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   Ther mally-in duced le sions are gen er ally stiffer than sur round ing tis sues.  We pro pose here to use the
su per sonic shear im ag ing tech nique (SSI) for mon i tor ing high-in ten sity fo cused ul tra sound (HIFU)
ther apy.  This new elas tic ity im ag ing tech nique is based on re motely cre at ing shear sources us ing an 
acous tic ra di a tion force at dif fer ent lo ca tions in the me dium.  In these ex per i ments, an HIFU probe is
used to gen er ate le sions in fresh tis sue sam ples.  A di ag nos tic trans ducer, con trolled by our ultrafast
scan ner, is lo cated in the ther a peu tic probe fo cal plane.  It is used for both gen er at ing the shear waves and
im ag ing the re sult ing prop a ga tion at frame rates reach ing 5,000 im ages/s.  Mov ies of the shear wave
prop a ga tion can be com puted off-line.  The ther a peu tic and im ag ing se quences are in ter leaved and a set
of wave prop a ga tion mov ies is per formed dur ing the heat ing pro cess.  From each movie, elas tic ity es ti -
ma tions have been per formed us ing an in ver sion al go rithm.  It dem on strates the fea si bil ity of de tect ing
and quan ti fy ing the hard ness of HIFU-in duced le sions us ing SSI. 
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IN TRO DUC TION

   Real-time mon i tor ing of HIFU treat ments is a re search field of ma jor in ter est.  In or der to
make HIFU clin i cally ap pli ca ble, the use of mon i tor ing meth ods of the treat ment is cru cial.
De tect ing a le sion as soon as it ap pears and mon i tor ing its size are im por tant re quire ments to
avoid dam age to sur round ing healthy tis sue . 

Ul tra sound im ag ing has been stud ied as a mon i tor ing method1 but has not been proven to
pro vide ro bust le sion de tec tion and char ac ter iza tion as it is mainly sen si tive to the pres ence
of bub bles in the le sion re gion gen er ated by cav i ta tion dur ing the HIFU treat ment. 

A num ber of ther mal im ag ing tech niques have also been sug gested and in ves ti gated.
Mag netic res o nance im ag ing (MRI) was the first im ag ing tech nique able to mon i tor HIFU
ab la tion by pro vid ing tem per a ture es ti ma tions dur ing the treat ment.2, 3  How ever this tech -
nique is lim ited by it cost and lack of por ta bil ity and may be not suit able for some pa tient
pop u la tions.  In or der to over come these lim i ta tions, ul tra sound-based tem per a ture im ag ing
has been in ves ti gated. This last tech nique links a tem per a ture el e va tion to ul tra sound
speckle changes in or der to quan tify the tem per a ture in the me dium.4-6  Com pared to the MR
tem per a ture-im ag ing tech nique, it has low cost, high por ta bil ity and can be eas ily in te grated
into an HIFU sys tem.  To date, this tech niques has not been proven to be re li able for the char -
ac ter iza tion of the in duced le sion. 

An other ap proach con sists in char ac ter iz ing the stiff ness of the le sion, which is gen er ally
harder than the sur round ing tis sues.7  Sev eral tech niques based on this ob ser va tion have been 
pro posed.  Among them, static elastography8 has been ex ten sively in ves ti gated by sev eral
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groups and ap pear as an in ter est ing so lu tion for HIFU ab la tion mon i tor ing of easy-ac cess or -
gan like pros tate.  In 1998, the use of static elastography for the vi su al iza tion of HIFU in -
duced ther mal le sions was first in ves ti gated in vi tro by Stafford et al,9 then by Kallel et al10 in
the rab bit paraspinal skel e tal mus cle and by Righetti et al11 in ca nine liver.   In vivo tests were
also re ported by Varghese et al12 on pig liver.  Re cently, the visu ali sa tion of HIFU-in duced
le sions in the hu man pros tate was in ves ti gated in vivo by Souchon et al.13  For deep hu man or -
gans like liver or brain, static elastography tech niques can not be used to date as mon i tor ing
tech nique for HIFU.  In these cases, dy namic elastography tech niques can be en vi sioned.
Mag netic res o nance elastography (MRE)14 and dy namic elastometry15 rely on mono chro -
matic ex ci ta tions.  The first tech nique has been proven to be ro bust but has the lim i ta tions
and in con ve niences of MRI.  Acous tic-ra di a tion-force-based ap proaches are also cur rently
un der in ves ti ga tion.  Lizzi et al16 and Fahey et al17 dem on strate prom is ing pre lim i nary in vi tro
and ex vivo re sults for HIFU mon i tor ing af ter ab la tion.  Konogafou et al18 have stud ied elas -
tic ity changes with tem per a ture el e va tion in ex vivo sam ples.  How ever, these tech niques
have a high ex po sure time to the ra di a tion force push ing se quence and are in trin si cally not
quan ti ta tive. 

We pro pose here to use the su per sonic shear im ag ing tech nique19, 20 to mon i tor elas tic ity
dur ing HIFU treat ment be fore and af ter the ne cro sis thresh old.  Com bin ing the ad van tages
of tran sient elastography21 and the use of an acous tic ra di a tion force, this tech nique is able to
re motely gen er ate and im age shear waves in or gans and then as sess their elas tic ity in a few
mil li sec onds.   It has the ad van tage of be ing in sen si tive to mo tion ar ti facts and be ing able to
reach, via the use of the ra di a tion force, deep sited re gions of in ter est.20   In this work, an
HIFU sys tem has been cou pled with an ul tra sound-based im ag ing sys tem.  This im ag ing
sys tem is able to pro vide clas si cal ul tra sound im ages, tem per a ture im ages and elas tic ity
maps us ing SSI.  Com pared to other im ag ing sys tems (X ray CT, MR), it is a full ul tra sound-
based de vice, and there fore eas ily integrable into an HIFU sys tem, with rel a tively low cost, 
high por ta bil ity and real-time im ag ing ca pa bil i ties.  The im ag ing sys tem al lows us to con trol
and com pare SSI with the other mon i tor ing tech niques: ul tra sound im ag ing and ul tra sound
tem per a ture im ag ing.  The lat ter tech nique has been val i dated to mon i tor heat ing pro cesses
be low the ne cro sis thresh old.6  This pa per studies the fea si bil ity of SSI for mon i tor ing of
tem per a ture changes dur ing an HIFU treat ment as well as for the de tec tion of tis sue struc -
tural changes due to the appearance of a ne cro sis.  The first sec tion of the pa per in tro duces
and de scribes the su per sonic shear im ag ing tech nique.  In the sec ond sec tion, the ex per i men -
tal pro to col cou pling HIFU and the im ag ing sys tem is pre sented.  Fi nally the third sec tion
pres ents in vi tro re sults of mon i tor ing HIFU-in duced le sions in a chicken breast sam ple. The
shear modulus is found to be in sen si tive to tem per a tures changes be fore at taining the ne cro -
sis thresh old.   On the con trary, necrosed tis sues are clearly de tected by SSI re veal ing a
strong in crease of their shear modulus.  The pres ent study dem on strates the fea si bil ity of us -
ing a fully ul tra sound-based sys tem com bin ing two com ple men tary im ag ing tech niques,
SSI and tem per a ture im ag ing, to mon i tor, in real time, HIFU treat ment be fore and af ter the
ne cro sis thresh old. 

SU PER SONIC SHEAR IM AG ING TECH NIQUE

SSI is a new ul tra sound-based tech nique able to pro vide quan ti ta tive shear modulus map -
ping of an or gan in less than 30 ms.  SSI re lies on the acous tic ra di a tion force in duced by an
ul tra sonic fo cused beam to re motely gen er ate low fre quency shear waves in tis sues.  It can be 
achieved us ing the same pi ezo elec tric ar rays such as the ones used in con ven tional ul tra sonic 
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scan ners.  Such a ra di a tion force acts as a dipolar source of shear waves and mainly ra di ates
in trans verse di rec tions.  We pro pose, with SSI, to cre ate quasi-plane shear waves of strong
am pli tude (40 to 100 µm dis place ment am pli tude) by mov ing the shear source at a su per -
sonic speed.  Such a shear source, which moves faster than the shear waves, can be cre ated by 
suc ces sively fo cus ing the ul tra sonic ‘push ing’ beam at dif fer ent depths (Fig. 1).  All re sult -
ing shear waves in ter fere con struc tively along a Mach cone cre at ing two quasi-plane shear
wave fronts prop a gat ing in op po site di rec tions.  The an gle be tween both plane waves is pro -
por tional to the ra tio be tween the speeds of the shear wave and mov ing source, i.e., to the
Mach num ber.  The ultrafast ul tra sonic scan ner de vel oped for the tech nique is able to gen er -
ate this su per sonic shear source and im age the prop a ga tion of the re sult ing tran sient plane
shear waves.  As those waves prop a gates through the me dium in a few tens of mil li sec onds,
frame rates of a few kHz are needed to cap ture their prop a ga tion.   Such frame rates, not
reach able with stan dard echographic de vices, are pos si ble with our ultrafast scan ner as it re -
duces the emit ting mode to a sin gle plane wave insonification and re al izes a par al lel pro cess -
ing of all the lines (128) of the im age.  Es tab lish ing such a su per sonic re gime brings sev eral
es sen tial in no va tions.  First, con struc tive in ter fer ences be tween shear waves cre ate a cu mu -
la tive ef fect that in duces high me chan i cal dis place ments in the me dium (up to 100 µm in
phan toms and 40 µm in vivo).  This is an in dis pens able con di tion for the in vi tro and in vivo
fea si bil ity of the tech nique, par tic u larly in strongly vis cous me dia (breast, liver).  Sec ondly,
the su per sonic re gime gen er ates two spa tially-ex tended plane shear waves, thus in creas ing
the area where me chan i cal shear in for ma tion is avail able.  Fi nally, chang ing the speed of the
mov ing ‘push ing’ beam al lows us to change the Mach cone an gle and then insonify the same
me dium with dif fer ent steered plane waves.  With this method, called shear com pound, it is
pos si ble to gather the same me chan i cal in for ma tion from dif fer ent ‘points of view’ and
there fore im prove the ro bust ness of the tech nique. 

Af ter the ac qui si tion of echographic sig nals at an ultrafast frame rate (3 kHz), the data are
trans ferred to a com puter and the im age se quence is formed.  The dis place ments in duced in
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FIG. 1 Gen er a tion of the su per sonic mov ing shear source.  It re sults in the prop a ga tion of two plane shear waves
prop a gat ing into a Mach cone.
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soft tis sues by the shear waves prop a ga tion are es ti mated along the beam axis us ing a 1D
cross-cor re la tion al go rithm be tween suc ces sive echographic im ages.  The re sult ing movie
shows the ax ial dis place ment in duced by the shear wave dur ing its prop a ga tion. The whole
ac qui si tion pro cess and the sig nal pro cess ing is de scribed in fig ure 2.  The great ver sa til ity of
our pro to type al lows the in ter leav ing of  ‘push ing se quences’ and ‘im ag ing se quences’ as
de sired. Im ages can then be ac quired dur ing the shear source move ment to fol low the gen er -
a tion of the Mach plane wave.

An ex per i ment con ducted in ho mo ge neous Agar-Gel a tin phan toms shows the abil ity of
the sys tem to gen er ate and im age the shear waves.  The ax ial dis place ments are in duced and
mea sured us ing a 1D lin ear probe (128 el e ments, 4.3 MHz) lo cated on the up per bor der of
the im ages in fig ure 3.  A Mach 3 su per sonic re gime was achieved as the shear wave speed is
around 2 m.s-1 while the shear source is moved elec tron i cally by the ar ray at 6 m.s-1. In or der
to gen er ate the ra di a tion force, the ultrafast scan ner emits an ul tra sonic fo cused beam in the
phan tom at five cho sen lo ca tions (Fig. 2).  The typ i cal ul tra sound pulse is made of 400 os cil -
la tions at 4.3 MHz.  This cor re sponds to a ‘push ing time’ of 100 µs.  The shear waves prop a -
gates clearly in a Mach cone.  

From the movie of these ax ial dis place ments, the elas tic ity map of the me dium can be re -
cov ered by solv ing a lo cal in verse prob lem.  As sum ing a me dium that is purely elas tic, in fi -
nite, iso tro pic and lo cally ho mo ge neous, and that compressional waves are much faster than
shear waves, we have shown that the spatio-tem po ral ax ial dis place ments at any lo ca tion  are 
linked in our tran sient ex per i ments to the lo cal shear modulus:  
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where r is the den sity of the me dium and can be con sid ered as uni form in tis sues.  D cor re -
sponds to the Laplacian op er a tor.  The in ver sion al go rithm con sists in lo cally es ti mat ing the
shear modulus by in vert ing Eq. (1) in the Fou rier do main:

where          rep re sents the Fou rier trans form in the time do main and Dw the fre quency win -
dow. The de nom i na tor rep re sents the two-di men sional Laplacian op er a tor. The third sec -
ond-or der spa tial de riv a tive along the ar ray el e va tion axis is not mea sur able and is as sumed
to be zero.  A com plete study on the as sump tions made and their im pli ca tions are given in
pre vi ous work.20, 21

The in ver sion al go rithm pre sented al lows lo cal and quan ti ta tive es ti ma tion of the shear
modulus in the whole im age re gion ex cept in the source zone (where Eq. (1) is not true any -
more).  This has been dem on strated in cal i brated tis sue-mim ick ing phan toms20, 22 and is il lus -
trated in fig ure 4 where the elas tic ity map of a 6 kPa phan tom is shown.  The sam ple was a
ho mo ge neous agar-gel a tin phan tom.  Its 6 kPa elas tic ity was mea sured us ing a tex ture an a -
lyzer (Sta ble Mi cro Sys tems TA.XTplus) just be fore the SSI ex per i ment.  The re sult ing
shear elas tic ity map shows a mean value of 6 kPa with a spa tial stan dard de vi a tion of 0.2 kPa.

MA TE RI ALS AND METH ODS

The ex per i men tal setup is pre sented in fig ure 5.  A fresh sam ple of chicken breast was se -
lected and placed in a wa ter tank.  The wa ter and the chicken sam ple were de gassed to avoid
cav i ta tion.  A 60-el e ment ther a peu tic probe con trolled by our hyperthermia elec tron ics is
placed on one side of the tank.  The su per sonic shear im ag ing sys tem is then placed to im age
the trans verse fo cal plane of the HIFU trans ducer.  Both sets of elec tron ics were trig gered to
achieve the cou pled ex per i ments.
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FIG. 3 Six im ages of the ax ial dis place ments in duced in an agar-gel a tin phan tom.  The acous tic ra di a tion force

source is moved elec tron i cally at 6 m.s-1 by a 1D lin ear ar ray lo cated at the up per bor der of each im age.  The gen er -
ated shear waves prop a gate at 2 m.s-1 in the phan tom, re sult ing in a Mach 3 ex per i ment.  The im aged rep re sents a 40
* 40 mm² area.
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HIFU sys tem

The ther a peu tic probe used for the ex per i ment is a 1.5 MHz an nu lar ar ray with 60 el e -
ments and a max i mum fo cal in ten sity of 1,000 W/cm².  The HIFU spot is 1.7 mm di am e ter in
the fo cal plane and has a 7.5 mm length in the ax ial plane.  The elec tron ics con trol ling the

6 BERCOFF ET AL

To Hyperthermia
Electronics channels

Linear Imaging 
Array

Therapeutic Probe
(Spherical Annular Array)

Image Plane

Fresh and degased 
Tissue sample 
(chicken breast)

To Ultrafast Imaging System

To Hyperthermia
Electronics channels

Linear Imaging 
Array

Therapeutic Probe
(Spherical Annular Array)

Image Plane

Fresh and degased 
Tissue sample 
(chicken breast)

To Ultrafast Imaging System

 
FIG. 5 Ex per i men tal setup.  The su per sonic shear im ag ing sys tem is im ag ing the trans verse fo cal plane of an

HIFU sys tem.

 
FIG. 4 Elas tic ity map of a 6kPa ho mo ge neous tis sue-mim ick ing phan tom.  The elas tic ity es ti ma tion is lo cal and

quan ti ta tive ex cept in the source zone.



probe is made of 200 in de pend ent and pro gram ma ble chan nels with an 80 V peak-to-peak
volt age (only 60 were used for this ex per i ment).  Fig ure 6 shows a pic ture of the probe and
the geo met ri cal char ac ter is tics of the pres sure field pat tern that it in duces in wa ter.

Im ag ing sys tem

The im ag ing sys tem con sists of a clas si cal ul tra sonic ar ray (1D lin ear ar ray with a cen ter
fre quency of 4.3 MHz) linked to the ultrafast ul tra sonic scan ner.  This sys tem is able to com -
pute clas si cal ul tra sound im ages, tem per a ture im ages us ing an ul tra sound-based com pound
tech nique de vel oped in our lab and elas tic ity maps us ing SSI.  A com plete tech ni cal de scrip -
tion of this fully pro gram ma ble mul ti chan nel sys tem is pro vided in ref er ence ?.  This sys tem
will be used to mon i tor HIFU treat ment dur ing the heat ing pro cess and af ter le sion gen er a -
tion.  A view of the ex per i ment in the im age plane is shown in fig ure 7. 

To com pute an elas tic ity map, the ultrafast scan ner in duces a su per sonic mov ing source on 
one side of the ther mal fo cal spot and im ages the prop a ga tion of the re sult ing shear wave
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FIG. 6 (a) Therapeutic probe.  (b) Geometry of its fo cal spot (in dB).
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FIG. 7 Ex per i men tal setup.  The su per sonic shear im ag ing sys tem is im ag ing the trans verse fo cal plane of an

HIFU sys tem.
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while it passes through the ther mal spot.  Then, by pro cess ing the data as de scribed in the pre -
vi ous sec tion, an elas tic ity map of the heated zone can be com puted. 

Ex per i men tal pro to col

Two ex per i ments where per formed.  The first ex per i ment was de signed to study the evo lu -
tion of elas tic ity in the heated re gion with tem per a ture.  The HIFU probe in duces a set of
heat ing se quences with dif fer ent insonification times.  The insonification time was var ied
from 5 to 50 s with a 5 s step.  For all se quences, the max i mum fo cal in ten sity was fixed at
250 W/cm².  Af ter each heat ing se quence, ul tra sound im ages were ac quired by the ultrafast
ul tra sonic scan ner and tem per a ture and elas tic ity im ages of the heated zone were com puted.
Tem per a ture im ages were cal cu lated us ing an ul tra sound-based tech nique that es ti mates the
speckle mo tion due to ther mal ex pan sion and lo cal changes in the speed of sound dur ing a
heat ing pro cess.  Such a tech nique is quan ti ta tive in the tem per a ture win dow con sid ered.
Fig ure 8 shows a typ i cal ac qui si tion se quence for this first ex per i ment.

The sec ond ex per i ment was de signed to study the abil ity of SSI to de tect HIFU-in duced
le sions.  The heat ing se quence was in creased to de posit 1,000 W.cm-2 at the fo cus and the
insonification time was in creased to 10 suc ces sive bursts of 5 s each in or der to reach the ne -
cro sis thresh old.  An elas tic ity map of the re gion of in ter est was re al ized us ing SSI just af ter
the heat ing se quence.

Sig nal pro cess ing

For both sets of ex per i ments, the elas tic ity maps were com puted us ing the in ver sion al go -
rithm pre sented in sec tion I.  How ever, the ac quired data have to be fil tered to make the in -
ver sion rel e vant.  First, the cal cu lated spatio-tem po ral dis place ments are spa tially fil tered
us ing a 2D spa tial Gaussi an low pass fil ter.  These smoothed dis place ments are used to cal -
cu late the sec ond spa tial and tem po ral de riv a tives.  Fi nally, Eq. (2) is ap plied us ing a fre -
quency win dow around the shear wave cen ter fre quency in which the Laplacian spec trum
has val ues be yond a cho sen thresh old.  This regularization step elim i nates val ues in ar eas
where the Laplacian term is too weak and is equiv a lent to a tem po ral fil ter.  

RE SULTS

For the first ex per i ment where the heat ing pro cess was con ducted with out reach ing the ne -
cro sis thresh old, tem per a ture and elas tic ity im ages were com puted af ter each heat ing se -
quence.  A typ i cal tem per a ture im age (re sult ing from a 30 s heat ing pro cess) is shown in
fig ure 9(a) and shows clearly a cross-sec tion of the HIFU beam.  It has been su per im posed
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FIG. 8 Ac qui si tion se quence of the cou pled and trig gered sys tem.



on an echographic im age of the tis sues sam ple achieved with the 1D lin ear im ag ing ar ray.
The set of tem per a ture im ages al lows the cal cu la tion of the tem per a ture reached at fo cus as a
func tion of the insonification time.  The insonification times used cor re sponds to a tem per a -
ture vari a tion of 30° C (from 20 to 50°C) with a 5°C step.  Dur ing these first sets of ex per i -
ments, we did not no tice a sig nif i cant change in the shear modulus of the heated re gion.  A
typ i cal shear modulus map of the heated re gion is given fig ure 9(b).  The map is rel a tively
ho mo ge neous with 4 kPa mean value and a 4% spa tial vari ance.  No shear elas tic ity changes
are no tice able in the zone pre sent ing a tem per a ture in crease on the tem per a ture im age. 

The mean elas tic ity has been cal cu lated for each heat ing pro cess and plot ted as a func tion
of the mea sured tem per a ture (at fo cus).  The plot is shown fig ure 10 and does not re veal any
no tice able vari a tion.  Those re sults, in the tem per a ture win dow con sid ered are in pretty good 
agree ment with re sults ob tained by Konofagou et al us ing MR tem per a ture im ag ing.18  

This small de pend ence of the shear modulus ver sus tem per a ture be fore ne cro sis can be in -
tu itively ex plained by the fact that null di ver gence mo tion in duces less tem per a ture changes
than null ro ta tional mo tion.  In other words, the tem per a ture de pend ence of compressional
wave speed seems to be more im por tant than the one of shear wave speed.  This point will be
de vel oped in fur ther work.

In the sec ond ex per i ment, the ne cro sis thresh old has been reached.  Fig ure 11(a) pres ents a 
pic ture of the tis sue sam ple cut in slices in or der to high light the ne cro sis re gion.  The size of
the im ag ing area of the 1D lin ear ar ray is de scribed by the black rect an gle.  The ne cro sis is
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FIG. 9 (a) Map of the tem per a ture in crease su per im posed on the echographic im age of the breast chicken tis sue
sam ple.  In this first set of ex per i ments, the ne cro sis thresh old was not reached.  The im age size is 40 x 40 mm2.  (b)
Elas tic ity map su per im posed on the echographic im age cal cu lated af ter a 20°C heat ing.
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FIG. 10 Mean elas tic ity vari a tions with tem per a ture.
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clearly vis i ble on the left side of the rect an gle and has a 5 mm di am e ter.  Fig ure 11(b) shows
the ul tra sound im age of the sam ple ac quired just af ter the HIFU se quence.  The ne cro sis re -
gion pres ent high re flec tivity due to the pres ence of bub bles in duces by the HIFU treat ment.
This brighter zone, which is wider than the ne cro sis it self, tends to dis ap pear af ter a few sec -
onds, mak ing the ne cro sis un de tect able in ul tra sound im ages.  Ul tra sound-based tem per a -
ture im ages are not ac cu rate any more due to the fact that the le sion in duces speckle
decorrelation, mak ing the mea sure ment ir rel e vant.  For this rea son, they have not been com -
puted.  Fig ure 11(c) rep re sents the shear modulus map ob tained us ing SSI, which has been
scaled and su per im posed on the ul tra sound im age. 

The elas tic ity map, which has been scaled be tween 0 and 12 kPa, clearly shows two dis -
tinct zones.  The necrosed area ap pears harder than the sur round ing tis sues.  The shear
modulus in the un treated zone has mean value of 4.1 kPa with spa tial stan dard de vi a tion of
0.3 kPa.  Those value are sim i lar to the ones found in the pre vi ous ex per i ment be fore hav ing
in duced the ne cro sis. 

In or der to study the ge om e try and elas tic ity of the necrosed area, the mean value of the un -
treated zone (4.1 kPa) has been sub tracted from the ab so lute elas tic ity map (Fig. 11). Then,
this rescaled elas tic ity map has been nor mal ized.  The size of the ne cro sis has been de fined as 
the width at half am pli tude level (-6 dB).  The mean elas tic ity of the ne cro sis has been de -
fined as the mean value of the elas tic ity map in the zone in side the de fined bound aries.  Plots
of the nor mal ized elas tic ity as a func tion of the lat eral and ax ial po si tions are shown re spec -
tively in fig ures 12(b) and (c).  Fig ure 12(a) rep re sents a zoom in the pic ture of the necrosed
chicken sam ple.  It in di cates the axes (x and z) on which the elas tic ity has been stud ied.  A ref -
er ence es ti ma tion of the ge om e try of the necrosed area can be per formed by sim ply study ing
the op ti cal prop er ties of the sliced ex vivo sam ple.  The ex vivo pic ture of the necrosed sam ple 
has been con verted into gray scale lev els.  Plots of the nor mal ized gray scale lev els of the pic -
ture as a func tion of the lat eral and ax ial po si tions are also showed in fig ures 12(b) and (c)
and su per im posed to the nor mal ized elas tic ity plots.  Both set of curves ex hibit a good cor re -
la tion.  Es ti mated on the elas tic ity curves pic ture, the ne cro sis has re spec tively 4.1 ± 0.1mm
length along the lat eral po si tion and a 4.3 ± 0.2 mm length along the ax ial one.  Those val ues
are in good agree ment with the le sion size mea sured on the grayscale plots – 4.7 mm (lat eral)
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FIG. 11 (a) Pic ture of the le sion in duced in a tis sue sam ple and cor re spond ing im aged area.  (b) Echographic im -
age just af ter HIFU treat ment.  The im aged area size is 40 x 40 mm2. (c) Map of the shear modulus achieved us ing the
su per sonic im ag ing tech nique su per im posed on the echographic im age af ter ne cro sis.
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and 5.8 mm (ax ial).  This dem on strates that there is a strong cor re la tion be tween the elas tic -
ity map pro vided by SSI and the op ti cal prop er ties map in the necrosed area.  Note that the
elas tic ity map gives a le sion slightly smaller (with the size def i ni tion cho sen) than the op ti cal 
one due to the fact that the edges of the le sion are not as sharp as in the op ti cal pic ture; a gra di -
ent of elas tic ity is clearly vis i ble.  It is not pos si ble to cer tify the va lid ity of this gra di ent be -
cause of two ap prox i ma tions made in the elas tic ity com pu ta tion.  First, the in ver sion al go rithm is 
not true at the edges of the ne cro sis, lead ing to a lo cal wrong elas tic ity es ti ma tion (the me -
dium has been as sumed lo cally ho mo ge neous).  Sec ondly, this er ror is slightly blurred on a
few pix els (i.e., about 1mm) due to the spa tial fil ter ap plied to the data be fore in ver sion.  This
ex plains why the le sion size, if de fined at –12 dB, fits per fectly the op ti cal es ti ma tion while if 
de fined at –6 dB (as cho sen here for better co her ence) is slightly un der es ti mated.  How ever
this dif fer ences be come neg li gi ble as the le sion size in creases.  By the way, these ap prox i -
ma tions do not sig nif i cantly af fect the qual ity of the re con struc tion; the ne cro sis is clearly
de tected and its elas tic ge om e try is pretty well cor re lated to the op ti cal one.  Fi nally, the
mean elas tic ity in the ne cro sis is 10.5 ± 0.2 kPa.  The shear modulus ra tio be tween the ne cro -
sis and un treated area is 2.6.  The char ac ter is tics of the le sions (size and elas tic ity) and its
cor re spond ing vari ance has been cal cu lated with a set of four slices of the same chicken
breast in which the same HIFU treat ment has been per formed.  In this ex per i ment no other
cal i brated tech nique has been ap plied to con firm those shear modulus val ues.  How ever, SSI
has been proven to be quan ti ta tive in cal i brated elas tic phan toms13 and the con trast ra tio be -
tween the le sion and sur round ing tis sues is in good agree ment with the first in vivo re sults
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FIG. 12 (a) Zoom on the le sion in duced in the chicken sam ple show ing the axis where the elas tic ity has been
stud ied.  (b) Elas tic ity and op ti cal prop er ties as a func tion of the lat eral po si tion. ( c) Elas tic ity and op ti cal prop er ties
as a func tion of the ax ial po si tion.
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ob tained on pros tate by Souchon et al13 us ing static elastography.  The strain con trast ra tio be -
tween necrosed and healthy tis sues was found to be be tween 0.32 and 0.56 and can be con -
sid ered as equiv a lent to the in verse of the shear modulus ra tio if the stress ap plied is as sumed
lo cally ho mo ge neous in the area of in ter est.  One should note that SSI is ca pa ble here of de -
tect ing and map ping a 5 mm ne cro sis, i.e., as large as a quar ter of the shear wave length.  Such 
re sults em pha size the fact that the in ver sion al go rithm is not lim ited by the shear wave length
as it is usu ally the case for the in verse prob lem in  seis mol ogy, for ex am ple.  The shear wave
prop a ga tion is mea sured in the bulk and not only on a sur face sur round ing the me dium.  Con -
se quently, at each lo ca tion in side the me dium, the com plete dis place ment field is mea sured,
in clud ing ev a nes cent waves, which con tain de tails of the me dium much smaller than the
wave length.  This is a hyperresolution prop erty of our in ver sion pro cess.  How ever, if the o -
ret i cally the ul ti mate res o lu tion of the tech nique is given by the echographic im age res o lu -
tion, this is not per fectly true for in vi tro con di tions where the ap plied spa tial fil ter ing
men tioned in the pre vi ous sec tion de grades the spa tial res o lu tion.  The tech nique can here
rely here on a spa tial res o lu tion of 1 to 2 mm²  which is enough to de tect the 5 mm in clu sion.  

The fea si bil ity of us ing su per sonic shear im ag ing to de tect a ne cro sis and es ti mate its hard -
ness was dem on strated in vi tro.  How ever a more pre cise study on the vari a tion of shear elas -
tic ity with tem per a ture needs to be done for higher tem per a ture (from 50°C to the com plete
for ma tion of the ne cro sis).  Such a study, which rep re sents the link be tween both ex per i -
ments that were  pre sented, was not pos si ble us ing the tech niques re ported here.  For tem per -
a tures higher than 50 °C, the ne cro sis starts to ap pear at fo cus of the HIFU probe in chicken
breasts, in duc ing a high level of speckle decorrelation.  The ul tra sound-based tem per a ture
es ti ma tion is not re li able any more. This study will be pre sented in fu ture work.

The next step will con sist in em bed ding a 1D lin ear ar ray in side a new HIFU spher i cal
multichan nel probe, thus pro vid ing a more flex i ble and com pact probe, mix ing both ther apy
and mon i tor ing of ther mal and elas tic ity changes dur ing the HIFU treat ment.  The mixed
sys tem is cur rently be ing de signed at the lab o ra tory and will be used in the next months to in -
duce and de tect le sions in vivo in the brain of a set of 20 sheep.

SUM MARY AND CON CLU SIONS

The com bi na tion of the acous tic ra di a tion force and ultrafast im ag ing mode in or der to re -
spec tively re motely gen er ate shear waves in the or gans and im age their prop a ga tion al lows
the re cov ery of the shear modulus im age of soft tis sues.  This tech nique, called su per sonic
shear im ag ing, was ap plied in vi tro on chicken breast tis sue sam ples in or der to mon i tor the
elas tic ity change dur ing an HIFU insonication.  Be fore at tain ing the ne cro sis thresh old, no
sig nif i cant change in the shear elas tic ity es ti mates was no ticed.  Af ter at tain ing ne cro sis, the
shear modulus was three times higher in the necrosed area and the necrosed area was clearly
high lighted.  Ul tra sound tem per a ture im ag ing has been shown to be an in ter est ing method to
fol low the treat ment be fore the ne cro sis thresh old.  Su per sonic shear im ag ing ap pears to be a 
prom is ing ul tra sound-based tech nique for the mon i tor ing of HIFU-in duced le sions.  Fu ture
work will con sists in val i dat ing in vivo the use of the tech nique for de tect ing le sions on sheep
brains.  The goal will be to dem on strate the fea si bil ity of build ing a fully ul tra sound-based
sys tem mix ing ther apy (with HIFU) and di ag nos tic ca pa bil i ties (with ul tra sound im ag ing,
tem per a ture im ag ing and viscoelasticity im ag ing).

REF ER ENCES

 1. Gertner MR, Worthington AE, Wil son BC, Sherar MD.  Ul tra sound im ag ing of ther mal ther apy in in vi tro
liver, Ul tra sound Med Biol 24,1023-1032 (1998).

12 BERCOFF ET AL



2. Cline H, Hynynen K, Hardy C, et al.  MR tem per a ture map ping of fo cused ul tra sound sur gery, Magn Reson
Med  31, 628-636 (1994).

3. McDannold, King, NL., Jolesz F, Hynynen K.  Use ful ness of MR im ag ing-de rived ther mom e try and do sim e -
try in de ter min ing the thresh old for tis sue dam age in duced by ther mal sur gery in rab bits, Ra di ol ogy 216, 517–523
(2000).

4. Seip R, Ebbini E.  Noninvasive es ti ma tion of tis sue tem per a ture re sponse to heat ing fields us ing di ag nos tic ul -
tra sound, IEEE Trans Biomed Eng 42, 828-839, (1995).

5. Si mon C, VanBaren P, Ebbini E.  Two-di men sional tem per a ture es ti ma tion us ing di ag nos tic ul tra sound, IEEE 
Trans Ultrason Ferroelec Freq Contr 45, 1088-1099 (1998).

6. Pernot M, Tan ter M, Bercoff J, Wa ters K, Fink M.  Tem per a ture es ti ma tion us ing ul tra sonic spa tial com pound
im ag ing, IEEE Trans Ultrason Ferroelec Freq Contr (in press).

7. Krouskop E, Wheeler T, Kallel F, Garra B, Hall T.  Elas tic moduli of breast and pros tate tis sues un der com -
pres sion, Ul tra sonic Im ag ing 20, 260-274 (1998).

8. Ophir J, Cespedes EI, Ponnekanti H, Yazdi Y, Li X.  Elastography: a quan ti ta tive method for im ag ing the elas -
tic ity of bi o log i cal tis sues. Ul tra sonic Imaging13, 111-134 (1991).

9. Stafford RJ, Kallel F, Price RE, et al.  Elastographic im ag ing of ther mal le sions in soft tis sue: a pre lim i nary
study in vi tro, Ul tra sound Med Biol 24,1449-1458 (1998).

10. Kallel F, Stafford RJ, Price, RE, et al.  The fea si bil ity of elastographic vi su al iza tion of HIFU-in duced ther mal 
le sions in soft tis sues. Im age-guided high-in ten sity fo cused ul tra sound, Ul tra sound Med Biol 25, 641-647 (1999).

11. Righetti R, Kallel F, Stafford RJ, et al.  Elastographic char ac ter iza tion of HIFU-in duced le sions in ca nine liv -
ers, Ul tra sound Med Biol 25, 1099-1113 (1999).

12. Varghese T, Zagzebski  JA, Lee FT.  Elastographic im ag ing of ther mal le sions in the liver in vivo fol low ing
radio fre quen cy ab la tion: pre lim i nary re sults, Ul tra sound Med Biol 28, 1467-1473 (2002).

13. Souchon R, Rouviere O, Gelet, A, et al.  Visu ali sa tion of HIFU le sions us ing elastography of the hu man pros -
tate in vivo: pre lim i nary re sults, Ul tra sound Med Biol 29, 1007-15 (2003).

14. Wu, T, Felmlee JP, Green leaf JF, Riederer SJ, Ehman RL.  As sess ment of ther mal tis sue ab la tion with MR
elastography, Magnetic Reson Med 45, 80-87 (2001). 

15. Shi X, Mar tin RW, Rouseff D, Vaezy S, Crum LA, De tec tion of high-in ten sity fo cused ul tra sound liver le -
sions us ing dy namic elastometry, Ul tra sonic Im ag ing 21, 107-26 (1999).

16. Lizzi FL, et al.  Ra di a tion-force tech nique to mon i tor le sions dur ing ul tra sonic ther apy, Ul tra sound Med Biol
29, 1593-1605 (2003).

17. Fahey, BJ, Night in gale KR, Stutz DL, Trahey GE.  Acous tic ra di a tion force im pulse im ag ing of ther mally-
and chem i cally-in duced le sions in soft tis sues: pre lim i nary ex vivo re sults, Ul tra sound Med Biol 30, 321-328 ().

18. Konofagou E, Thierman J, Hynynen K.  The use of ul tra sound-stim u lated acous tic emis sion in the mon i tor -
ing of modulus changes with tem per a ture, Ultrasonics 41, 337-345 (2003).

19. Bercoff J, Tan ter M, Fink M, Sonic boom in soft ma te ri als: the elas tic cerenkov ef fect, Ap plied Phys Lett 84,
2202-2204 (2004)

20. Bercoff J, Tan ter M, Fink M, Su per sonic Shear Im ag ing: a new tech nique for soft tis sue elas tic ity map ping,
IEEE Trans Ultrason Ferroelec Freq Contr 51, 374-409 (2004).

21. Bercoff J, Chaffai S, Tan ter M, et al.  In Vivo breast tu mor de tec tion us ing Tran sient Elastography, Ul tra -
sound Med Biol 29, 1387-1396 (2003).

22. Sandrin, L., Tan ter, M., Catheline, S., Fink, M., Shear modulus im ag ing with time re solved 2D pulsed
Elastography, IEEE Trans Ultrason Ferroelec Freq Contr 49, 426-435 (2002).

23. Shattuck D.  ExplosoScan: a par al lel pro cess ing tech nique for high speed ul tra sound im ag ing with lin ear
phased ar rays, J Acoust Soc Am 75,1273-1282 (1984).

24. Bishop J, Poole G, Leitch M, Plewes DB, Mag netic res o nance im ag ing of shear wave prop a ga tion in ex cised
tis sue, J Mag Reson Imag 8, 1257-1265 (1998).

MAPPING NECROSIS WITH SUPERSONIC SHEAR IMAGING                                                                                      13

year?

two more
au thors
needed


