy, Co lum bia
Uni ver sity Med i cal Cen ter, New York, NY, 2Lizzi Cen ter for Bio med i cal En gi neer ing, Riv er -
side Re search, New York, NY and 3De part ment of Phys ics and As tron omy, Hunter Col lege,
New York, NY, rs3072@co lum bia.edu.

Ab sorp tion of acous tic ra di a tion gen er ates a force that can in duce tis sue com pres sion that
can be used to as sess tis sue stiff ness, gen er ally by de tect ing dis place ments in the phase-re -
solved pulse/echo ul tra sound wave form. In this re port, we de scribe use of photoacoustics
for track ing dis place ments pro duced by acous tic-ra di a tion force in the iris and ret ina. 

The probe con sisted of a 20-MHz ring trans ducer of 12-mm ap er ture and 30-mm fo cal
length. The trans ducer had a 5-mm di am e ter cen tral ap er ture through which 532 nm la ser
pulses were in tro duced and brought to a com mon fo cus (10 µm la ser-spot di am e ter) with the 
ul tra sound fo cal point. La ser pulses were 5 ns in du ra tion, 1 µJ in in ten sity, and emit ted si -
mul ta neously with ex ci ta tion of the trans ducer by a 20-MHz monocycle. The pulse rep e ti -
tion fre quency was 500 Hz. Af ter es tab lish ing base line con di tions for 100 con sec u tive
pulses along one line-of-sight, we in ter leaved force-gen er at ing 20-MHz tone bursts 1.8 ms
in du ra tion (90% duty cy cle) be tween suc ces sive la ser pulses/monocycles over a to tal pe -
riod of 12 ms (6 cy cles). The in ter leav ing pro cess al lowed suf fi cient time be tween suc ces -
sive tone bursts to ob tain pulse/echo and photoacoustic data. The sys tem then re verted to
la ser-pulse/monocycle ex ci ta tion to re cord the re cov ery. Ul tra sound in ten sity at the fo cal
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point dur ing tone bursts was de ter mined by cal i brated nee dle hydrophone mea sure ments.
Radio fre quen cy echo and photoacoustic data were dig i tized at 400 MS/s (12-bit res o lu tion).
Be cause photoacoustic sig nals travel only one-way, photoacoustic and pulse/echo data
could be re corded si mul ta neously. A spline-based al go rithm was used to pro cess the dig i -
tized photoacoustic and pulse/echo data to de ter mine the mag ni tude and time course of dis -
place ments in the iris and ret ina in a fresh ex vivo rab bit eye.

Iris dis place ments av er aged 26.5 and 76.7 µm photoacoustically ver sus 24.9 and 71.3 µm
by pulse/echo at 60 and 100 Wcm-2, re spec tively. For the ret ina, the dis place ments were 14.6 
and 25.3 µm photoacoustically ver sus 12.4 and 25.8 µm by pulse/echo. Pulse/echo dis place -
ments were more dif fi cult to mea sure pre cisely be cause of their rel a tive broad ness and be -
cause re flec tions are gen er ated from all an a tomic struc tures pro duc ing acous tic im ped ance
dis con ti nu ities rather than just pig mented tis sue lay ers.

In the ex vivo case ex am ined here, the photoacoustic sig nal was pro duced by ab sorp tion of 
532-nm light pulses by mel a nin, be cause light-ab sorb ing he mo glo bin was largely ab sent.
The photoacoustic sig nal is ad van ta geous for mea sur ing dis place ment be cause of its highly
broad band char ac ter, which of fers the po ten tial for de tect ing smaller dis place ments than is
pos si ble us ing pulse/echo, and be cause the photoacoustic sig nal is only gen er ated by spe -
cific tis sue lay ers con tain ing mol e cules that strongly ab sorb at the wave length of the in ci -
dent light. Sup ported in part by NIH grant 3G1 2RR3037-25S, the Riv er side Re search
Bio med i cal En gi neer ing Re search Fund and an un re stricted grant to the De part ment of Oph -
thal mol ogy of the Co lum bia Uni ver sity Med i cal Cen ter from Re search to Pre vent Blind ness.

10.5 Pros tate-de for ma tion mod el ing for elastography us ing fi nite-el e ment anal y sis, 
Zhennan Yan,2 S. Kaisar Alam,1 Shaoting Zhang,2 Dimitris Metaxas2 and  Er nest J. Feleppa,1

1Riv er side Re search, New York, NY and Rutgers Uni ver sity, New Bruns wick, NJ.
Elastography mod els gen er ally as sume a pla nar com pres sion de vice for de for ma tion of

tis sue sur faces. When the de for ma tion force is ap plied to an ex ter nally-ac ces si ble or gan us -
ing a large, flat com pres sor, the stress dis tri bu tion is es sen tially uni form close to the sur face
and di verges grad u ally with in creas ing tis sue depth. How ever, the transrectal probes used
for scan ning and com pres sion in pros tate elastography are cy lin dri cal side-fire or rounded
end-fire probes. When the force is ap plied over such a small area, the stress con cen tra tion
de creases rap idly over dis tance. The rounded con tact sur faces ex ag ger ate the non uni formity 
of the ap plied stress and the ap plied stress rap idly de creases away from the cen ter of the ap -
pli ca tion area, which wors ens the non uni form na ture of the stress dis tri bu tion. 

We have de vel oped a pre lim i nary fi nite-el e ment model (FEM) to sim u late pros tate mo -
tion in elastography. The pros tate is mod eled us ing a ho mo ge neous Young’s modulus of 20
kPa. A stiffer tu mor is mod eled in the an te rior re gion of the gland with a Young’s modulus of 
80 kPa. A sim u lated force is ap plied on the rec tal wall to de form the pros tate, and strain is
com puted from the re sul tant dis place ments. 

The FEM model showed that strain and strain con trast were max i mal di rectly be neath the
probe and de ceased very rap idly with in creas ing depth and lat eral dis tance. There fore, le -
sions that lo cated di rectly ad ja cent to the probe would be the most clearly vis i ble. We also
eval u ated modulus re con struc tion meth ods (in verse prob lem) to as sess the abil ity of
modulus im ages to de pict rel a tively stiff (80 kPa) le sions in the uni formly less-stiff (20 kPa)
pros tate, in clud ing le sions lo cated in the lower-strain re gions, e.g., at greater depths and lat -
er ally more dis tant from the probe cen ter. Ini tial re sults in di cated that modulus im ages were
su pe rior for de pict ing tu mors in the low-strain re gions. 

10.6 Mon i tor ing the phys i o log i cal-level elec tric-field-in duced me chan i cal changes
(PLEFIMC) in gen eral soft bi o log i cal tis sues with ul tra sound, Ozkan Doganay and
Yuan Xu, De part ment of Phys ics, Ryerson Uni ver sity, To ronto, ON, M5B 2K3, Can ada.
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Ob jec tives: When bi o log i cal tis sues were sub jected to a phys i o log i cal-level (about 1
V/cm) ex ter nal elec tric field, changes in the am pli tude and ar rival time of the ul tra sound
ech oes from the bulk tis sues were ob served.(1) Our ob jec tives are to (1) quan tify the elec -
tric-field-in duced changes in ul tra sound ech oes, (2) un der stand the mech a nisms un der ly ing 
these changes and (3) in ves ti gate the po ten tial of us ing this ef fect to dif fer en ti ate var i ous
types of tis sues for med i cal ap pli ca tion. 

Meth ods: We ap plied dc and  ac volt age sources to var i ous types of tis sues from gro cery
stores and gel a tin phan toms for min utes. Ul tra sound ech oes were ac quired con tin u ously
with a sin gle-el e ment trans ducer or a phased ar ray. The rf sig nals were di vided into win -
dows with a size of about one wave length. The am pli tude of the ul tra sound sig nal in a win -
dow was rep re sented by the peak-to-peak value in the win dow. The shift ing be tween the
cor re spond ing win dows of the rf sig nals at two slow-time in stants was an a lyzed with a
cross-cor re la tion-based method. The shift ing of the ech oes ver sus fast time (or dis tance to
the trans ducer) was de com posed into a trend com po nent and a fluc tu a tion (fea ture) com po -
nent.

Re sults and con clu sions:  We found that a phys i o log i cal-level di rect-cur rent elec tri cal
field-in duced time-vary ing me chan i cal strain in bi o log i cal tis sues.(2) The phys i o log i cal-
level elec tric-field-in duced me chan i cal changes (PLEFIMC) in gen eral soft bi o log i cal tis -
sues can not be ex plained by the pi ezo elec tric ef fect, tis sue con trac tion, tem per a ture changes 
and electrorestriction. The new ef fect might be re lated to electrokinetic phe nom ena due to
the fixed elec tric charges(3) ex ist ing on the sur faces of cells and in the extracellular ma trix in
bi o log i cal tis sues. PLEFIMC de pended on the po lar ity of the ap plied elec tric field. The fluc -
tu a tion com po nent of the time shift and the am pli tude change, but not the trend com po nent of 
the time shift, were re versed af ter we re versed the po lar ity of the ap plied volt age. The po lar ity
de pend ence study re veals two dif fer ent mech a nisms un der ly ing PLEFIMC. We will also
show the re sults of PLEFIMC in var i ous tis sues and gel a tin phan toms.

 (1) O. Doganay, Y. Xu, JASA Ex press Lett 128, EL261-267 (2010). (2) O. Doganay and
Y. Xu, in Proc IEEE Ultrasonics Symp, pp. 2103-2106 (2009). (3) K. G. Vogel and D.
Heinegard, J Biol Chem 260, 9298 (1985).

11. In su lin Re sis tance and Di a be tes

11.1 Op por tu ni ties for ul tra sonic tis sue char ac ter iza tion: re la tion ships be tween
obe sity, in su lin re sis tance and Type 2 Di a be tes Mellitus and the po ten tial ef fects on
car diac struc ture and func tion, Gautam K. Singh, Wash ing ton Uni ver sity School of Med i -
cine, St. Louis, MO, Singh_G@kids.wustl.edu (over view).

Type 2 di a be tes mellitus is as much a dis ease of mod ern life style as it is a dis ease of ge -
netic pre dis po si tion. The nat u ral his tory of Type 2 di a be tes mellitus in most adults starts
with de vel op ment of ab dom i nal obe sity ac com pa nied with in su lin re sis tance, when the
body ex hib its re sis tance to mul ti ple bi o logic ac tions of in su lin. One of the prime man i fes ta -
tions of in su lin re sis tance is im pair ment in glu cose uti li za tion by body or gans, the im paired
glu cose tol er ance. With time, the asymp tom atic im paired glu cose tol er ance stage pro -
gresses to the prediabetic stage, when some risk fac tors be gin to ap pear, to symp tom atic
frank Type 2 di a be tes mellitus, when car diac and noncardiac or gans be come cat e gor i cally
in volved.  Prev a lence of adult and child obe sity has tri pled and that of Type 2 di a be tes
mellitus dou bled in the United States in the last three de cades. Clin i cal and ex per i men tal
stud ies sug gest that di a be tes re sults in func tional, bio chem i cal and struc tural ab nor mal i ties
of the heart as well as con trib utes to atherosclerotic dis ease of vas cu lar sys tem.
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In this pre sen ta tion, we will briefly re view what is meant by in su lin re sis tance and im -
paired glu cose tol er ance and their im pact on met a bolic func tion.  We will de scribe some of
the com mon di ag nos tic tests and mea sure ments used to as sess the de gree of im paired glu -
cose tol er ance, in su lin re sis tance and Type 2 di a be tes mellitus.  As a spe cific ex am ple, we
will re view re sults of stud ies that il lus trate the im pact of in su lin re sis tance and Type 2 di a be -
tes mellitus on car diac struc ture and func tion and ex plore how echocardiographic im ag ing
and ul tra sonic tis sue char ac ter iza tion may aid in as sess ing ad verse al ter ations.  We will look
at some of the long-term im pli ca tions this con di tion could have on pub lic health as well as
the po ten tial role of ul tra sonic ex am i na tion in mon i tor ing ther apy.

11.2 Im ag ing and Di a be tes Mellitus: role of ul tra sound and other mo dal i ties in
noncardiac di ag no sis and treat ment mon i tor ing, Brian Garra, Wash ing ton DC Vet er ans
Af fairs Med. Ctr. and Di vi sion of Im ag ing and Ap plied Math e mat ics, CDRH, Food and
Drug Ad min is tra tion, 10903 New Hamp shire Blvd, Sil ver Spring, MD, 20993, Brian.Garra
@fda.hhs.gov (in vited).

Di a be tes Mellitus is one of the ma jor dis eases af flict ing pop u la tions world wide and es pe -
cially in de vel oped coun tries.  Early di ag no sis and care ful con trol of blood glu cose lev els is
crit i cal for pre vent ing or de lay ing the on set of the many com pli ca tions of the dis ease but
most of ten good con trol of glu cose lev els is not achieved and di ag no sis of the com pli ca tions
of di a be tes then be comes im por tant.  

Dif fuse vas cu lar dis ease in volv ing both small and large ar ter ies is one of the most im por -
tant is sues to ad dress. Ul tra sound plays an im por tant role be cause it can re li ably de tect
atheromatous dis ease and can be per formed of ten enough to per mit track ing of dis ease pro -
gres sion.  Plaque mea sure ment and char ac ter iza tion are grad u ally be com ing more widely
used and the new tech nique of elastography may be help ful for iden ti fi ca tion of ‘vul ner a ble’
plaque that may be prone to rup ture with con se quent ves sel throm bo sis.  Intimal me dial
thick ness (IMT) mea sure ment ap pears to be a pre dic tor of the on set of atheromatous dis ease
and this sonographic method is be com ing more widely avail able with much eas ier to use and 
more ac cu rate mea sure ment sys tems on the ho ri zon.  

Di a betic nephropathy is a ma jor prob lem in el derly pa tients be cause it of ten leads to re nal
fail ure and of ten pre vents the use of ra dio graphic con trast ma te rial that ham pers the di ag no -
sis of other dis eases that the pa tient might have.  Im ag ing can so far only de tect more ad -
vanced nephropathy but es ti ma tion of glo mer u lar size us ing ul tra sound has the po ten tial of
pro vid ing much ear lier de tec tion of this com pli ca tion.  Im ag ing, and es pe cially ul tra sound,
is heavily used in mon i tor ing of re nal and pan cre atic trans plants once the pa tient reaches the
point of re nal fail ure. 

Di a be tes causes prob lems for both mother and fe tus dur ing preg nancy.  In creased prob lems
with hy per ten sion, retinopathy and kid ney func tion oc cur in the mother. Fe tal com pli ca tions
in clude in creased risk of spi nal and car diac de fects, Down’s syn drome, poly hydra mnios and
fe tal macrosomia, which can cause se ri ous prob lems dur ing de liv ery of the fe tus. Ul tra -
sound mon i tor ing of the fe tus in a di a betic mother is there fore man da tory.  

Im ag ing and ul tra sound are also im por tant in the di ag no sis of in fec tions  to which di a bet -
ics are prone and for de tec tion of musculoskeletal dam age re sult ing from di a betic neu rop a -
thy.  While im ag ing may not be im por tant for the ‘cure’ of di a be tes, it will con tinue to be
im por tant for the di ag no sis and treat ment of the many com pli ca tions of that dis ease.  Be -
cause ul tra sound is in ex pen sive and flex i ble, it will be the pri mary im ag ing mo dal ity used
for di ag no sis and man age ment of di a bet ics around the world for the fore see able fu ture.

11.3 Re la tion ship be tween in su lin re sis tance and car diac dys func tion in obese chil -
dren, Mark R. Hol land, B. Seth Goldstein, Deborah Hicks, John Hosie, Di ana Hartman and
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Gautam K. Singh, Wash ing ton Uni ver sity School of Med i cine, St. Louis, MO, james.g.miller
@wustl.edu.

Back ground: Child hood obe sity is as so ci ated with in creased car dio vas cu lar risk fac tors
and rates of pre ma ture death in adults. An i mal and hu man adult stud ies sug gest obe sity and
in su lin re sis tance cause al ter ations in myo car dial me tab o lism and ef fi ciency that lead to car -
diac dys func tion. We hy poth e size that car diac dys func tion starts with obe sity in child hood
and in su lin re sis tance is an im por tant de ter mi nant.

Ob jec tive: The goal of this study was to in ves ti gate the po ten tial re la tion ship be tween the
level of in su lin re sis tance and (subclinical) car diac dys func tion in obese chil dren.

Meth ods: A co hort of age (13.9±2.6 yrs), gen der and de vel op men tal stage matched over -
weight oth er wise healthy and lean chil dren were en rolled in this study. This co hort was di -
vided into two groups de pend ing on the de gree of in su lin re sis tance: the first group, the
nor mal group (N = 24, BMI 25.9±6.8 kg/m2), were those sub jects with nor mal fast ing
plasma in su lin (= 10 µIU/ml) and nor mal lev els of in su lin re sis tance by Ho meo sta sis Model
As sess ment (HOMA2); the sec ond group, the in su lin re sis tant group (N = 53, BMI
33.9±7.5 kg/m2) were those sub jects with higher val ues.  Echocardiographic-based mea -
sure ments of left ven tric u lar global lon gi tu di nal strain, strain rate, and tor sion were ob tained 
us ing 2D speckle-track ing anal y ses of im ages ob tained with a GE Vivid 7TM echocardio -
graphic im ag ing sys tem and an a lyzed us ing a GE EchoPacTM anal y sis sys tem (Gen eral
Elec tric Med i cal Sys tems, Waukesha, WI, USA).  Car diac func tions be tween the two
groups were com pared by t-test and multivariate anal y ses. 

Re sults: Global lon gi tu di nal strain, sys tolic global lon gi tu di nal strain rate and early di a -
stolic global lon gi tu di nal strain rate were sig nif i cantly de creased in in su lin re sis tant sub -
jects com pared with nor mal sub jects (-15.6±3.2 vs. -17.5±3.0%, p = 0.012; -0.9±0.2 vs.
-1.0±0.2%/s, p = 0.03; and 1.3±0.3 vs. 1.6±0.3%/s, p = 0.003, re spec tively) not with stand -
ing BMI > 30.0 kg/m2 in 25% of nor mal sub jects. In those sub jects with avail able tor sion
mea sure ments, the peak tor sion of in su lin re sis tant sub jects was de creased com pared with
nor mal sub jects. Car diac func tion dem on strated neg a tive cor re la tion (r = -0.64 and -0.61,
p <0.001) with fast ing in su lin lev els and in su lin re sis tance by multivariate anal y sis.

Con clu sions: Both myo car dial lon gi tu di nal de for ma tion and cir cumfer ential tor sion are
de creased in chil dren ex hib it ing in su lin re sis tance, rep re sent ing an early on set of im paired
left ven tric u lar func tion. This study sug gests in su lin re sis tance rep re sents an im por tant de -
ter mi nant of obe sity-re lated al tered car diac func tion. Sup ported in part by NIH R01
HL040302.
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