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The goal of this re search is to de ter mine the fea si bil ity of us ing a sin gle en do scopic probe for the com -
bined pur pose of real-time 3D (RT3D) ul tra sound im ag ing of a tar get or gan and the de liv ery of ul tra -
sound ther apy to fa cil i tate the ab sorp tion of com pounds for can cer treat ment. Re cent re search in
ul tra sound ther apy has shown that ul tra sound-me di ated drug de liv ery im proves ab sorp tion of treat ments 
for pros tate, cer vi cal and esoph a geal can cer. The abil ity to com bine ul tra sound hyperthermia and 3D im -
ag ing could im prove vi su al iza tion and tar get ing of can cer ous tis sues. In this study, nu mer i cal mod el ing
and ex per i men tal mea sure ments were de vel oped to de ter mine the fea si bil ity of com bined ther apy and
im ag ing with a 1cm di am e ter en do scopic RT3D probe with 504 trans mit ters and 252 re ceive chan nels.
This de vice op er ates at 5 MHz and has a 6.3 mm x 6.3 mm ap er ture to pro duce real time 3D py ram i dal
scans of 60-120 de grees in cor po rat ing 64 x 64 = 4,096 im age lines at 30 vol umes/sec in ter leaved with a
3D steer able ther apy beam. A fi nite-el e ment mesh was con structed with over 128,000 el e ments in
LS-DYNA to sim u late the in duced tem per a ture rise from our trans ducer with a 3 cm deep fo cus in tis sue.
Quar ter-sym me try of the trans ducer was used to re duce mesh size and com pu ta tion time. Based on in ten -
sity val ues cal cu lated in Field II us ing the trans ducer’s ar ray ge om e try, a min i mum ISPTA of 3.6 W/cm2 is
re quired from our en do scope probe in or der to in duce a tem per a ture rise of 4ºC within five min utes. Ex -
per i men tal mea sure ments of the ar ray’s power out put ca pa bil i ties were con ducted us ing a PVDF
hydrophone placed 3 cm away from the face of the trans ducer in a watertank. Us ing a PDA14 Signatec
data ac qui si tion board to cap ture full vol umes of trans mit ted ul tra sound data, it was de ter mined that the
probe can pres ently main tain in ten sity val ues up to 2.4 W/cm2 over in def i nite times for ther a peu tic ap pli -
ca tions com bined with in ter mit tent 3D scan ning to main tain tar get ing. These val ues were ac quired us ing 
8 cy cle bursts at a prf of 6 kHz. Ex vivo heat ing ex per i ments of ex cised pork tis sue yielded a max i mum
tem per a ture rises of 2.3°C over 5 min utes of ul tra sound ex po sure with an av er age rise of 1.8 ± 0.2°C over 
5 tri als. Mod i fi ca tions to the power sup ply and trans ducer ar ray may en able us to reach the higher in ten -
si ties re quired to fa cil i tate drug de liv ery ther apy.
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I. IN TRO DUC TION

The use of hyperthermia (HT) has been the sub ject of a wide va ri ety of in ves ti ga tions in
drug de liv ery.  Small, sus tained rises in tem per a ture to 41-45°C for 30-60 min utes have been 
shown to in crease cytotoxicity dur ing ra di a tion ther apy and can cer ther apy, in creas ing
2-year sur vival by more than 15% in some clin i cal tri als.1  The low-level heat ing acts to in -
crease ra di a tion dam age while in hib it ing the abil ity of the tar get tis sue to re pair it self.  In ad -
di tion, hyperthermia is also cytotoxic, fur ther as sist ing in the can cer treat ment.  Lo cal ized
HT has been em ployed in stud ies that use ther mally-re spon sive drug car ri ers for in creased
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site spec i fic ity and ef fi ciency.2  Hyperthermia treat ments have also served as adjuvant ther a -
pies for the de liv ery of throm bo lytic agents and the use of gene-based ther a pies.3  Typ i cal
meth ods of ap ply ing HT are through mi cro wave, rf cur rent and ul tra sound de vices.

Ul tra sound has been used in creas ingly to gen er ate hyperthermia for ap pli ca tions such as
drug de liv ery.3  With the ap pli ca tion of low level insonification, with in ten si ties up to sev eral 
watts per square cen ti me ter, tem per a tures above 41°C can be achieved and sus tained with
rel a tively good spa tial con trol over en ergy de po si tion com pared with other de liv ery sys -
tems.1, 3  The op er at ing fre quen cies of ul tra sound de vices and the fea ture size of typ i cal trans -
ducer ar rays also en ables di ver sity in fab ri ca tion shape and size for a num ber of dif fer ent
ap pli ca tions within drug de liv ery.  Cur rent re search in volves the de vel op ment of multi-el e -
ment cy lin dri cal trans duc ers and lin ear phased ar ray de vices for in ter sti tial ul tra sound
hyperthermia.4-7  Such de signs en able in creased three-di men sional con trol of heat ing as well
as higher con trol over pen e tra tion depth com pared with rf and mi cro wave sys tems.

In this pa per, we ex plore the fea si bil ity of a com bined en do scopic real-time 3D ul tra sound
im ag ing8, 9 and hyperthermia de vice.  The dual func tion al ity of such a de vice would en able
the abil ity to vi su al ize the vol ume of a tar get, such as a tu mor, and con trol an HT beam in
both az i muth and el e va tion us ing phased ar ray scan ning (Fig. 1).  This tech nol ogy could
sim plify im ple men ta tion of ra di a tion ther apy, che mo ther apy and other forms of drug de liv -
ery while im prov ing tar get vi su al iza tion and con trol of en ergy de po si tion.  In par tic u lar, an
en do scopic probe for 3D im ag ing and hyperthermia could be ap pli ca ble to cur rent re search
in the treat ment of can cers of the cer vix,10 pros tate11 and esoph a gus.12  In ad di tion, dual func -
tion al ity probes could be ap plied to in crease drug per me ation across the blood-brain bar rier
for de liv ery to the cen tral ner vous sys tem.13

We have de scribed the de vel op ment of real-time 3D ul tra sound probes for en do scopic and 
lap aro scopic14, 15 ap pli ca tions.  We have also pre vi ously in ves ti gated the de vel op ment of in -
te grated cath e ters for real-time 3D echocardiography and ul tra sound ab la tion.16, 17  In this pa -
per, we ex plore the fea si bil ity of us ing a 5 MHz en do scopic im ag ing probe with a 504
chan nel ma trix ar ray for hyperthermia treat ment.  We have de vel oped a fi nite-el e ment
model to de ter mine the min i mum in ten si ties nec es sary from the probe to achieve HT tem -
per a ture rises, and we de scribe ex per i ments to de ter mine the op ti mum en ergy out put us ing
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FIG. 1 Ex am ple of a com bined 3D ul tra sound im ag ing and hyperthermia de vice.  Us ing phased ar ray scan ning in

both di rec tions, a py ram i dal vol ume of im ag ing data can be ac quired and a sin gle-line hyperthermia beam can be
steered.



our Model 1 real-time 3D ul tra sound scan ner (Volu met rics Med i cal Im ag ing, Dur ham, NC).  
We also de tail our ef forts to achieve ex vivo hyperthermia us ing the re sults of our fi nite-el e -
ment model and our scan ner op ti mi za tion ex per i ments.  We com pare our ex per i men tal and
sim u lated re sults and ad dress some of the prob lems we ex pe ri enced achiev ing hyperthermia
with a 3D im ag ing probe.  Fi nally, we will dis cuss fu ture pos si ble work and other im pli ca -
tions of achiev ing com bined real-time 3D im ag ing and hyperthermia.

II. MA TE RI ALS AND METH ODS

3D en do scopic probe and op er at ing-fre quency se lec tion

The trans ducer em ployed for this study is a 504 chan nel ma trix ar ray probe orig i nally de -
signed for transesophageal echocardiography,15 as shown in fig ure 2.  A 4-di rec tional bend -
ing sheath is in cor po rated into the tip of the probe.  This steer ing func tion also pro vides quick 
ori en ta tion ad just ment in any di rec tion.  The 3D en do scopic probe op er ates at 5 MHz us ing a
6.3 mm x 6.3 mm ap er ture.  Its outer di am e ter at the probe tip is 1cm.  Us ing the Model 1
scan ner, this de vice can pro duce real-time 3D py ram i dal scans of 60-120° in cor po rat ing 64
x 64 = 4,096 im age lines at 30 vol umes per sec ond.  Its lat eral im ag ing res o lu tion at 3 cm is
ap prox i mately 1.7mm.  Fig ure 3 il lus trates the en do scopic probe’s im ag ing ca pa bil i ties. 
The im age shows a 4 cm vol u met ric scan of a wa ter-filled, in vivo ca nine esoph a gus.  In the
az i muth view, the short axis of the esoph a gus is vis i ble, with lay ers of smooth mus cle un der
the esoph a geal lin ing.  Sim i larly, the long-axis view of the esoph a gus is vis i ble in the el e va -
tion B-scan.  The vol ume-ren dered im age is ac quired by spa tially in te grat ing in for ma tion
bounded by the white ar rows.

Al though the en do scopic probe was de signed for im ag ing at 5 MHz, tests were performed
in or der to de ter mine its op ti mal op er at ing fre quency on the Model 1 scan ner for use in
hyperthermia.  This ex per i ment was ne ces si tated by the fact that the scan ner has an op er at ing 
passband with a peak fre quency of ap prox i mately 3.5 MHz; thus, op ti mal trans mit ef fi -
ciency may not be at tain able at the probe’s de sign fre quency of 5 MHz.  For this test, a dig i tal 
os cil lo scope (744A, Tektronix, Wilsonville, OR) was used to cap ture trans mit pulses from a
cal i brated PVDF mem brane hydrophone (Model 804, Sonic Tech nol o gies, Hatboro, PA)
placed in a wa ter tank 3 cm away from the face of the trans ducer.  Through mod i fi ca tions to
the FPGA’s mod u lat ing trans mit tim ing, the scan ner was pro grammed to fire 2, 4, 8, and 12
cy cle bursts in a sin gle scan line di rected at the cen ter of the hydrophone, us ing a pulse rep e -
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FIG. 2 Photo of the 3D en do scopic probe.  The ar ray face is 6.3 mm x 6.3 mm and the de vice size is 1 cm in di am e ter.



ti tion fre quency (prf) of 2 kHz.  Pulses were re corded on the os cil lo scope and peak-to-peak
volt age was used to de ter mine the op ti mal fre quency for hyperthermia ex per i ments.

Fi nite-el e ment model

A model sim u lat ing acous tic in ten sity and heat pro duc tion from the 3D en do scopic probe
was con structed us ing the Field II soft ware pack age (ver sion 3.0)18 and the FEA pro gram
LS-DYNA3D (Livermore Soft ware Tech nol ogy Cor po ra tion, Livermore, CA).  First, a
three-di men sional fi nite el e ment mesh, con sist ing of over 128,000 in di vid ual nodes, was
con structed in LS-PREPOST (Livermore Soft ware Tech nol ogy Cor po ra tion, Livermore,
CA) as shown in fig ure 4; quar ter sym me try of the vol ume and of the ar ray was em ployed in
or der to re duce com pu ta tion time.  A 3 cm wa ter layer was used be tween the trans ducer and
the tis sue layer in or der to sim u late the path through a wa ter-filled bal loon that would nor -
mally en cap su late the ul tra sound de vice. Then, the ar ray de sign of the en do scopic probe was
sim u lated in Field II and used to cal cu late nor mal ized ul tra sound in ten si ties at the nodal co -
or di nates pro vided by LS-PREPOST.  The pe ri odic trans ducer ar ray pat tern is shown in fig -
ure 5a.  The in ten sity field pro duced by this ar ray when fo cused at 3 cm is dis played in fig ure
5b and 5c.  Un der the sim u lated con di tions, this ar ray has an ap prox i mate half-max i mum (-6 
dB) beam ra dius of 1.5 mm at 3 cm depth.  The Field II sim u la tion for the fi nite el e ment
model was per formed uti liz ing a 3 cm fo cal depth and a Gaussi an pulse im pulse re sponse in -
put with a 25% frac tional band width, as de tailed by the op er at ing pa ram e ters of the probe. 
The re sul tant nor mal ized in ten si ties were thresholded at 2% of the max i mum and scaled to
in ten si ties rang ing from 1 W/cm2 to 5 W/cm2 in or der to sim u late vary ing lev els of out put
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FIG. 3 4 cm, 90° in vivo scan of the ca nine esoph a geal lin ing.  The az i muth B-scan shows the short-axis
cross-sec tion of the esoph a gus and the hypoechoic smooth mus cle lay ers be neath the en do the lial lin ing.  The el e va -
tion B-scan shows the long-axis view of the esoph a gus.  The vol ume-ren dered im age is ac quired from the data be -
tween the planes in di cated by the ar rows in the el e va tion B-scan.  The hypoechoic mu cosa (M), hyperechoic sub mu -
cosa (SM), and hypoechoic muscularis externa (ME) are dis tin guish able above a blood ves sel (V).



from the trans ducer.  The in ten sity for each el e ment in the mesh was sub se quently de ter -
mined from the av er age of the val ues at each of its eight nodes.  

Once in ten sity val ues were ac quired for all el e ments in the mesh, vol u met ric heat gen er a -
tion rate was cal cu lated us ing the equa tion:

where qv is the vol u met ric rate of heat gen er a tion (W/cm3), a is ab sorp tion (Np/cm), and ITA

is the time-av er age in ten sity (W/cm2).19 In this sim u la tion, we as sume ab sorp tion to be equal
to at ten u a tion.  The ab sorp tion co ef fi cients for the ma te ri als used in the mesh are given in ta -
ble 1.20
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 FIG. 4 Spa tial di men sions of the fi nite el e ment mesh.  The trans ducer is cen tered at the or i gin with a 3 cm wa ter
layer sep a rat ing it from a 3 cm thick tis sue layer.  Quar ter sym me try was em ployed to re duce com pu ta tion time. 
Nodal spac ing is 0.5 mm.  Ul tra sound prop a gates from the trans ducer face in the +z di rec tion.

 
FIG. 5 3D en do scopic trans ducer ar ray ge om e try and beam char ac ter is tics.

TAv
Iq a2= (1)

(a)

(b) (c)



With the vol u met ric heat gen er a tion rates cal cu lated for each el e ment in the fi nite el e ment
mesh, the in duced tem per a ture rise was found by solv ing the bio-heat trans fer equa tion:21

where K is the ther mal con duc tiv ity (W/cm/°C) and cv is the vol u met ric heat ca pac ity
(J/cm3/°C).  In this model, the perfusion term has been omit ted to sim plify cal cu la tions.  The
ram i fi ca tions of this omis sion are dis cussed in the Dis cus sion sec tion.  Con duc tiv ity and
heat ca pac ity val ues for each me dium are pro vided in table 1.  This equa tion was solved in
LS-DYNA ne glect ing any perfusions ef fects.  LS-DYNA uses a time-do main ex plicit solver 
for cal cu lat ing the tem per a ture rise.  Sim u la tions were run for 300 sec onds with 2 sec ond
time steps, and full mesh data was out put to a file ev ery 60 sec onds in or der to ob tain tem per -
a ture rise con tours of the mesh.

In ten sity mea sure ments

In or der to ap ply the re sults of the fi nite el e ment model to ex per i men tal hyperthermia mea -
sure ments, in ten sity mea sure ments were ac quired from the Model 1 Scan ner, vary ing pulse
rep e ti tion fre quency, trans mit cy cle coun, and out put power to de ter mine the max i mum sus -
tain able power out put from the 3D en do scopic probe.  

As be fore, the face of the probe was placed in a wa ter tank 3 cm away from the PVDF
mem brane hydrophone.  The hydrophone was con nected to a 1 MW-to-50 W preamplifier
(AH2020, Onda Cor po ra tion, Sunnyvale, CA) which was, in turn, con nected to a PC-mounted
data ac qui si tion board (Model PDA14, Signatec, Inc., New port Beach, CA).  Us ing the
PDA14 board to ac quire pulse data at a sam pling rate of 50 MHz, 106 sam ples were re corded
for vary ing scan ner set tings, pro vid ing 20 ms of data per ac qui si tion.  The Signatec board
was set to mon i tor this much in for ma tion in or der to ob serve any pos si ble power re duc tion or 
in con sis ten cies in the probe’s out put.  In ten si ties were cal cu lated us ing the av er age pulse in -
ten sity in te gral across all re corded pulses dur ing a sin gle ac qui si tion.22

Ex vivo mea sure ments

The 3D en do scopic probe was used to im age and heat por cine mus cle which was ex cised
and de gassed.  The probe was first sta tioned in a wa ter tank.  In ten sity mea sure ments were
re corded us ing a PVDF mem brane hydrophone lo cated 3 cm away us ing the method de -
scribed above.  Then, the hydrophone was re placed with a 3 cm thick sam ple of pork tis sue,
sus pended in the tank as shown in fig ure 6.  A 0.13 mm type-T ther mo cou ple (5TC-TT-
T-36-72, Omega En gi neer ing, Inc., Stam ford, CT) was fed through the thick ness di men sion
of the tis sue so as to pro trude from the front bound ary of the sam ple.  Us ing di ag nos tic set -
tings (50% power, 2 cy cle trans mit bursts), the pork tis sue was im aged, and the ther mo cou -
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TA BLE 1.  Ma te rial prop er ties for fi nite el e ment sim u la tion.

Ma te rial Tis sue ab sorp tion
(dB/cm/MHz)

Ther mal Con duc tiv ity
(W/cm/°C)

Heat Ca pac ity
(J/cm3/°C)

Wa ter 0.0165 0.006 4.2

Pork mus cle 0.5 0.005 3.7



ple tip was lo cated us ing B-scan and C-scan planes.  The pork tis sue was re ori ented so that
the ther mo cou ple was lo cated at the cen ter of the vol u met ric scan.

Once align ment was achieved, the ther mo cou ple was pulled back so as to rest just un der
the surface of the tis sue.  The scan ner was then set to trans mit down the cen ter line of the vol -
ume us ing scan ner set tings as de ter mined by the pre vi ous in ten sity ex per i ments.  The ther -
mo cou ple was mon i tored us ing a multimeter (2700 Integra Se ries with 7708 40 Chan nel
Multi plexer, Keithley In stru ments Inc., Cleve land, OH) and the ExceLINX soft ware pack -
age.  Re sul tant tem per a ture rises were re corded and com pared with the fi nite el e ment re sults.

III. RE SULTS

Op er at ing fre quency se lec tion

A graph of av er age pulse peak-to-peak am pli tude in mV for var i ous trans mit cy cle counts
is given in fig ure 7.  At 50% out put power, the probe emits sim i lar am pli tude acous tic pulses
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 FIG. 6 Ex per i men tal setup for ex vivo hyperthermia test ing.

 

FIG. 7  Re sults from the op er at ing fre quency se lec tion ex per i ment.  For each trans mit cy cle count, re ceived
pulse am pli tude (mV) was plot ted against scan ner trans mit fre quency (MHz).



when the trans mit cy cle count is 4 or higher.  From the graph, it is ap par ent that the en do -
scopic probe/scan ner out put is stron gest at a fre quency of 4 MHz.

Fi nite-el e ment model

As de ter mined by the pre vi ous re sults, the fi nite el e ment sim u la tions were per formed at 4
MHz.  The re sults are shown graph i cally in fig ure 8.  For ex po sures 5 min utes or greater, it
was found that an ISPTA of at least 3.6 W/cm2 is nec es sary in or der to reach a 4°C tem per a ture
rise and achieve the hyperthermia re gion of 41°C.  A con tour map of the sim u lated heat gen -
er a tion for this in ten sity is shown in fig ure 9.  The main fo cal re gion of heat ing that reaches
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FIG. 8 Re sults from fi nite el e ment model sim u la tions.  Tem per a ture rise (°C) is plot ted against the nor mal ized
peak ISPTA value (W/cm2) used to scale the cal cu lated Field II in ten sity field.  A 4°C rise is achieved at 3.6 W/cm2.

 
FIG. 9 Con tour map of tem per a ture rise for the fi nite el e ment model af ter 5 min utes with an ISPTA of 3.6 W/cm2. 

The main fo cus of heat ing is ap prox i mately 1 mm wide and at 3.3 cm away from the trans ducer face.  Peak tem per a -
ture rise reaches 4°C.



4°C is ap prox i mately 1-2 mm wide in the lat eral di men sion, com pared with the 3 mm -6 dB
beam di am e ter cal cu lated from sim u la tions.  In the ax ial di men sion, the size of the main
heated re gion is 4-5 mm deep.  This re gion of heat ing is pres ent at ap prox i mately 3.3 cm
away from the trans ducer face, in di cat ing that most of the tem per a ture rise oc curs just un der
the sur face of the tis sue in this model.  Near-field heat ing in the wa ter layer is not ob served. 
Based on these sim u la tions, de liv ered in ten si ties rang ing from 3.6 W/cm2 to 7.2 W/cm2

should main tain a state of hyperthermia in the tar get tis sue.  Be yond this range, pro longed
ex po sures could cause ex ces sive heat ing above 45°C.

In ten sity mea sure ments

Mea sured in ten si ties from the 3D en do scopic probe are shown in fig ure 10 for var i ous
trans mit cy cle counts while vary ing pulse rep e ti tion fre quency.  Data points in di cated by cir -
cles are sta ble and can be main tained in def i nitely.  Plot points marked by black squares in di -
cate a peak ISPTA mea sure ment re corded un der un sta ble con di tions.  In these sit u a tions, ei ther
sig nif i cant power re duc tion would be ob served or the scan ner re verted back to di ag nos tic
set tings due to in ter nal ther mal safety in ter locks.  Us ing 50% power (Fig. 10a) on the Model
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  FIG. 10 power out put.  At 50% power (a), none of the set tings ap plied with the scan ner were able to reach 3
W/cm2.  At 100% power (b), all set tings that met or ex ceeded 3.6 W/cm2 were un sta ble or un sus tain able on the Model 
1 scan ner.

(a)

(b)



1 scan ner, the probe can not pro duce in ten si ties ex ceed ing 3 W/cm2.  At 100% power (Fig.
10a), us ing 12 cy cles at 6 kHz or 8 cy cles at 10 kHz, in ten si ties greater than 3.6 W/cm2 were
achieved; how ever, these set tings could not be sus tained for lon ger than 30 s be fore sig nif i -
cant de creases in power were ex pe ri enced due to scan ner over heat ing.  As seen in fig ure 10b, 
max i mum sta ble out put in ten sity is 2.4 W/cm2 at 100% power with 8 cy cles and a prf of 6
kHz.  Un der these con di tions, the 3D en do scopic probe pro duces acous tic pulses as shown in 
fig ure 11.  These are the set tings we chose for ex per i men tal heat ing of pork tis sue ex vivo.

Ex vivo mea sure ments

The im age ac quired for tar get ing the ther mo cou ple dur ing the ex vivo hyperthermia ex per -
i ment is shown in fig ure 12.  The short axis of the tis sue sam ple is shown in the az i muth
B-scan and the long axis of the sam ple is vis i ble in the el e va tion B-scan.  The tip of the ther -
mo cou ple is shown pro trud ing from the prox i mal surface of the pork at the cen ter of both
B-scans.  It is also vis i ble in the bot tom left C-scan, taken at the plane in di cated by the white
ar rows in the B-scan im ages.  

The mea sured tem per a ture rise ex vivo is shown in fig ure 13, com pared with that of the de -
sired min i mum 3.6 W/cm2 sim u la tion.  In ad di tion, the fi nite el e ment model sim u la tion was
re peated for the ex per i men tally ac quired 2.4 W/cm2, and the re sults are in cluded in the fig -
ure.  Af ter 300 sec onds, the 3D en do scopic probe heats the tis sue sam ple an av er age of 1.8 ±
0.2°C over 5 tri als with a max i mum tem per a ture rise of 2.3°C.  In con trast, sim u la tions pre -
dict a 2.7°C rise at the fo cus af ter 5 min utes.  

IV.  SUM MARY AND DIS CUS SION

A num ber of prob lems were en coun tered dur ing these ex per i ments to de ter mine the fea si -
bil ity of com bined 3D ul tra sound im ag ing and hyperthermia.  The fi nite el e ment sim u la tions 
pre dicted that de liv ered in ten si ties of at least 3.6 W/cm2 over pro longed ex po sures should in -
duce a tem per a ture rise in tis sue of at least 4°C.  This amount of en ergy de po si tion should be
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FIG. 11 Rep re sen ta tive pulse from 3D en do scopic probe used for hyperthermia test ing. 



suf fi cient for hyperthermic as sis tance in drug de liv ery.  How ever, al though the Model 1
scan ner was able to achieve peak in ten si ties greater than 3.6 W/cm2, these set tings were not
sus tain able.  At a sta ble 2.4 W/cm2, a peak tem per a ture rise of 2.3°C and an av er age tem per a -
ture rise of 1.8 ± 0.2°C were achieved.  Sim u la tions pre dict that at this in ten sity level, the in -
duced tem per a ture rise should be ap prox i mately 2.7°C, a dif fer ence of 33%.  
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FIG. 12 6 cm, 60° scan of ex vivo hyperthermia tar get.  The 0.13 mm T-type ther mo cou ple used for mon i tor ing
heat ing is shown pro trud ing from the prox i mal sur face of the pork tis sue in both B-scans and in the C-scan.  This
ther mo cou ple was re tracted just un der the sur face of the pork for heat ing.

 
FIG. 13 Re sults from ex vivo hyperthermia ex per i ment com pared with sim u lated re sults from the fi nite el e ment

model.  For a sim u lated 3.6 W/cm2, the model pre dicts a tem per a ture rise of 4°C af ter 5 min utes.  The ex per i men tal
re sults at an av er age 2.4 W/cm2 yielded an av er age tem per a ture rise of 1.8 ± 0.2°C, a 33% dif fer ence from the 2.7°C
pre dicted by the model at the same out put power level.



There are a few fac tors that may be in volved with this dis crep ancy be tween sim u lated and
ex per i men tal re sults.  Con vec tive losses from the tis sue sur face due to acous tic stream ing
may have been a source of heat loss at the po si tion of the ther mo cou ple.  An other com mon is -
sue with sim i lar fi nite el e ment mod els is that the tis sue prop erty val ues may be in ac cu rate. 
While the val ues for ab sorp tion, con duc tiv ity and heat ca pac ity were taken from ex per i men -
tal find ings in the lit er a ture, small de grees of er ror could have no tice able ef fects on the sim u -
lated out come.  Fur ther more, the in ten sity field cal cu la tion per formed in FIELD II ne glects
any in con sis ten cies or nonuniformity par tic u lar to the 3D en do scopic probe.  To main tain
quar ter sym me try and sim plify cal cu la tions, the de fined trans ducer ar ray in the sim u la tion
does not ac count for any miss ing or dead el e ments.  For ex am ple, our esoph a geal probe has a
doc u mented func tion al ity of 92% of the to tal num ber of el e ments.15  Ad di tional sim u la tion
stud ies in clud ing ran dom ized apodization and the re moval of doc u mented nonfunctioning
el e ments may be nec es sary to achieve a more ac cu rate sim u la tion model.  

In ad di tion, the model em ployed for these sim u la tions does not in clude fac tors such as
con vec tion and blood per fu sion.  For this pre lim i nary fea si bil ity model, per fu sion was re -
moved from cal cu la tions.  In the val i da tion ex per i ment, treat ment was per formed ex vivo;
thus, sig nif i cant means of ac tive heat loss were not pres ent.  How ever, over the du ra tion of an 
ac tual 30-60 min ute hyperthermia treat ment, it is likely that, even in re gions of low-den sity
vasculature, heat loss in the sys tem will ne ces si tate a higher de liv ered in ten sity from the
probe.  For fu ture stud ies, fac tor ing per fu sion into the model could be im ple mented by cal -
cu lat ing heat loss ta bles based on the per fu sion time con stants of the tis sue. 

An other pos si ble source of er ror is in com plete align ment with the ther mo cou ple dur ing
the ex per i men tal mea sure ments.  While the im age in fig ure 11 shows the ther mo cou ple at the 
cen ter of all scan planes, a slight align ment er ror on the or der of a mil li me ter could af fect the
mea sured tem per a ture rise by a few tenths of a de gree.  Based on the sim u la tions, the high est
tem per a ture rise oc curs in a re gion only 1 mm in di am e ter.

Heat ing from the face of the trans ducer was con sid ered to be neg li gi ble.  Dur ing the ex
vivo ex per i ments, the ar ray tem per a ture reached a tem per a ture of 3.5 ± 0.5°C.  Given an ap -
prox i mate 4 cm2 pork tis sue surface area and as sum ing ra dial prop a ga tion of heat, the ar ray is 
only con trib ut ing an es ti mated 3.5% to the over all tem per a ture rise de tected by the ther mo -
cou ple in the tis sue sam ple.  For fur ther study, though, this face heat ing can be in cor po rated
into the fi nite-el e ment model as a con tin u ous source of heat pro duc tion.

Other ob sta cles as so ci ated with achiev ing hyperthermia with the 3D en do scopic probe
were the lim i ta tions of the Model 1 scan ner and the trans ducer it self.  While in ten sity mea -
sure ments at higher trans mit cy cle counts and higher pulse rep e ti tion fre quen cies ini tially
yielded high en ergy pulses that, if sus tained, could pro duce suf fi cient time av er age in ten si -
ties for hyperthermic tem per a ture rises, sig nif i cant power re duc tion from the scan ner power
sup ply dur ing ex tended op er a tion pre vented these set tings from be ing ap plied to the ex per i -
men tal setup.  It is ap par ent that the di ag nos tic scan ner in its cur rent state is in ca pa ble of
meet ing the high de mands of a 504 chan nel trans ducer op er at ing at lev els out side the stan -
dard im ag ing range.  A suc cess ful 3D im ag ing/hyperthermia sys tem must ex hibit a higher
level of ef fi ciency and be able to han dle higher av er age power trans mis sion in or der to sus -
tain a hyperthermia beam over 30 min utes.  An other ob sta cle is the de sign of the 3D en do -
scopic probe.  Be cause the pi ezo elec tric el e ments of the trans ducer ar ray have a small fea ture 
size, their elec tri cal im ped ance is high in com par i son to el e ments in stan dard lin ear ar rays. 
Cou pled with the scan ner, this de creases the trans mit ef fi ciency of the sys tem.  Mod i fi ca -
tions to the scan ner and 3D en do scopic probe, such as elec tri cal match ing, ad di tional ca pac i -
tance in the power sup plies, or trans ducer acous tic match ing lay ers could im prove trans mit
ef fi ciency and en able the sys tem to op er ate at a higher prf and trans mit cy cle count for sus -
tained pe ri ods of time.
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One is sue pre sented by the re sults is the rel a tively small heat ing zone pre dicted by sim u la -
tions.  For hyperthermia-as sisted drug de liv ery, heat ing must be ap plied uni formly over the
en tire tar get re gion, such as a tu mor.  If peak heat ing is only oc cur ring within a 1 mm di am e -
ter re gion, dis per sion of hyperthermia treat ment will not be ad e quate.  Fu ture ex per i ments
mon i tor ing ex vivo heat ing with an ar ray of thermocouples will be nec es sary.  How ever, one
so lu tion to the small fo cal re gion is to use scan ning in both az i muth and el e va tion.  By steer -
ing over a small an gle vol ume, hyperthermia treat ment with a 3D probe could ef fec tively
dis trib ute heat over the en tire tar get area and it may en able a greater de gree of con trol over
en ergy de po si tion when com pared with cur rent tech niques.

While our ex vivo fea si bil ity study was un able to reach the tem per a tures pre dicted by our
sim u la tions, the abil ity to com bine 3D ul tra sound im ag ing and hyperthermia still holds
prom ise.  At pres ent, cur rent sys tems of hyperthermia of ten en coun ter prob lems achiev ing
thor ough heat ing of an en tire tar geted area.  In par tic u lar, phased-ar ray steer ing of a
hyperthermia beam in both az i muth and el e va tion could of fer greater con trol over en ergy de -
po si tion and en able more uni form heat ing in a tar geted tu mor.  In ten sity mea sure ments in di -
cate that the 3D en do scopic probe can en dure pro duc ing fo cal in ten si ties of greater than 3.5
W/cm2; there fore, fu ture work in volves mod i fi ca tions to the Model 1 scan ner and im prove -
ments in 2D ar ray de sign and fab ri ca tion to in crease trans mit ef fi ciency and en sure sys tem
sta bil ity un der these de mand ing op er at ing con di tions.  
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