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Background: The potential therapeutic uses of nltra
sound energy in cardiac diseasc have not been
extensively studicd. We have developed a means to
deliver high-intensity focosed ultrasound (HIFU) to
myocardial tissue, Unlike other therapy modalities
such as radiofrequecy catheter ablation, this system
has the advanuages of not requiring direct tissue
contact and the ability to focus intense energy
within a small velume,

Methods: Sections of left and right ventricles from
freshly excised canine hearts were treated in vitro
with HIFU pulses. Lesions were created using 1-sec-
ond HIFL pulses with oltrasonic powers ranging
from 19.8 1o 45.8 W

Results: There was o dose-response relationship be-
tween the applicd HIFU energy and lesion size (r =
070, # < 0011k Myocardial lesion formation with
HIFL was also performed in vive in a canine open-
chest beating heart model. With 200 millisecond
HIFLU pulses gated to the electrocardiogram, focal
myocardial lesions were created ranging in length
from 2 to 6 mm depending on the dose used.
Furthermore, both in vitro and in vivo, focal lesions
were successiully formed in the midmyvocardial wall

Hi_u_h intensity focused altrasound (HIFUD s capa-
ble of producing focal lesions within various human
tissues and has achicved clinical success in the
treatment of disorders such as glancoma and pros-
tate cancer.'” However, the potential therapeutic
uses of ultrasound energy in cardiae disease have not
been extensively studied, As a methed 1o create
focal lesions, HIFU! offers several potential advan-
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that spared both the endocardial and epicardal
surfaces,

Conclusion: HIFU is a novel means to create focal
myocardial lesions withowt direct tissue contact.
HIFU energy delivery can be gated to the electrocar
divgrim in an in vivo model, and lesions can be
formed intramyocardially, Further application of
this technology may. prove to be uscful for the
ablation of myocardial lesions such as archythmeo-
genic foci and the hypertrophic ventricular septum
in hyvpertrophic cardiomyopathy.

The potential therapeutic uses of ultrasound en-
crgy in cardiac discases have not been well studied.
We tested a novel svstem o deliver high-intensity
focused ultrasound encrgy in vitro and in vivo w
canine myocardial samples withowt direct contact
with the target tissoe, Focal myocardial lesions were
formed in a dose-dependent manner, and myocar-
dial lesions were created. This technology  may
prove useful for ablation of focal intramyocardial
lesions such as arrhythmogenic foci and the hyper-
trophic left ventricalar septum in hypertrophic car-
diomyopathy, ] Am Soc Echocardiogr 2006159

932937

tages over other therapy modalities. Unlike micro-
waves, it can be readily focused within small vol-
wmes. ™ It does not have the cumulative risks
associated with ionizing radiation, and it is wnal
fected by the optical opacities that block laser
penetration. ! Furthermore, in contrast 1o radiolre-
guency (RFy waves, HIFU does not require direct
contact with target tssue.

The use of HIFU to create focal, ablative lesions in
the heart has been reported in experimental mod-
¢ls,* but the experience has been limited in com-
parison with the widespread wse of RF current
Previous studies using HIFLD in the heart have becn
limited by the length o required exposure time,
approximately 10 o o seconds needed o form
mvocardial lesions © Given cardiac motion and
cooling from blood fow, exposure times ol this
length are impractical for in vivo implementation. As
such, we have designed a THIFU svstem capable of
delivering significantly higher encergy than has pre
viously been achicoved, The purpose of this study



pedpy

1 P S%iidy

HisISTI]Y 12§ MAA0 JEpurey 4 e o

PATIAfAp SEMWM dooea amp yons (o)

IR I 0 3ATS M DU sEwm sas

| MY

HP W LUNS TFipurs Es R i

[rssEEap s Wiy o poaed sesm oo

sl aiawm

} asodxs op pa

Ll LTI " T T

wiwl ¢ pur Lo oes

VILEAES | WROnl ST anal g LE]

WMk 40 dasaond Dusnoor prusoo

A

(] DR I i

SLPEM] o

CT WIS o e g

NP MES | IF RaXT] s psnan

SN I

LLIAA STICHSY [T

VL] LU e LD

AL PUTHOA LI PRSI

134, 2

asampy i o

| LY

SEAL 00 a0 4 il ..w__._._t__r___.__._

UED PowIND M P OIS

[V AT S SA B 0 SUOFENS UMD XOqe| ¢ _.___ L\
[RIAOT S8 00 11KD n r LM PassEEID pasa
W ] SEwW YR N Bt
1 T | - ol | P sEwm L3P ¥

it anilt

(B |

L A0 U

wijE i

¢odusn pagnsesin sess dasod smosenm pur Canb

sy 1] Wl UL G4 () 51 POUTISE
rawy Adwisigy Sy g e ol ...__......._._.._ T TR
U & &R M LM] B ST L3 HIpy JAI0

W ERTIE

L
prnapaclap s o

tackapdyisuag

ST 3 LAEH ML TN o
" | L .. r T ik
" | eio M| |
oadd pauoegs sepdo- e I st
AR TEIESTFTRR TN JER] TLLLE M)
&I | U FH
" T if I = W wbg | {4

PR

T R TRSS ) ML LUy TRy (g

Ry T T Yongss aEnedyl A - s

Iy L]} . M 4N ¥ usHR)
rd B sEw Lawpeured) aderag
0TSy Ppom) aopop Adeogn punos

TR = S|

| ExD 8]

W) ML ) s

_ Jir M) __

T

AT

AT 2w

I LI POsL YD ) sl

LM

ok B P2

1 U] CTEEL A

PasLAND GEa ) I pasag

L LY L ) L) I L H

s Al AN

i [ __m,_ 19

WLASAS S Aupsn 1
o pue A

TELLLLES] TROMs INAEOALL

PO ML I s8sT O SEM

TR =




934 Engel et al

A 458 W Bl 108w

Figure 2 R

copitaning the lesions were embodded o paraffin, and
mvocardial sections that were Spum thick were fixed onto

plass shides and stained with Masson tricheome stin

I'ransmission Electron Microscopy

Myocardial sections were fixed in 3% glutaraldehvide and
pestlixed in 1% osmiwm terroxide, These sectons were
then dehydraved in graded alcohol washes and embedded
In Lx-112 {Ladd Rescarch Indusivies, Williston, Vi), Semd
thin { 1-pm) sections were stained with Toluidine blue O
incl thin sectwons (00 nmd were stained with uwranyl acetane
and lead curmte, They were viewed by transmission olec

trom microscopy (JEOL EXIRL 2000, JEOL USA, Inc., Pea
bBochy . Mass

Sttistical Analysis

A linvear regression amalysis was porf wed wamine th
relatiomship between HIFU power and besion Th3aT

RESULTS

Gross and Microscopic Pathology

Figure 2 shows reprosentative examples of the focal
mvocandial lesions formed in vitro, As <hown, the
gross hesions were Clearly visihle with distinet bos
ders. Figure 2. A, demonstrates 2 lesion of 5.5 mum in

length crecated in an LYV scction with a HIFU power
of 458 W. Figure
lesion oreated in an LY section with a HIFLU power
ol 198 W

2. B. demonstrates a 2 8mm

Dose—Response Relationship

Figure 3 shows the group data for lesion length from
a set of lesions (n = 31) created in LV samples using
HIFU of varving intensities. The duration of HIFU
delivery for all lesions was 1 continuous second, and
the distance between the transducer and the surlace
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Figure 4 Bepresentitin igh-intensity  focused  ultra
rmid—treated intramvowcandial lesion wing power OF 43 8
:_- x . ._- _1I'-Illlll .1 Wit i e b [l |

if the tissue was fixed at 9.0 cm. As shown, the

leneth of the myvocandial lesions increased mna

ith the power of the HIFL! pulse (r = 0,70

Intramyvocardial Lesion Formation

Figurc 4 shows represcentative example of myocar-
dizal lesions formed seith the HIFU transducer 8.5 cm
from the surface of the tissawe, thas, with the foca
poat 0.5 cm below the copicardial surface. As
shown, distinct and focal lesions were formed that
spared both the endocardial and epicandial surfaces

of the tissuc
Histopathology

Figure 5 shows representative examples of myocar-
dial sections stained with Masson trichrome and
demonstrates the pathologic features of the lesions
creatcd with HIFU. As shown in Figure 5, 4, the
HIFL lesion appeared hyvpereosinophilic as a resalt
of clumping of cyvtoplasmic materials. This pattern
o 'il'l|||:"'|' s consistent with protem denaturation
caused by thermal injury.” As demonstrated in Fig-



Journal of the Amencan Soqiery of Echocandiography
Vidume 19 Number 7

Figure 5 Histopathology of high-inrensity focused ulira

sound-treated myocardial lesions. [Onginal magnifica

oo A, <10 B, <240

ure 5, B, vacuoles were seen within individual
myocvies and between myocvies in the interstitial
space. These larger vacuoles in the interstitium
appeared to disrupt the normal cellular architeciure
of the myvocardium

Transmission Electron Microscopy

Figure 6. A and B, shows the electron micrographs
of a myocardial section in the control and HIFU-
treated sections. Figure o, A, demonstrates the typ-
ical ultrastructural features of a normal myocyic
with the normal onganization of myvofilaments, con-
tractile clements (7 bands). and mitochondria. Fig-
ure 6. B, shows the disruption of the normal intra-
cellular architecture crcated by HIFU with scattered
and fragmented mitochondria, and clumping and
fragmentation of the myocyte Z bands, Figure 6, ©
shows a separate HIFUreated mvocardial section
that demonstrates the vacuolization both within the
mvis vte bordered by the sarcolenmma and the Large
arca of vacuolization in the interstitial space be
ween the individoal myocvies

In Vive Myvocardial Lesion Formation

In the whole heart in vitro experiments, distine
myvocardial lesions ol varving sizes ranging from o to
12 mum in length were created using repetitive HIFL
pulses (range 10-25). cach of 2(0kmillisecond dura-
tion every 4 seconds, at a power of 45.8 W. As such,
similar enengy delivery algorithm was adapted for in
vivo experiments. There was no hemodynamic com-
promisc or induction of sustxined arrhyvthmias dur-
ing lesion formation although isolated premature
ventriculir contractions frequently ocourred ionme-
diately after HIFU pulse delivery. Figure 7 shows
representative examples of the focal intramyocar-
dial lesions thar were created in vivo. As with in
vitro experiments, distinet and focal myocardial
lesions were readily created. The size of the
visible HIF1! lesions was smaller than in wholc
heart in vitro experiment, and ranged from 2 to 6
mm in length
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DMSCUSSION

The results of this study demonsirate that focal
myvocardial lesions can be formed in vitro and in vivo
with intense ulirasound encrgy withowu ultrasound
transducer being in comtact with the target tissue
Lesion size could also be readily manipulated in a
dose-dependent manner. In addition, well-defined
intramyocardial lesions could be formed without
affecting endocardial or epicardial surfaces of the
myocardium. The histopathology of the HIFU-
trcated lesions confirmed the ability of HIFU to
create definitive collular destruction as indicated by
clectron microscopic findings

Urasound encrgy offers a potential alternative 1o
current  methods such_as -RF ablation to create
therapeutic and focal myvocardial lesions, The fea-
tures of the pathologic injury 1o the myocardial
tssue are comparable between RF ablation and
HIFU therapy, which suggests that HIFU can poten-
tially achicve amilar clinical efficacy as RF abla
tion *™ A pathologic feature of the HIFU-reated
kesions ot reported in RF induced lesions s the
appearance of vacuolizition both within and berween
individual myocytes, HIFU energy can be concentrated
in a snudl ovlindric volume in the order of 1| mm = |
e Thus, a great deal of hear is generated within a
small and precise volume that results in vaporization
of intraccllular water and vacuole formavon. RE
current. on the other hand, is less precisely focosed
as the generated heat decreases proportionally from
the distance of the catheter delivering the current. !

Another potential advantage HIFU offers over RE
ablation is that a catheter does not necd 1o make
direct comtact with the wargel tissue. This may
provide a means (o reach potential therapeutic
targets in the heart ot directhy accessible with a
catheter such as lavers of the smvocardium  other
than the endocardium where specific targets such as
arrhvihmogenic foci may be locited. The HIFU
system is supposed 1o be suitable for a therapy of
arrhythmia, Because trigger for the HIFUD pulses was
the R wave of the BCG, ultrasound encrgy could be
delivercd 1o the same cardiac spots in patients with
arrbvthmia such as atnal fibrillation and fluter. The
nomnvasive and focused nature of this therapeutic
modality may also be useful 10 ablate bypernmmophic
ventricular septum in hvpertrophic candiomyopa
thy, a disorder in which an invasive ablative method
such as cardiac surpgery or intracoromary  ethanol
injection are currently used

The results of this study help 1o further advance
the known expericnce with therapeutic ultrasound
in the hean. The HIFL system reponed in thas studh
differs greatly from those in previous studics in that
the focal-point intensitics we generated were up (o
10 times higher than those previously described >
This ability to increase power while maintining a
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distinct focal point helps o explain how we wer

ible 1o penerate distingct focal lesions wiath far fower

and shormmer HIF apphacateons than has ever beon
reponed * This has been made posibie by the s
of larpe diometer transdocers that woere  stromgehy

L with Fnumbers near one. (OF note, the s

(R TLT S
of m vivo lesions were smaller than those acheved
in vitro, We believe this was most likely because of
loss of heat at the orget arca from circulating blood
In addition, because the heart moves in vivo duaring
the 200-millisecond  pulse. energy delivered was
distributed o a Lurper area than if the target wis
SIAtnary., rt"qllﬂll'lf.: in |l YAVET COnNcentration Ol
delivercd ecnerey

Previous mm vitro studies using HIFU in ventnoular

myvocandium demonstrated that visible lesion fooma

thon required at lcast 15 secomds of HIFU applica

Do, as oppaosed o | seciord] used o our stulhy I

a simnlar fashion, the HIFL svstem wsed i our stods

dramancally decrcased the time necded 1o form a
visible lesion in vivoe in an open-Chest beating hean
maodel, Ina prior study in which HIFU pulses wern

delivered o create ANV block, lesion formation re

Jewrntal ol the Amesican Sociery of Echocardiograph

Figure 6 - -1 : o T

! | iTa treatod ke fi
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guired an exposure time of 120 seconds™ In the
current studh -|:‘;:|'_1_':'.:. siped m vivo lesions wien
formed with HIFU' pulses, gated o the BCG in 2 w
% seconds. Gaven the challenges of orcating focal
Iesions m a mowing  fargel, thas abdiny oo fomm

mvocardial lesions '.:1“4.':51 CPICSCNIS 3 VOTY WMo
tant advance with potential chnical applicatons
Furthermore, the future HIFU application in closed
chest models will require high power o assun
delivery ol adequare encegy trough intervening
Lissue

the immedite challenge Tor upooming exper

ments will be o combine o dagnostic ulirasound

ransducer with the therapy tnnsducer 1o

targcted focusme of the HIFU energy and
realtime asscssments of esion formation. Real -t
acssmenis arc important bocause of the namaral
VArCIE s in tessoe stroctune, sugegcstod by the scat
ter an Figure 4. As our understanding cxpands on

HIFU, therapeutic candiac ulirasound system will
become a reality in the clinical practice of cardiol

opy as s the case in other medical speciulties
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