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Two mouse mod els of mam mary can cer (a car ci noma and sar coma) were ex am ined us ing quan ti ta tive 
ul tra sound (QUS) and three mod els for ul tra sound back scat ter ing.  The first model that was ex am ined
was the spher i cal Gaussi an model (SGM).  The sec ond model was the fluid-filled sphere model (FFSM)
and was hy poth e sized to model scat ter ing from cell nu clei with the cell cy to plasm act ing as back ground.
The third model, called the new cell model (NCM), was con structed to model back scat ter ing from cell
nu clei and cytoskeleton.  The av er age scat terer di am e ters (ASDs) were es ti mated from re gions-of-in ter -
est (ROIs) in side the tu mors us ing all three mod els and then com pared.  The ul tra sound anal y sis band -
width used in the study was 16 to 27 MHz.  QUS im ages of the tu mors uti liz ing the ASD es ti mates from
the three mod els were con structed.  The ASDs were 30.3 ± 3.06 mm and 25.2 ± 4.01mm with the SGM,
47.3 ± 7.99 mm and 47.7 ± 7.01 mm with the FFSM and 41.2 ± 1.39 mm and 34.4 ± 5.95 mm with the NCM
for the car ci noma and sar coma, re spec tively.  sta tis ti cally sig nif i cant dif fer ences be tween the ASD es ti -
mates from the car ci no mas and sar co mas were ob served us ing the SGM and NCM but not with the
FFSM. 
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IN TRO DUC TION

Tis sue char ac ter iza tion us ing ul tra sound has been around for more than 20 years.1-5  Much
of the early frame work for tis sue char ac ter iza tion us ing ul tra sound back scat ter and spec tral
tech niques was de vel oped by Lizzi et al.2  Tech niques to nor mal ize the back scat tered mea -
sure ments were de vel oped by Sigelmann and Reid, and O’Donnell and Miller.6, 7  Spe cif i -
cally, Lizzi et al. de vel oped tech niques that cal i brated the mea sure ment ap pa ra tus for the
back scat tered power spec trum such that the re sults could be sys tem-in de pend ent. The sys -
tem-in de pend ent ap proach was crit i cal to com par i son and im ple men ta tion of pro cess ing en -
hance ments and for the even tual ap pli ca tion to clin i cal prac tice.

Since that time, tis sue char ac ter iza tion us ing ul tra sound back scat ter and spec tral tech -
niques de vel oped by Lizzi et al. have been uti lized in a va ri ety of ap pli ca tions.2  More spe cif -
i cally, the back scat ter tech niques have been used to dif fer en ti ate dis eased ver sus healthy
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tis sue and to de tect can cer. Suc cess ful clin i cal ap pli ca tions of these quan ti ta tive ul tra sound
(QUS) tech niques have oc curred in di ag nos ing pros tate can cer and oc u lar tu mors.8-17

Feleppa et al. found that the ASD in oc u lar tu mors was a strong in di ca tor of can cer.13  The
ASD was es ti mated from mod els of the back scat tered power spec trum from the tis sues. 
Acous tic con cen tra tion (an other scat terer prop erty es ti mated from the back scat tered power
spec trum, de fined as the prod uct of the num ber den sity of scat ter ers times the square of the
dif fer ence be tween the im ped ance of the scat terer and back ground) was also in te gral to dis -
tin guish ing di ag nos ti cally be tween am big u ous cases.18  In pros tate can cer de tec tion, Feleppa 
et al. dem on strated that scat terer prop erty es ti mates (ASD and acous tic con cen tra tion)
yielded greater di ag nos tic ac cu racy and le sion lo cal iza tion than all other noninvasive tech -
niques com bined.14 

Tis sue char ac ter iza tion tech niques us ing ul tra sound back scat ter have also been ap plied to
quan tify breast le sions for the di ag no sis of can cer.  D’Astous and Fos ter eval u ated breast le -
sions us ing the back scat ter co ef fi cient (BSC) and their stud ies re vealed dif fer ences be tween
fat and in fil trat ing ductal can cer (IDC) near the up per limit of fre quen cies in ter ro gated.4  The
BSC for pa ren chyma was about an or der of mag ni tude greater than those of fat and IDC, and
also ex hib ited higher fre quency de pend ence.  Based on the BSC, the three types of tis sues
were dis tin guish able. 

In a sim i lar study, Landini et al. quan ti fied the back scat ter from breast le sions.19  In that
study, five kinds of breast tis sue (fatty, fibro-fatty, scirrhosis car ci noma, medullary car ci -
noma and fi bro sis) were ex am ined over the fre quency range of 4 to 14 MHz.  The find ings
from this study dem on strated that Landini et al. could es ti mate dis tinct cor re la tion func tions
for the five kinds of breast tis sues from the back scat ter. 

Based on these early suc cesses for breast can cer di ag no sis us ing ul tra sound back scat ter,
breast can cer stud ies on an i mal in vivo were con ducted.20, 21  The stud ies re vealed that us ing
scat terer prop erty es ti mates al lowed the dif fer en ti a tion of be nign ver sus ma lig nant tu mors
over the fre quency range from 5 to 27 MHz.  How ever, when scat terer prop erty es ti mates us -
ing a spher i cal Gaussi an model from dif fer ent kinds of ma lig nant tu mors (mouse mam mary
car ci noma and mouse mam mary sar coma) were ex am ined over this fre quency range, no sta -
tis ti cally sig nif i cant dif fer ences were ob served.  The lack of sta tis ti cally sig nif i cant dif fer -
ences was hy poth e sized to be due to a cou ple of pos si ble sources:  (1) When us ing a broad
range of ul tra sonic fre quen cies, the mod els were not sen si tive to microstructural dif fer ences
ob served from op ti cal ex am i na tion of histological sec tions.  (2) The mod els were ac cept able
only over a smaller fre quency band width.  Ex am i na tion of op ti cal pho to mi cro graphs in di -
cated that sig nif i cant microstructural dif fer ences ex isted be tween the two kinds of tu mors.22

The 4T1 mouse mam mary car ci noma had a uni form dis tri bu tion of car ci noma cells that ap -
peared to be monomorphic in na ture with min i mal extracellular ma trix.  The sar coma con -
tained cells that were rel a tively uni form in mor phol ogy; they were oval to po lyg o nal in
shape with large prom i nent nu clei.  How ever, the sar coma did not con tain a uni form dis tri -
bu tion of cells but cells were ar ranged in groups usu ally con tain ing less than 20 cells per
group.  Groups of cells were dis trib uted at ran dom in an abun dant extracellular ma trix; thus,
in many ar eas such groups of cells were widely sep a rated, which re sulted in iden ti fi able
struc tural dif fer ences when com pared to the car ci noma.  How ever, these dif fer ences were
not de tected through the scat terer prop erty es ti mates ob tained from ul tra sound back scat ter
and the SGM over the fre quency range of 5 to 27 MHz.22  If mul ti ple scales of scat ter ing ex -
isted in the tis sue, then the mod els would only be valid over a par tic u lar fre quency band re -
lated to the scale of the in di vid ual scat ter ing sources.  Proper seg men ta tion of the anal y sis
band width would then al low the mod els to dis crim i nate be tween the two kinds of tu mors
based on their microstructural dif fer ences or im proved mod els could be con structed that ac -
counted for mul ti ple scales of scat ter ing.      
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F-tests were con ducted on the back scat tered power spec tra from the car ci no mas and sar -
co mas.23 The F-tests re vealed that sta tis ti cally sig nif i cant dif fer ences ex isted be tween the
back scat tered power spec tra from the two tu mors but only when fre quen cies above 16 MHz
were ex am ined.  These stud ies sug gested that to dis tin guish be tween the two kinds of tu -
mors, higher fre quen cies needed to be uti lized and better mod els de vel oped.  The pres ent
study ex am ines two new mod els and com pares the use of these mod els to the SGM. The
mod els are used to clas sify the mouse mam mary car ci noma and mouse mam mary sar coma
over the fre quency ranges of 16 to 27 MHz. 

METH OD OL OGY

A. De vel op ment of mod els

1. Spher i cal Gaussi an model (SGM)

The SGM has been used in many stud ies to model the back scat tered power spec tra from
soft tis sues.  The SGM has been used for many years and for many ap pli ca tions to ob tain es ti -
mates of scat ter prop er ties.1, 5, 16  The SGM is based on sev eral ap prox i ma tions (Born, no mul ti ple
scat ter ing, plane wave prop a ga tion) for soft tis sue scat ter ing.24, 25  Us ing these ap prox i ma -
tions al lows for the tis sue scat ter ing to be de scribed by a 3-D spa tial autocorrelation func tion
of the scat ter ing me dium.  If a dis tri bu tion of the im ped ance in a scat ter ing vol ume can be
mapped out or ap prox i mated, then the nor mal ized back scat tered power spec trum can be cal -
cu lated di rectly from this dis tri bu tion.26 

The prop er ties of the SGM al lowed rapid clas si fi ca tion schemes be cause the SGM could
be linearized in log space.20  Gating and lat eral beam pat tern ef fects were in cor po rated by
Lizzi et al. for the SGM yield ing a the o ret i cal power spec trum.16

where f is the fre quency (MHz), aeff is the ef fec tive scat terer ra dius (mm), nz is the av er age
acous tic con cen tra tion of scat ter ers (mm-3), L is the ax ial length of the range gated re gion
(Hanning win dow) and q is the ra tio of the ap er ture ra dius to dis tance from the ROI.  The ef -
fec tive scat terer ra dius rep re sents the cor re la tion length as so ci ated with a spa tial im ped ance
pro file de scribed by a Gaussi an func tion.  Es ti mates of the ef fec tive scat terer ra dius or ASD
were made ac cord ing to the method of Oelze et al.20  Es ti mates of ASD have been hy poth e -
sized to re late to scat ter ing from cells in a mouse mam mary car ci noma model.21  In the pres -
ent study, es ti mates of ASD us ing the SGM were com pared to the ac tual size of cells in the
tu mors. 

The good ness of fit of the model to the mea sured data was as sessed by the good ness-of-fit
sta tis tic, R2, given by 

where SSmodel rep re sents the sum of squares of the data mi nus the model for each fre quency
value in the spec trum and SSmean rep re sents the sum of squares of the data mi nus the mean
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value of the data curve for each fre quency value in the spec trum (note that it is pos si ble for
the R2 sta tis tic to be neg a tive).  The R2 sta tis tic re veals how the model fits the data com pared
to a sim ple hor i zon tal line through the mean. The closer the R2 sta tis tic is to 1.0 the better the fit
of the model to the data.  A neg a tive value for the R2 sta tis tic in di cates that a sim ple hor i zon -
tal line through the mean value of the spec trum val ues fits data better than the model does.

2. Fluid-filled sphere model (FFSM)

Pre vi ous ex per i ments with the car ci noma tu mors and car ci noma cell pel lets and com par i -
son with the pho to mi cro graph slides of the tu mors, sug gested that the cells were the dom i -
nant source of scat ter ing.23  There fore, if an acous tic model of the cell could be con structed,
then the fre quency de pend ence of back scat ter ing at higher fre quen cies could be better un -
der stood and pre dicted.  Closer ex am i na tion of the car ci noma tu mor and cell pel lets led to
the ini tial hy poth e sis that the cell nu cleus was the most im por tant fac tor in cell scat ter ing.21

In the case of the car ci noma tu mors and cell pel lets, a model was con structed to de scribe the
scat ter ing based on the nu cleus as a fluid-filled sphere.  The cy to plasm was con jec tured to
serve as a back ground prop a ga tion me dium with the nu clei rep re sent ing a ran dom dis tri bu -
tion of scat ter ers.  Fig ure 1 dis plays a pho to mi cro graph of a car ci noma tu mor along with a
rep re sen ta tion of the model.  The nu clei, orig i nally stained dark blue in the pho to mi cro -
graph, are rep re sented by solid cir cles and the cell cy to plasm and extracellular ma te rial are
given a sin gle color rep re sent ing the back ground.  As the fig ure sug gests, the tu mor is then
mod eled as a dis tri bu tion of ran domly-spaced fluid-filled spheres. 

An ex act so lu tion for scat ter ing from a fluid-filled sphere was first de vel oped by An der -
son.27  The FFSM was used to es ti mate the nu clear di am e ter of the cells in or der to
parameterize the tu mors. The FFSM was fit to the nor mal ized back scat tered power spec trum 
mea sured from the tu mors.  Four vari ables were used to fit the FFSM to the nor mal ized
power spec trum: (1) the ra tio of compressibilities (scat terer to back ground), h, (2) the ra tio
of den si ties, g, (3) the nu clear di am e ter, D, (4) and a gain fac tor.  The gain fac tor was used to
cor rect for any mag ni tude bias in the nor mal ized power spec trum mea sured from the tu mors.  
The gain fac tor sim ply added or sub tracted a con stant from the nor mal ized power spec trum. 
The ra tios of compressibilities and den si ties were lim ited to the range of 0.9 to 1.1 (or 10%
changes be tween scat terer and back ground).  In the pres ent study, es ti mates of ASD us ing
the FFSM were com pared to the ac tual size of the nu clei of the cells in the tu mors.  The good -
ness of fit of the model to the mea sured data was as sessed by the good ness-of-fit sta tis tic, R2.

3. New cell model (NCM)

The NCM was also de vel oped from the same hy poth e sis used in the FFSM that the cells
were a dom i nant source of scat ter ing.  How ever, in stead of as sum ing that the cy to plasm
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FIG. 1 Pho to mi cro graph (left) of 4T1 mouse mam mary car ci noma tu mor and model of scat ter ing from tu mor
(right) with nu clei as the scat ter ers and cy to plasm and extracellular spaces as the back ground. 



acted as a con stant back ground with the nu cleus as the scat terer, the cell cytoskeleton was
mod eled as a part of the scat terer.  Fig ure 2a dis plays an im age of a car ci noma cell cul tured in 
vi tro.  The cell was ad hered to a cul ture plate giv ing it the ir reg u lar shape.  How ever, cells
grow ing in vivo are less ir reg u lar and more spher i cal in shape.  The im age dis plays the dif fer -
ent struc tural com po nents of a cell that were used to model scat ter ing from the cell.  The actin 
fil a ments criss-cross through out the cell body in creas ing the den sity and re duc ing the com -
press ibil ity of the cell.  Microtubules ra di ate from the nu cleus to the edges of the cell body
also in creas ing the den sity and re duc ing the over all com press ibil ity of the cell.  Be cause the
microtubules ra di ate from the nu cleus, a larger con cen tra tion of microtubules will ex ist near
the nu cleus as com pared to the edge of the cell body.

A 3-D spa tial autocorrelation func tion for the scat ter ing me dium was again used to con -
struct the scat ter ing model.  To con struct the model, a 3-D spa tial map ping of the im ped ance
was con structed and the autocorrelation func tion of the 3-D map was made.25, 26 The back -
scat tered power spec trum was then re lated to the 3-D spa tial autocorrelation through the
mag ni tude of the Fou rier trans form. 

The model as sumes that the scat terer (the cell) is spher i cally sym met ric so that a map ping
of its spa tial im ped ance prop er ties could be de scribed by a 1-D func tion.  Fig ure 3 is a graph
of a hy po thet i cal 1-D im ped ance func tion de scrib ing the cell.  The 1-D im ped ance func tion
in fig ure 3 does not nec es sar ily rep re sent the ac tual im ped ance value of the nu cleus com -
pared to the cy to plasm.  The ac tual re la tion be tween the im ped ance of the nu cleus and cell
cy to plasm will be de ter mined by fit ting the back scat tered power spec trum from the 1-D im -
ped ance func tion to the mea sured data.  The fit ting rou tine will de ter mine the best es ti mates
of I0, I1, RN and RC for which the chi-square value be tween the model and the mea sured data is
min i mized.  The nu cleus is de scribed by a con stant im ped ance value while the cytoskeletal
fea tures are de scribed by a graded im ped ance with in creas ing im ped ance val ues closer to the 
nu cleus.  The model al lows a dis con ti nu ity be tween the cell nu cleus and cytoskeleton out -
side the nu cleus.  The graded im ped ance re flects the de creas ing num ber den sity of micro -
tubules fur ther from the nu cleus. 

The model used in this study as sumes that the im ped ance out side of the cell (extracellular
ma trix), IB, is con tin u ous at the bound ary of the cell cytoskeleton (mem brane) and that no
dis con ti nu ity ex ists be tween the cell mem brane and extracellular ma trix.  Ex am i na tion of
fig ure 1 re veals that the extracellular ma trix is min i mal in the car ci noma.  There fore, as sum -
ing the bound ary to be con tin u ous at the edge of the cell is rea son able.  How ever, in the case
where there ex ists abun dant extracellular ma trix, the re quire ment that the im ped ance out side 
the cell be con tin u ous at the cell bound ary should be re laxed. 
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FIG.  2 Con fo cal mi cro scope im age (left) of 4T1 mouse mam mary tu mor (MMT) car ci noma cell show ing the

cytoskeletal el e ments.  Actin la beled with phallicidin con ju gated to Alexa 546 (red) and tubulin immunolabled with
a FITC (green) con ju gate. The nu cleic ac ids were counter stained with bisbenzimide blue. Im age made with Leica
TCS SP2 con fo cal mi cro scope (Leica Mi cro sys tems, Buf falo, NY).  An ide al iza tion of the cell cytoskeletal fea tures
is dis played (right).



Five vari ables were used to fit the new cell model to the nor mal ized back scat tered power
spec tra: (1) the nu clear im ped ance, I0, (2) the max i mum cell cy to plasm im ped ance, I1, (3) the
nu clear ra dius, RN, (4) the to tal cell ra dius, RC and (5) a gain fac tor.  The curve de scrib ing the
graded im ped ance was de rived un der the as sump tion that the num ber den sity of micro -
tubules de creased with ra dial dis tance from the nu cleus yield ing

where r is the ra dial dis tance with or i gin at the cen ter of the nu cleus.  The im ped ance of the
extracellular ma trix (con sid ered as a back ground ma te rial), IB, was set to 1.5 MRayls. The
choice of 1.5 MRayls was based on the ap pear ance of the extracellular ma trix as a fluid.  Es ti -
ma tion of the ASD de pends on the spa tial vari a tion of the im ped ance and not the ab so lute
val ues of the im ped ance for each struc ture. The choice of the back ground im ped ance is
some what ar bi trary; how ever, the choice of back ground im ped ance de ter mines the range of
im ped ance val ues for the other struc tures.  The gain fac tor was used to cor rect for any mag ni -
tude bias in the nor mal ized power spec trum mea sured from the tu mors and for any mag ni -
tude bias from the choice of back ground im ped ance.  The gain fac tor sim ply added or
sub tracted a con stant from the nor mal ized power spec trum.  The nu clear and max i mum cell
cy to plasm im ped ances were al lowed to range be tween 1.30 and 1.70 MRayls or less than ±
15% of the back ground im ped ance.  In the pres ent study, es ti mates of ASD us ing the NCM
were com pared to the ac tual size of the nu clei of the cells in the tu mors.  The good ness of fit
of the model to the mea sured data was as sessed by the good ness-of-fit sta tis tic, R2.
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FIG. 3 1-D graph i cal rep re sen ta tion of the new cell model with the nu clear im ped ance, I0, the back ground im ped -
ance, IB, the max i mum cell cy to plasm im ped ance, I1, the nu clear ra dius, RN and the to tal cell ra dius, RC.
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B. An i mal use

The ex per i men tal pro to col was ap proved by IACUC (In sti tu tional An i mal Care and Use
Com mit tee, Uni ver sity of Il li nois) and sat is fied all cam pus and Na tional In sti tutes of Health
rules for the hu mane use of lab o ra tory an i mals.

1. Mouse car ci no mas

A mouse mam mary tu mor cell line (4T1 [CRL-2539]) was pur chased from Amer i can
Type Cul ture Col lec tion (ATCC, Manassas, VA).  This cell line was cho sen be cause of its
ho mo ge neous cy to logic char ac ter is tics and be cause the tu mors are mod els for stage IV hu -
man breast can cer.28-30  These cells were rel a tively uni form in mor phol ogy, oval to po lyg o nal
in shape with large prom i nent nu clei.  Extracellular ma trix was min i mal to nonapparent.   We 
used these cells as an in vivo model for uni form scat ter ing sta tis tics in tis sues.  The tu mors
model what might take place in an in situ form of breast car ci noma. 

The 4T1 cells were cul tured ac cord ing to the pro cess out lined in Oelze et al.21  Cul tured
cells were in jected into balb/c mice (Harlan, In di a nap o lis, IN).  Mice were weighed and an -
es the tized with ketamine hy dro chlo ride (87.0 mg/kg) and xylazine (13.0 mg/kg) ad min is -
tered intraperitoneally be fore in jec tion with 4T1 cells.  Af ter the tu mors reached 1.0 cm in
di am e ter, mice were reanesthetized and hu manely euthanized un der an es the sia by cer vi cal
dis lo ca tion.  The tu mors were then ul tra son i cally im aged. Eight balb/c mice were used in this 
study. The nu clei of the cells were ap prox i mately 13 mm in di am e ter with to tal cell sizes
rang ing be tween 25 to 30 mm in di am e ter.21

2. Mouse sar co mas

A mouse sar coma tu mor cell line (Englebreth-Holm-Swarm (EHS [CRL-2539]) was pur -
chased from Amer i can Type Cul ture Col lec tion (ATCC, Manassas, VA).  This cell line was
cho sen be cause it pro duced abun dant extracellular ma te ri als and base ment mem brane com -
po nents (laminin, col la gen IV, entactin, and heparan sul fate proteoglycan).31, 21  Like the car -
ci noma cell line, the cells were rel a tively uni form in mor phol ogy, oval to po lyg o nal in shape
with large prom i nent nu clei.  How ever, in the tu mors, abun dant extracellular ma trix ex isted,
lead ing to iden ti fi able struc tural dif fer ences com pared to the car ci noma tu mors ex am ined. 
We used these cells as an in vivo model for uni form scat ter ing sta tis tics (the cells were
monomorphic) in tis sues and to ex am ine the role of extracellular ma trix to ul tra sonic scat ter ing. 

Cul tured cells were in jected into C57BL/6 mice (Harlan, In di a nap o lis, IN).  Mice were
weighed and an es the tized with ketamine hy dro chlo ride (87.0 mg/kg) and xylazine (13.0
mg/kg) ad min is tered intraperitoneally be fore in jec tion with EHS cells.  Af ter the tu mors
reached 1.0 cm in di am e ter, mice were reanesthetized and hu manely euthanized un der an es -
the sia by cer vi cal dis lo ca tion.  The tu mors were then ul tra son i cally im aged.  Eight C57BL/6
mice were used in this study.  The cell sizes were ap prox i mately the same as the car ci no mas
with nu clei 13 mm in di am e ter on av er age and to tal cell sizes rang ing be tween 25 to 30 mm in
di am e ter.  How ever, in stead of hav ing a uni form dis tri bu tion of cells with min i mal
extracellular ma trix like the car ci noma tu mor, the sar coma had abun dant extracellular ma -
trix sur round ing groups of cells.

C. Ul tra sound scan ning pro ce dures

A sin gle-el e ment weakly-fo cused trans ducer was used to scan the mice.  The trans ducer
had a mea sured cen ter fre quency of 20 MHz at the fo cus with a 70% -6 dB pulse/echo band -
width (10-24 MHz).  The ap er ture di am e ter of the 20 MHz trans ducer was 6 mm with a fo cus
mea sured at 20 mm. An anal y sis band width from 16 to 27 MHz was used to ob tain scat terer
prop erty es ti mates.  This anal y sis band width was cho sen be cause pre vi ous stud ies in di cated
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that sta tis ti cally sig nif i cant dif fer ences be tween the car ci noma and sar coma back scat tered
power spec tra ex isted above 16 MHz.23

The 20 MHz trans ducer was op er ated in pulse/echo mode through a Panametrics 5900
pulser/re ceiver. The sig nals were re corded and dig i tized on an os cil lo scope (Lecroy
9354TM, Chest nut Ridge, NY) and down loaded to a PC com puter for postpro cess ing.  The
8-bit sam pling rate of the re ceived echo sig nals was 200 MHz.  The trans ducer was moved
lat er ally across the tu mor by a micropositioning sys tem with step size be tween each scan line 
of 50 mm.  The at ten u a tion for both kinds of tu mors was 0.4 dB MHz-1 cm-1 based on in ser tion
loss mea sure ments from sliced car ci noma and sar coma tu mor tis sues.  Af ter scan ning, tu -
mors were ex cised, fixed in 10% neu tral-buf fered for ma lin, pro cessed and em bed ded in par -
af fin, sec tioned at 5 mm, and stained with hematoxylin and eosin (H&E) for rou tine
histo logic eval u a tion by light mi cros copy. 

The back scat tered power spec tra were mea sured for many ROIs within the tu mors.  The
ROIs cor re sponded to 5 beam widths lat er ally and 12 pulse lengths ax i ally (gated with a
Hanning win dow). The mea sured back scat tered power spec trum for an ROI was found by
av er ag ing the back scat tered power spec tra mea sured from the echo sig nals cor re spond ing
spa tially to the ROI.  The mea sured back scat tered power spec trum is given by25

where FT{pn(t)}
2 rep re sents the Fou rier trans form of the gated rf sig nal of the nth scan line, N

is the num ber of gated scan lines con tained within a ROI, A( f, L) is a fre quency-de pend ent
at ten u a tion-com pen sa tion func tion and Wref ( f ) is the ref er ence power spec trum.33  The ef -
fects of the equip ment on the power spec trum mea sure ment were fac tored out by di vid ing by 
a ref er ence spec trum.2, 20, 25  The ref er ence power spec trum was ob tained by re cord ing rf sig -
nals from re flec tions off a smooth pla nar sur face of known re flec tivity nor mal to the trans -
ducer beam axis.  The pla nar re flec tor was trans lated from lo ca tion at the front of the depth of 
field of the trans ducer to the back of the depth of field with a dis tance of 75 mm (the wave -
length at 20 MHz) be tween steps.  At each point, the rf sig nal re flected from the smooth pla -
nar sur face was re corded.  The ref er ence power spec trum for an ROI was cal cu lated by
av er ag ing the squared mag ni tude of the Fou rier trans form of each re flected rf sig nal cor re -
spond ing to the ax ial lo ca tion of the ROI.  The mea sured back scat tered power spec trum was
com pen sated for at ten u a tion losses ac cord ing to the fre quency-de pend ent at ten u a tion-com -
pen sa tion func tion, A( f, L), de rived for echo sig nals gated with Hanning win dows.33 

RE SULTS

ASD im ages were con structed for the sar co mas and car ci no mas us ing the three dif fer ent
mod els.  Fig ure 4 shows ASD im ages of a car ci noma and sar coma tu mor us ing the three
mod els.  The tu mors ex am ined cor re spond to an i mal 2 for the car ci no mas and an i mal 6 for
the sar co mas.  These an i mals were cho sen be cause their im ages high light the larg est dif fer -
ences in av er age ASD es ti mates amongst the dif fer ent mod els used.  For ex am ple, the ASD
im age of the sar coma us ing the FFSM (bot tom panel, cen ter im age of fig ure 4) had an av er -
age ASD of 62.6 mm com pared to the av er age ASD value for all the an i mals ex am ined us ing
FFSM of 47.7 mm.  The large av er age ASD value for the par tic u lar tu mor im age in fig ure 4
re flects the large stan dard de vi a tion of ASD es ti mates among the dif fer ent an i mals when us -
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ing the FFSM.  The mean ASD es ti mates of the sar coma us ing SGM and NCM were 18.8 mm
and 25.0 mm, re spec tively, and al most three times smaller than the av er age ob tained us ing
the FFSM. 

The ASD im ages of fig ure 4 were con structed by su per im pos ing color-coded pix els on a
con ven tional gray-scale B-mode im age of the tu mors.  The size and lo ca tion of the
color-coded pix els cor re sponded to ROIs from which ASD es ti mates were ob tained.  A slid -
ing Hanning win dow was used ax i ally to range gate the sig nals cor re spond ing to the ROIs
with an over lap of 75%.  Lat er ally, each ROI over lapped the next ROI by 75%.   There fore,
each pixel rep re sents the av er age from 16 ROIs. The color of the pix els cor re sponded to the
ASD es ti mated for the ROI.  The av er age num ber of in de pend ent ASD es ti mates for a sin gle
tu mor was 30 for the car ci no mas and 41 for the sar co mas.  The av er age num ber of in de pend -
ent ASD es ti mates rep re sents 1/16 of the av er age of the to tal num ber of es ti mates per tu mor,
i.e., the to tal num ber of ROIs.

The ASD es ti mates are listed in ta ble 1 for the car ci no mas and sar co mas.  The larg est over -
all dif fer ences be tween car ci no mas and sar co mas were ob served when the SGM or NCM
were used to fit the mea sured data.  The sizes of the stan dard er ror of the mean (SEM) val ues
were small in all cases (< 1.0 for the SGM, < 2.5 for the NCM and FFSM) be cause each tu -
mor con tained more than 30 in de pend ent es ti mates.  The num ber of in de pend ent sam ples for 
each solid tu mor is im por tant be cause the more in de pend ent es ti mates that ex isted for a tu -
mor, the smaller the SEM.  Be cause the SEM was small, the ASD for a tu mor was a good rep -
re sen ta tion of the tu mor as a whole. 

The ASD es ti mates from each set of the eight an i mals were then av er aged to get an ASD
for each group (car ci no mas and sar co mas).  Ta ble 2 lists the mean ASDs for the car ci no mas
and sar co mas ver sus each model type along with the stan dard de vi a tion.  The stan dard de vi a -
tion rep re sents the vari a tion from an i mal to an i mal within a group.  The good ness-of-fit sta -
tis tic listed in ta ble 2 re veals that the SGM had the worst fit to the data fol lowed by the FFSM. 
How ever, it is im por tant to note that all of the mod els per formed poorly as re vealed by the
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FIG. 4 ASD im ages of a mouse mam mary car ci noma (top panel) and sar coma (bot tom panel) us ing the SGM
(left im ages), the FFSM (mid dle im ages) and the NCM (right im ages).



good ness-of-fit sta tis tic.  The largest R2 value oc curred with the NCM and the sar co mas, i.e.
R2= 0.37.   For com par i son with histological anal y sis, the ac tual size of the ob ject hy poth e -
sized to be es ti mated by each model is listed. For the NCM, av er age es ti mates of nu clear im -
ped ance, I0, and the max i mum cell cy to plasm im ped ance, I1, were 1.60 MRayls and 1.57
MRayls, re spec tively, for both kinds of tu mors.  

Anal y sis of the vari ance (ANOVA) was con ducted on ASD es ti mates from the rows of ta -
ble 1 for each model.  sta tis ti cally sig nif i cant dif fer ences were ob served be tween the car ci -
no mas and sar co mas when us ing the SGM and NCM (P < 0.05).  sta tis ti cally sig nif i cant
dif fer ences be tween the car ci no mas and sar co mas were not ob served when us ing the FFSM
(P ~ 0.91).  

DIS CUS SION AND CON CLU SIONS

Two kinds of tu mors, mam mary car ci noma and mam mary sar coma, were ex am ined us ing
ul tra sound, and their scat terer prop er ties were es ti mated.  The mor phol ogy of the tu mors
was pre vi ously ob served from op ti cal pho to mi cro graphs to be dis tinctly dif fer ent.23  The car -
ci no mas con tained a uni form dis tri bu tion of cells with min i mal extracellular ma trix.  The
sar co mas con tained groups of cells con sist ing of one to a dozen cells sur rounded by abun -
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TA BLE 1. Es ti mated ASDs (mm) for each an i mal and the cor re spond ing stan dard er ror of the mean value.

Car ci noma an i mal num ber

Model 1 2 3 4 5 6 7 8

SGM 32.0; 0.93 32.6; 0.98 32.0; 0.95 31.0; 0.85 23.9; 0.69 28.2; 0.69 33.1; 0.96 29.7; 0.88

FFSM 48.6; 2.28 63.0; 2.52 42.2; 2.17 51.4; 2.10 37.0; 2.11 48.6; 2.00 46.8; 2.40 40.4; 2.73

NCM 42.6; 2.66 41.6; 1.94 40.4; 2.45 41.4; 2.17 38.6; 3.52 40.8; 2.07 43.1; 2.56 41.0; 3.15

Sar coma an i mal num ber

Model 1 2 3 4 5 6 7 8

SGM 28.2; 0.55 30.7; 0.52 28.6; 0.49 25.0; 0.36 20.6; 0.44 18.8; 0.48 22.2; 0.48 26.0; 0.50

FFSM 40.8; 1.95 43.6; 3.00 46.5; 3.27 42.0; 2.01 51.2; 1.74 62.6; 1.65 45.8; 2.11 48.0; 2.51

NCM 36.8; 2.04 38.5; 1.53 44.0; 2.85 35.5; 1.90 28.3; 1.93 25.0; 2.30 35.2; 2.18 32.0; 1.95

TA BLE 2. Mean of the ASDs (mm) for eight tu mors, their cor re spond ing stan dard de vi a tions, the av er age good -
ness of fit, R2 and the sys tem (cell or nu cleus) that the ASD es ti mate is hy poth e sized to de scribe.

Car ci no mas Sar co mas

<D> ± S.D. <R2> <D> ± S.D. <R2>

SGM 30.3 ± 3.06 0.12 25.2 ± 4.01 0.24 Cell - 25-30 mm

FFSM 47.3 ± 7.99 0.26 47.7 ± 7.01 0.36 Nu cleus - 13mm

NCM 41.2 ± 1.39 0.28 34.4 ± 5.95 0.37 Nu cleus - 13 mm



dant extracellular ma trix.  How ever, pre vi ous ul tra sound spec tral anal y sis us ing ASD es ti -
mates did not de tect these dif fer ences.  F-tests of the nor mal ized back scat tered power
spec tra from the two kinds of tu mors re vealed sta tis ti cally-sig nif i cant dif fer ences ex isted
when the fre quency of ul tra sound was above 16 MHz. 

Three mod els for the spa tial dis tri bu tion of acous tic im ped ance from scat ter ing tis sues
were pro posed.  From these three mod els, the back scat tered power spec tra were cal cu lated
and used to ex tract ASD es ti mates from two kinds of solid tu mors in mice us ing an anal y sis
band width from 16 to 27 MHz. The SGM is a model that has been used in var i ous spec tral
im ag ing stud ies.  The ASD es ti mates from the SGM model were hy poth e sized to rep re sent
the to tal cell size.  The FFSM was used to model scat ter ing from cell nu clei as fluid-filled
spheres in a con stant back ground that cor re sponded to the cell cy to plasm and extracellular
ma trix.  The ASD es ti mates from the FFSM model were hy poth e sized to rep re sent the av er -
age nu clear di am e ter.  The NCM was used to model scat ter ing from the cell com posed of
both a nu cleus and cytoskeleton.  Com par i son of the ASD es ti mates with the sizes of the ob -
jects that were hy poth e sized to be mod eled (ta ble 2) in di cates that the SGM model came
clos est to rep re sent ing the hy poth e sized scat terer.  The FFSM and NCM mod els yielded
ASD es ti mates that were three to four times larger than the ob jects they were hy poth e sized to 
rep re sent.  There fore, the FFSM and NCM did not ap pear to ac cu rately rep re sent the micro -
struc tures hy poth e sized as re spon si ble for scat ter ing from op ti cal pho to mi cro graphs of the
tis sues.  Com par i son of the ASD es ti mates with un der ly ing microstructure sug gests that
cells (as op posed to the nu clei of cells) or struc tures in the size range of cells are a dom i nant
source of scat ter ing from these tu mors.  For ex am ple, the ASD es ti mates from the FFSM
would sug gest mod el ing the to tal cell as a fluid-filled sphere and not just con sid er ing the nu -
cleus as im por tant to scat ter ing. 

Scat terer prop erty es ti mates us ing the NCM and SGM did re veal sta tis ti cally sig nif i cant
dif fer ences be tween the two kinds of tu mors.  The es ti mated ASD (mod eled as the cell nu clei)
us ing the NCM were 41.2 ± 1.39 mm and 34.4 ± 5.95 mm for the car ci no mas and sar co mas,
re spec tively.  The es ti mated ASD us ing the SGM were 30.3 ± 3.06 mm and 25.2 ± 4.01 mm
for the car ci no mas and sar co mas, re spec tively.  Scat terer prop erty es ti mates us ing the FFSM 
did not re veal sta tis ti cally sig nif i cant dif fer ences be tween the two kinds of tu mors.  Fur ther more,
the es ti mated ASD (mod eled as the cell nu clei) was ap prox i mately 48 mm us ing the FFSM
for both kinds of tu mors com pared to the ac tual nu clear di am e ters of ap prox i mately 13 mm.21 

The good ness of fit as de ter mined by the R2 sta tis tic re vealed that none of the mod els ex -
plained the mea sured power spec tra very well. The av er age R2 sta tis tic was less than 0.37 for
each model used.  Even though the mod els did not pro duce good fits to the data as de ter -
mined by the R2 sta tis tic, sta tis ti cally sig nif i cant dif fer ences be tween the car ci no mas and sar -
co mas were re vealed through ASD es ti mates us ing the SGM and NCM.  Sur pris ingly, ASD
es ti mates us ing the FFSM did not re veal sta tis ti cally sig nif i cant dif fer ences even though the
R2 sta tis tic in di cated better fits to the data than the SGM.  While all mod els poorly ac counted
for the data, the SGM and NCM ap peared to be sen si tive to por tions of the back scat tered
power spec tra that en abled dif fer ences be tween the car ci no mas and sar co mas to be ob -
served.  The FFSM did not ap pear to be sen si tive to por tions of the back scat tered power
spec tra that could lead to the ob ser va tion of sta tis ti cally sig nif i cant dif fer ences.   

The SGM and NCM mod els were able to de tect sta tis ti cally sig nif i cant dif fer ences be -
tween the two kinds of tu mors.  While sta tis ti cally sig nif i cant dif fer ences were ob served, ex -
am i na tion of ta ble 2 sug gests that the es ti mates did not faith fully rep re sent the ac tual
microstructural dif fer ences as ob served from pho to mi cro graphs of the tu mors.23  To more
faith fully rep re sent the un der ly ing sources of scat ter ing, better acous tic im ped ance val ues of 
cells and extracellular ma trix must be de ter mined and cor re spond ing mod els con structed. 
Better acous tic im ped ance val ues for the micro struc tures and cor re spond ing mod els will in -
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crease the po ten tial for dis cov er ing sta tis ti cally-sig nif i cant dif fer ences be tween dif fer ent
kinds of tu mors us ing spec tral tech niques.

Es ti mates of nu clear im ped ance and cy to plasm im ped ance from the NCM re vealed a
larger im ped ance value for the nu cleus (1.60 MRayls ver sus 1.57 MRayls).  An ex am i na tion
of me chan i cal prop er ties of cel lu lar com po nents from other stud ies re veals a larger range of
val ues for the dif fer ent com po nents.  For ex am ple, acous ti cal mi cro scope mea sure ments of
sound speed of the nu cleus of HaCaT cells re vealed a range of es ti mates from 1,500 m/s to
1,650 m/s.34  Other re search ers have es ti mated sound speeds for DNA and cell nu clei rang ing 
from 1,700 to 1,800 m/s.35-37  The val ues for the dif fer ent cel lu lar com po nents de pend on the
method in which the cel lu lar com po nents were iso lated and the mea sure ment tech nique used 
to ex tract the me chan i cal prop er ties.  No stan dard method ex ists to ex tract the me chan i cal
prop er ties of cel lu lar com po nents due to var i ous meth ods of iso la tion and mea sure ment
tech niques.  If a better scat ter ing model of the cell could be con structed, then it might be pos -
si ble to ex tract me chan i cal prop er ties of cells by fit ting the model to the back scat tered power
spec trum with out iso lat ing in di vid ual cell com po nents.  The good ness-of-fit pa ram e ters ob -
tained with the pres ent NCM model do not sug gest the pres ent model is ad e quate for ex tract -
ing re li able es ti mates of im ped ance val ues for cell com po nent structures.

Anal y sis of im proved mod els can also help sug gest ap pro pri ate fre quency ranges to use in
ul tra sonic in ter ro ga tion of tu mors.  Pre vi ous stud ies us ing the SGM over the fre quency
range of 10 to 27 MHz yielded scat terer prop erty es ti mates that did not re veal sta tis ti cally-
sig nif i cant dif fer ences in the two kinds of tu mors ex am ined.23  How ever, sta tis ti cally sig nif i -
cant dif fer ences were ob served when us ing the SGM over the fre quency range of 16 to 27
MHz.   The choice of an ap pro pri ate ul tra sound fre quency range was vi tal for find ing sta tis ti -
cally sig nif i cant dif fer ences be tween the two tu mors.      

 An other im por tant con sid er ation to pro vid ing sta tis ti cally sig nif i cant dif fer ences be -
tween dif fer ent kinds of tu mors is the large num ber of in de pend ent es ti mates ob tained for
any one tu mor ex am ined.  The large num ber of in de pend ent es ti mates led to smaller SEM
val ues. By av er ag ing many in de pend ent es ti mates, a large vari ance in one es ti mate (from the 
mean) will have lit tle ef fect on the av er age.  For this rea son, the SEM is a more suit able vari -
able for de ter min ing how well the mean es ti mate value de scribes a par tic u lar tu mor.  The
more in de pend ent es ti mates from a tu mor there are, the better the over all char ac ter iza tion of
the tu mor.  Be cause there were more than 30 in de pend ent es ti mates per tu mor, sta tis ti cally-
sig nif i cant dif fer ences be tween the two kinds of tu mors could be de ter mined from the ASDs
from the tu mors. 

In the cases ex am ined in this study, the in di vid ual es ti mate vari ance was not the lim it ing
fac tor in dif fer en ti at ing one tu mor type from an other.  How ever, es ti mate bias may play a
role in de ter min ing sta tis ti cally sig nif i cant dif fer ences.  The es ti mate bias can be in tro duced
by sev eral fac tors in clud ing the amount and type of at ten u a tion com pen sa tion used, cal i bra -
tion and mea sure ment tech nique and model used.  Ex am i na tion of the mod els used in this
study re vealed that each model yielded dif fer ent mean es ti mates for each tu mor type.  Fur -
ther, some mod els were able to pro duce es ti mates that al lowed dis tin guish ing be tween dif -
fer ent kinds of tu mors while oth ers (the FFSM) were un able to pro duce these sta tis ti cally-
sig nif i cant dif fer ences.  Im prov ing at ten u a tion com pen sa tion, mea sure ment tech niques and
mod els can im prove the abil ity to dis tin guish be tween dif fer ent kinds of tu mors pro vided
enough in de pend ent es ti mates can be ob tained.  For small tu mors with small num bers of in -
de pend ent es ti mates or for map ping out tu mor mar gins us ing scat terer prop erty es ti mates,
the spec tral tech niques may be lim ited by es ti mate variance. 

No di rect study of the cor re la tion of the vari ance in ASD es ti mates from the scat ter ers and
the vari ance in ac tual sizes of the hy poth e sized scat ter ing sources (e.g., the cells or nu clei)
was con ducted.  Ex am i na tion of the ASD im ages of fig ure 4 in di cates sig nif i cant vari ance in
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ASD es ti mates through out some of the tu mors.  Whether this vari ance is due to ex per i men tal
un cer tainty, mod el ing in suf fi cien cies or un der ly ing bi o log i cal vari ance has not been de ter -
mined.  Fur ther study needs to be con ducted to de ter mine the ac tual sources re spon si ble for
scat ter ing and to com pare the bi o log i cal vari ance of the sources of scat ter ing and their re la -
tion to the vari ance of scat terer prop erty es ti mates.
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