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Abstrakt:

Razova vina se v mediciné vyuziva jiz vice jak 30 let. Na zacatku se pouzivala
zejmeéna pro litotrypsi, ale dnes nachazi uplatnéni i v jinych oborech mediciny, jako
jsou ortopedie, revmatologie a dalSi. Jednoducha razova vina pfedstavuje jeden raz,
ktery se opakuje obvykle kazdou 1-1,5 vtefiny. Naproti tomu tandemova razova vina
jsou dva razy tésné po sobé (idealni interval mezi obéma razy je 8-15 us), které se
opakuji. V této praci je zkoumana moznost klinického wvyuziti jednoduchych i
tandemovych razovych vin, které jsou generovany zcela novym zdrojem. Ten je
zalozen na principu mnohokanalového vyboje. Bylo zjiSténo, Ze jednoducha razova
vina dokazZe narusit spojeni kosti a kostniho cementu, tohoto efektu by bylo mozné
vyuzit v ortopedii. Jednoducha i tandemova vina zpusobuji poSkozeni nadoru in vivo,
princip, jakym k poskozeni dochazi, je ale odliSny. Tandemova razova vina je schopna
zpusobit poskozeni v hloubce v akusticky homogennim prostfedi a zvySuje ucinek
podavané chemoterapie. Bylo by tedy mozné jednoduchou i tandemovou razovou vinu
vyuzit v onkologii a to bud samotné viny, nebo jejich kombinaci s jinymi chemickymi
latkami. Pro tyto aplikace byl zhotoven funkéni vzorek klinicky pouzitelného aplikatoru

razovych vin s novym zdrojem.
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Abstract:

Shock waves have been used in medicine for more than 30 year. At the
beginning was mainly use for lithotripsy, but today is also applied in other fields of
medicine, such as orthopedics, rheumatology and others. Single shock wave is one
shock that usually is repeated every 1-1.5 seconds. By contrast tandem shock waves
are two shocks consecutively (ideal interval between shocks is from 8 to 15
microseconds), that are repeated. In this work we investigated the clinical use of single
and tandem shock waves that are generated entirely new source. It is based on the
principle of multichannel discharge. It was found that a single shock wave can destroy
the union between bone and bone cement, this effect could be used in orthopedics.
Single and tandem shock wave can damage the tumor in vivo, but the principle damage
is different. Tandem shockwave is able to cause damage in a depth of acoustically
homogeneous medium and enhances the effect of chemotherapy. It would therefore
be possible to used single and tandem shock waves in oncology either alone, or their
combination with other chemicals. Functional sample of clinically usable applicator of

shock waves with a new source was made for these applications.
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1 Uvod

1.1 Razovavina

Razové viny se pred 30 lety neCekané uplatnily v Iékafské praxi pfi |éCbé
konkrementu jejich fragmentaci. Razova vina je zvlastni forma akustické viny, ktera
z hlediska fyziky pfedstavuje jednorazovy déj vysokého vykonu v kratkém Case, tedy
déj s malou energii. Dnes nachazi uplatnéni i v jinych oblastech mediciny, jako je
ortopedie, revmatologie a dalSi. Tato prace se zaméfuje na razové viny jednoduché a
tandemové. Jednoduché razové viny maji po priuchodu prvni viny dlouhy €asovy
odstup k druhé viné a to v fadu az celych sekund. Casovy odstup je dlouhy vzhledem
k trvani jedné razoveé viny (v jednotkach mikrosekund). Jednoduché razové viny jsou
tak z pohledu fyziky aplikovany do akusticky stalého prostfedi. U tandemovych
razovych vin jsou aplikovany dva razy tak rychle po sobé&, ze mezi nimi nastava
interakce. Ta je dana tim, Ze prvni vina vytvofi akustickou anizotropii a nez tato zména
zmizi (5 — 10 mikrosekund), pfichazi druha razova vina, ktera mize na této anizotropii

uvolnit svoji energii a vytvofit vysSi hustotu kavitaci.

Typicky prubéh razové viny v ¢ase vidime na obrazku 1. Jde o zavislost tlaku
na Case. Je to kratky pulz, ktery trva celkem okolo 5 ps. Na zaCatku témér okamzité
pfechazi do Spickové hodnoty pozitivniho tlaku p+, tento pfechod trva asi 10 ns a
nazyva se “shock®. Pozitivni hodnota tlaku dosahuje 10 — 150 MPa. Nasledné klesa
tlak k nule a nasleduje oblast negativniho tlaku s trvanim okolo 3 ys. Negativni tlak p-
dosahuje -25 MPa. Negativni tlak tak dosahuje menSich hodnot nez tlak pozitivni a
zaroven v této fazi neprobiha Zadna prudka zména “shock®. Jako razova vina se bézné
oznaduje cely prubéh, technicky vzato jde vSak pouze o ostry pfechod tlaku na zacatku
[1-3].

1.2 Popis razové viny

Jak bylo uvedeno, typicky pribéh RV vidime na obrazku 1. Zde se rozliSuje

pozitivni ¢ast, ktera trva dobu t+ (typicky 0,5 — 3 ps), na ni navazuje negativni ¢ast



s dobou trvani t- (2 — 20 ps). Maximalni hodnotu pozitivniho tlaku znacdime p+

(10 — 150 MPa) a maximalni hodnotu negativniho tlaku p- (-5 az -25 MPa).

A

Tlak

p+

v | p- x

t+

t-

Obrazek 1. Prabéh razové viny (zavislost tlaku na ¢ase)

Hodnoty tlaku zavisi na nastaveni energie zdroje a také na jeho typu.
V tabulce 1 jsou uvedeny typické hodnoty tlak a ¢asu trvani RZ pro tfi zakladni druhy
generatord. Misto, kde dosahuje tlak svych maximalnich hodnot, se nazyva ohnisko.
Kolem ohniska potom sledujeme oblast, ve které je hodnota tlaku minimalné 50 %
maximalni hodnoty a velikost této oblasti v osach x, y a z je potom udavana jako jeden
z parametri zdroje RV. Frekvencni spektrum RV nema dominantni frekvenci, ma
rozsah pfiblizné od 15 kHz do 20 MHz. Nejvice energie je mezi 100 kHz a 1MHz.

Vrchol se potom nachazi na frekvenci 300 kHz.

Typ generatoru p+[MPa] |p-[MPa]|tr[ns] t+ [us] |t- [ps]

Elektrohydraulicky 21-78 3,6-95 <30 1,4-0,8 10,5-2,5
Piezoelektricky 9-114 6,2-9,9 |250-<30 |1,0-0,8 |0,5-1,1
Elektromagneticky 8-60 2-6 641-<30 |3,5-1,7 |2,0-4,0

Tabulka 1. Hodnoty parametr(i u komercné vyuzivanych typt generatort
(pfevzato z A. J. Coleman et al., 1993)

Jako dalSi parametr se sleduje energie E razové viny, ktera se udava v mJ.

Energii razoveé viny je mozné pocitat podle nasledujici rovnice (1).
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E= (A/pc)fpz(t)dt (1)

Kde A je plocha vinoplochy, p je hustota média, c je rychlost Sifeni v médiu, p je tlak
a t je Cas. Celkova energie se pohybuje bézné v rozmezi 10 — 100 mJ. Protoze je to
vSak celkova energie razove viny, nevime nic o tom, kam je energie soustfedéna. Tedy
jak velké je ohnisko a jestli je razova vina vabec fokusovana. Nefokusované RV se
pouzivaji napfiklad v ortopedii. Abychom mohli Iépe vyjadfit rozloZeni energie, existuje
dalSi veliCina a to hustota energie EFD, coz je energie vztazena na jednotku plochy.

Hustotu energie EFD potom pocCitame podle niZze uvedené rovnice (2).

EFD = (1/pc) f p?(t)dt 2)

Pro urCeni hustoty energie je nutné méfit zavislost tlaku na €ase v riznych osach.
Obecné EFD pocitame jako integral pres cely tlakovy profil. MiZzeme jesté pocitat
integral pouze pfes pozitivni ¢ast tlakového profilu bez negativni viny. Konkrétné se
jedna o €ast od doby, kdy tlak pfesahne 10% hodnoty p+, do doby, kdy tlak poklesne
pod 10% p+. Tuto hustotu energie oznadime EFD+. Hodnoty EFD se bé&zné pohybuji

v rozmezi od 0,2 do 2 mJ/mm? [2-7].

DalSim dullezitym parametrem tentokrat ne pro popis razové viny, ale pro jeji
Sifeni v prostiedi je akusticka impedance. Akustickou impedanci prostfedi znaime Z
a muzeme pocitat jako soucin hustoty daného prostfedi a fazové rychlosti Sifeni zvuku,

tedy podle rovnice (3).
Z=p-c (3)

Pokud se razova vina Sifi prostfedimi s podobnou akustickou impedanci,
nedochazi zde k vyznamné ztraté energie. Takto je tomu u tkani tukovych, svalovych
a vody, jak je vidét v tabulce 2. Jak také vidime akusticka impedance vzduchu, plicni
tkané, kosti, nebo konkrementu je odliSna. Na rozhrani napfiklad svalové tkané a plicni
tkané, tak bude dochazet k reflexi a transmisi razové viny. Odrazena vina méni svoji
fazi do 180°, pokud narazi na prostfedi s nizsi akustickou impedanci, toto ma za
nasledek vznik silné tahové viny, ktera muze vytvaret kavitace. Proto je dulezite,
podobné jako u vySetfeni ultrazvukem, zajistit, aby mezi zafizenim a télem pacienta
nebyl vzduch [5,8].
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Rychlost zvuku [m/s]

Hustota

Akusticka impedance

[kg/s*m?]*10°

Min Max [g/cm?] Min Max
Plice 650 1160 0,400 0,260 0,464
Tuk 1476 0,928 1,370
Vzduch 330 343 0,0013 0,000429 0,000446
Voda 1492 0,998 1,489
Ledviny 1570 1,040 1,633
Sval 1545 1630 1,060 1,638 1,728
Kostni dien 1700 0,970 1,649
Kost 2700 4100 1,800 4,860 7,380
Ledvinovy
kamen 4000 6000 1,9-2,4 7,600 14,400
Zelezo 5100 5800 7,900 40,29 45,820

Tabulka 2. Hodnoty rychlosti zvuku, hustoty a akustické impedance pro jednotlivé

druhy medii (pfevzato z Mcclure, Scott R, 2004)

VSechny akustické viny, které se Sifi tekutinou, pfichazeji o ¢ast své energie

vinou absorpce. Amplituda razoveé viny tedy postupné pomalu klesa s tim, jak se vina

Sifi prostfedim. Absorpce ve vodé je velice mala, pokud ji ale porovname s absorpci

v mékkych tkanich, tak zde je asi 1000 krat vétSi a ma méritelny efekt. Typické hodnoty

absorpce pro svalovou, tukovou, ledvinovou tkan a vodu mizeme vidét na obrazku 2.

Attenuation (dB/cm)

107 p
[ | m—— Muscle
m— Fat

— Kidney
— Water

10° k

107 |
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10°

108

Frequency (Hz)

108 107

Obréazek 2. Utlum zvuku jako funkce frekvence (prevzato z SMITH, Arthur D., 2012)
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S akustickou impedanci souvisi také lom na rozhrani dvou prostfedi. Zde plati

podobné jako v optice (4).
sina/sinf = n,/n, (4)

Kde a a B jsou uhel dopadu respektive uhel lomu a ni1 a n2 jsou indexy lomu
prostfedi, které se pro lom razoveé viny nahrazuji rychlosti zvuku v daném prostredi,

potom tedy plati (5).
sina/sinf8 =c¢,/c, )

Pokud tedy napfiklad pfechazi RV z vody, kterou je obklopen zdroj, do svalové
tkané pacienta pod uhlem 10° bude se lamat pod uhlem 9,1° — 9,7°. Tato odchylka

vSak bude hrat minimalni roli.

Razova vina muze byt soustiedéna do jednoho bodu, tomuto bodu fikame
ohnisko. Ohnisko ma obvykle elipsoidni tvar s nejdelSim rozmérem podél podélné osy.
Rozmér ohniska zavisi na konstrukci zdroje razovych vin a je tak charakteristickym

parametrem pro kazdy typ zdroje [7, 8].

1.3 Historie razové viny v mediciné

Historie razovych vin z hlediska pUsobeni na ¢lovéka saha az do druhé svétove
valky, kdy bylo pozorovano v plicich trosecniki poskozeni, které bylo zpusobeno
vybuchem podvodnich bomb. Trosecnici pfitom neméli zadné vnéjSi poskozeni. Bylo
tak poprvé pozorovano, jaky vliv ma na tkan RV vytvofena vybuchem bomby pod
hladinou. Prvni systematicky vyzkum RV vsak pfiSel az v padesatych letech 19. stoleti.
Jako pfriklad je mozné uvést zjiSténi, Ze elektrohydraulicky generovana RV je schopna
rozbit keramické Stitky ve vodé. DalSi dulezity okamzik pfiSel v roce 1966, kdy doslo
k nehodé v némecké firmé Dornier. Firma Dornier se vénovala vyrobé& nadzvukovych
letadel a pfi testech, kdy byla naletova hrana kfidla odstfelovana vodnimi projektily o
vysokych rychlostech, se jeden ze zaméstnancu dotkl plochy kfidla v momenté, ve
kterém dopadl| vodni projektil. Po tomto incidentu si zaméstnanec stéZoval, ze citil,
jako by ho zasanhl elektricky proud, i kdyZ veSkera méfeni ukazala, ze zde Zadny proud

neproudi. K témuz dochazelo i poté, co si vzal zaméstnanec izolaéni rukavici. Pfislo
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se tak na to, Ze pfi odstfelovani kfidla vodnimi projektily, dochazi ke generovani

razovych vin, které prechazeji do téla [8-10].

V Némecku byla od roku 1968 az do roku 1971 provadéna testovani interakce
razovych vin a tkané pokusnych zvifat. Byly zkoumany ucinky razovych vin na riizné
typy tkané a také priachod témito tkanémi. Dale i pfechod mezi riznymi druhy tkani a
pfechod razové viny do téla. Zde se podafilo zjistit, Ze nejlepsi médium pro pfechod
RV do téla je voda, nebo Zelatina a to diky jejich akustickym vlastnostem (akustické
impedanci). VSechny tyto pokusy pak vedly k mySlence desintegrace ledvinovych

kamenu mimotélné generovanou razovou vinou.

Uz vroce 1976 byl proveden experiment, kdy byly voperovany lidské
konkrementy psum a nasledné byla provedena jejich desintegrace pomoci pfistroje
firmy Dornier. O Ctyfi roky pozdéji, v roce 1980, byl v Mnichové oSetfen prvni pacient
s ledvinovymi kameny. P¥istroj, na kterém byl pacient oSetifen, nesl oznaceni Dornier
Lithotripter HM1, kde HM1 znamena Human Model 1 obrazek 3 vlevo. Po modelu HM1
nasledoval model HM2. Této model mél uspésSnost 90 % v pfipadé konkrement(

velikosti viSné.

Obrazek 3. Vlevo Dornier Lithotripter HM1 a vpravo Dornier Lithotripter HM3
(pfevzato z http.//www.qldlitho.com.au/the-treatment/how-it-works,

http://www.mwstone.com/kidney _lithotripsyequipment.php)

V roce 1983 bylo otevieno druhé centrum pro litotrypsi na Oddéleni urologie na

Katarinen Hospital ve Stutgartu, Némecko. Zde byl instalovan komer&ni Dornier
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Lithotripter HM3. Ten byl v roce 1984 instalovan také v USA v Indianapolis. Model
HM3 je na obrazku 3 vpravo. S modelem HM3 jsou ostatni zafizeni srovnavana. Model
HM3 pouziva elektrohydraulicky generator. Pacient i generator jsou umisténi

v oteviené vodni lazni, coz bylo typické pro prvni generaci litotryptoru [7,8,11,12].

1.4 Historiev CR

V Ceské republice respektive v Ceskoslovensku byl postup vyvoje zafizeni pro
extrakorporalni litotrypsi razovou vinou odliSny. Zacatky jsou totiz spojeny
s desintegraci Zlu€ovych konkrementl. Zacatky se datuji do 80. let 20. stoleti, kdy na
1. interni klinice VFN a 1. LF UK v Praze byla snaha o urychleni rozpousténi
Zlu€nikovych konkrementu, které byly naruSeny ultrazvukem. Ukazalo se v$ak, zZe
ultrazvukové vinéni nedokaze do téla pacienta proniknout s takovou intenzitou.
Hledala se proto jina moznost a pozornost se tak obratila na razovou vinu, ktera byla
jiz v t& dobé& ve svété znama. S generovanim razové viny méli zkusenosti na Ustavu
fyziky plazmatu AV CR, kde provadéli experimenty s generovanim silnych
elektronovych svazku, a RV byla doprovodnym jevem pfi téchto pokusech. Diky této
spolupraci se podafilo v roce 1986 vyvinout prvni zkuSebni generator razovych vin. Na

ném byly provedeny experimenty s pokusnymi zvifaty [8,10,13].

Prvni generator se podafilo patentové chranit (PV 40066-85). Obrazek 4
ukazuje, jak generator vypadal. Generator se sklada z reflektoru (1), je to nadoba tvaru
rotacniho elipsoidu. V reflektoru je umisténo jiskfisté (2), které je proti pfimému
pfistupu chranéno kryci folii (5). Jiskfisté je potom propojeno s nizkoindukénim
kondenzatorem (3), ktery je uchycen vné reflektoru pomoci pfechodky (4). K zaméreni
sekundarniho ohniska slouzi ultrazvukové sondy (6,7), které jsou pfipevnény
k reflektoru tak, aby jejich osa prochazela sekundarnim ohniskem. Pfivodem (8) je do

reflektoru pfivedena kapalina se snizenym parcialnim tlakem rozpusténych plynu.

K vytvofeni razové viny dochazi v reflektoru v misté primarniho ohniska. Zde
jsou umistény hroty jiskfisté, mezi kterymi dochazi k prudké expanzi kapaliny, ta se

vypafi a pfi nasledné ionizaci vznika vodivy plazmovy kanal. Expanze kapaliny vytvari
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tlakovou vinu, ta se S$ifi do okoli a nasledné je fokusovana pomoci reflektoru do

sekundarniho ohniska. V sekundarnim ohnisku je potom umistén konkrement [8,14].

Ii
/
mistl
%

Obréazek 4. Prvni generétor rdzovych vin CR. 1-nadoba reflektoru, 2-jiskfisté, 3-bezindukéni
kondenzator, 4-prechodka, 5-kryci folie, 6 a 7-ultrazvukové sondy, 8-privod vody (prevzato
z Zeman, J., 2011)

Aby byla potvrzena ucinnost tohoto pfistroje a zaroveri metody jako takové, byl
v roce 1986 proveden experiment, kdy byly praseti voperovany lidské zlu¢ové kameny.
Nasledné byly vystaveny pasobeni razovych vin. Aby bylo mozné posoudit u€inky RV
na tkané, byla exponovana takeé jatra, ledviny, plice a svalova tkan. Pfi vyhodnoceni
bylo zjisténo, Ze razova vina generovana mimo télo, byla schopna narusit voperovany
Zlu€ovy konkrement a na nevzdusnych tkanich zanechava zcela zanedbatelné ucinky.

Vyjimku tvofi plice, kde doslo k poskozeni vlivem rozdilné akustické impedance [8,15].

Vzhledem k témto Uspéchum s experimentalnim generatorem, byla v roce 1987
zahajena prace na klinické verzi litotryptoru. Tu se podafilo dokoncit a zafizeni
patentovat (PV 7789-86.D ). V roce 1987 zaroven probéhla prvni |éCba pacienta a do
konce roku jesté dalSich osmi. Klinicka verze pfistroje je zobrazena na obrazku 5.
Generator, ktery je souclasti pristroje, je vySe popsany generator
(obrazek 4). Na obrazku 5 vidime télo pacienta (1), které je uloZzeno na lzku. Akusticky
kontakt generatoru RV a téla pacienta je zajistén pomoci vodni lazné (5) a tésnici

manzet (6). Zaméfeni konkrementu (2) se provadi pomoci ultrazvukové sondy (3),
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ktera je umisténa mimo reflektor. Sonda je vSak k reflektoru fixovana tak, aby
zobrazovana rovina protinala hlavni osu eliptického reflektoru presné v misté
sekundarniho ohniska. Cela soustava manipulatoru je pohybliva, ma Sest stupnd
volnosti, diky tomu je mozné nastavit pfistroj tak, aby sekundarni ohnisko lezelo

v misté, kde se nachazi konkrement [16,17].

Obrazek 5. Klinicka verze litotryptoru. 1-télo pacienta, 2-kamen ve Zlucniku, 3-sonograficka
sonda, 4-jiskfisté, 5-vodni lazeri, 6-vak plnény vzduchem, 7-reflektor, 8-pulzni kondenzator

(pfevzato z Zeman, J., 2011)

V roce 1988 byl do klinické praxe uveden pfistroj pro desintegraci ledvinovych
konkrementl. Zaméfeni konkrementu se provadélo skiaskopicky a pozdéji i
ultrasonograficky. Skiaskopické zaméreni se provadélo dvojici RTG projekci, jejichz
osy se protinaly v sekundarnim ohnisku pfistroje. Skiaskopické zaméreni vzniklo ve
spolupraci s Vyzkumnym ustavem zdravotnické techniky v Brné [18]. Skiaskopické
zaméfeni samoziejmé znamena pro pacienta radiacni zatéz, tento nedostatek
eliminuje zaméreni ultrasonografické. Pomoci zaméfeni ultrazvukem je tak mozné
kontinualné sledovat postup drceni a zaméfit jak kontrastni, tak nekontrastni

konkrementy [19].

Pristroj jako takovy byl v dalSich letech zdokonalovan a da se fici, Ze v roce
1992 dosahoval srovnatelné urovné se svétovou Spi¢kou v tomto oboru. Byl instalovan
a pouzivan velkou fadou pracovist na nasem uzemi. Nejsilné&jSim Clankem pfristroje je
generator razovych vin, ktery ma vyborné vysledky pfi desintegraci konkrementu, je

Setrny k okolnim tkanim a jeho provoz je ekonomicky [10].
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1.5 Komponenty litotryptoru

Prvni generaci litotryptord reprezentuje pfistroj Dornier HM3. Ten je
charakteristicky velkou vodni lazni, ve které je pacient ponofen pro optimalni pfenos
razové viny. Je vybaven elektrohydraulickym zdrojem a elipsoidnim reflektorem.
OSetfeni se provadélo pfi celkové, nebo spinalni anestezii. Vysledky dosazené s timto

zarizenim jsou stale povazovany za zaklad pro srovnani vSech novych zafizeni [7].

Druha generace litotryptord pouzivala elektrohydraulicky, elektromagneticky,
nebo piezoelektricky zdroj. Pfenos razové viny se uskuteCnioval prostfednictvim
vodniho vaku, nebo ¢&aste¢nou vodni lazni. Anestezie se vétSinou omezila na

intravendzni sedaci.

Treti generace litotryptord je také vybavena elektrohydraulickym,
elektromagnetickym, nebo piezoelektrickym zdrojem. VSechna zafizeni dovoluji
aplikaci bez anestezie. VS§echny komponenty jsou integrovany do multifunkcionalniho

systému [7].

VsSechny pfistroje se skladaji ze Ctyf zakladnich komponent a to téchto.

1.5.1 Generator razovych vin

D4 se fici, Ze generator razovych vin je jakési srdce kazdého pfistroje. Ovliviiuje
jak fyzikalni parametry razovych vin, tak i umisténi sekundarniho ohniska. Existuje

nékolik typu generatoru.

1.5.1.1 Elektrohydraulicky generator

Tento zpusob generace razovych vin je prvni, ktery byl pouzivan u litotryptoru
Dornier HM3 a také nas prvni litotryptor mél jako generator tento typ.
Elektrohydraulicky generator razovych vin je zaloZen na principu jiskrového vyboje, ke
kterému dochazi pod vodou. Jeho schéma a realnou podobu vidime na obrazku 6.
V primarnim ohnisku jsou umistény proti sobé dvé hrotové elektrody, tyto elektrody
jsou pfipojeny ke kondenzatoru s kapacitou vétSinou kolem 100 nF. Kondenzatory jsou
nabijeny na napéti 15-30 kV a poté dojde k jejich vybiti na elektrodach, zde diky tomu
vznika rychle expandujici plasmovy kanal a dochazi k rychlému odpareni kapaliny
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v okoli tohoto kanalu. Takto vznikne sféricka razova vina, ktera je nasledné pomoci
reflektoru odrazena do sekundarniho ohniska. Intenzita razové viny mize byt ménéna
pomoci nastaveni napéti. Hloubka, kde se nachazi ohnisko, a tvar ohniska je
definovan pomoci geometrie elipsoidniho reflektoru. Sitka vybojového kanalu je asi
1 mm. Tento typ zdroje se stale pouziva i v dneSnich zafizenich. Nevyhodou tohoto
typu zdroje je limitovana zivotnost hrotovych elektrod, které vydrzi vétSinou kolem
tisice vyboju. Je to dano tim, Ze elektrody pfi vyboji eroduji a dusledkem je zména

parametru a nestabilita razové viny v ohnisku [7,12, 20].

Na Ustavu fyziky plazmatu byl nalezen zpusob, jak efektivné regulovat
vzdalenost hrotd a tim prodlouzit jejich Zivotnost (zpusob byl patentovan). Hroty
elektrod se ve vétsiné pfipadl nechaji nastavovat, tedy da se ménit jejich vzdalenost
a tim regulovat stabilita parametri razové viny. Toto nastaveni vzdalenosti vSak
vétSinou byva mechanickeé a tak zcela zavislé na zkuSenostech obsluhy. PFi vybojich
dochazi ke zmé&né geometrie hrotu elektrod, coz neni mozné nastavenim na béznych
zarizenich postihnout. Tento nedostatek byl odstranén tak, Ze se méfi €as od zacatku
nabijeni kondenzatoru, nebo od nabiti kondenzatoru do chvile, kdy dojde k prirazu,
vyboji mezi hroty elektrod. Na zakladé namérenych hodnot je poté provedeno

nastaveni hrotd a zvysi se tak jejich zivotnost [7,21,22,23].

Obrazek 6. Elektrohydraulicky generator (prevzato z http://eswt.net/focused-
shock-waves)
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1.5.1.2 Elektromagneticky generator

Tento typ generatoru jako prvni vyuzivala firma Siemens v jejich zafizeni
s nazvem Lithostar. Zafizeni bylo uspofadano tak, Ze vném byly dva
elektromagnetické zdroje po obou stranach pacienta. Generator se sklada z ploché
civky, na tuto civku je pfiveden velky proudovy puls a civka tak generuje silné
magnetické pole. Toto silné magnetické pole zplUsobi odpuzeni izolované metalické
membrany do pfiléhajici vody. Voda v okoli membrany je tak stlatena a vznika plochy
akusticky puls. Puls je poté fokusovan pomoci akustické ¢ocCky. Tlak na povrchu
membrany je v ploSe konstantni. BEhem cesty se akusticky puls transformuje na
razovou vinu. Elektromagneticky zdroj tohoto typu generuje razovou vinu s velmi
Sirokym rozsahem moznych intenzit a vysokym stupném reprodukovatelnosti. Jeho
schéma a realnou podobu vidime na obrazku 7. Zivotnost zdroje je kolem milionu
razovych vin. V celé dobé Zivotnosti vykazuje stalost parametrd RV, ale po opotiebeni
materiald musi byt vyménén, coz je nakladnéjSi nez u elektrohydraulického
generatoru. U tohoto typu zdroje je mozné volbou priméru membrany a ohniskovou
vzdalenosti akustické CoCky ménit vyzafovaci uhel. Elektromagneticky zdroj vSak nikdy

neposkytl lepsi vysledky v oSetfeni oproti neupravenému Dornier HM3.

&

Obrazek 7. Elektromagneticky generator s plochou civkou (prevzato z
http://eswt.net/focused-shock-waves)
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Druhym moznym usporadanim elektromagnetického zdroje  je
elektromagneticky valcovy zdroj, jeho schéma a realnou podobu vidime na obrazku 8.
Tento zdroj se sklada z valcoveé civky, ktera je opét obklopena membranou. Na civku
je priveden silny proudovy puls, dojde k odpuzeni membrany a vznika silny akusticky
puls. Ten je odrazen pomoci parabolického reflektoru do ohniska. Toto uspofadani je

velmi stabilni a dovoluje asi milion opakovani.

Pokud bychom se podivali na naklady na provoz, tak elektromagneticky zdroj
sice vydrzi vice opakovani, ale jeho vyména je potom nékolikrat drazsi nez u zdroje
elektrohydraulického [7,21,22,23].

Obrazek 8. Elektromagneticky zdroj s valcovou civkou (pfevzato z
http://eswt.net/focused-shock-waves)

1.5.1.3 Piezoelektricky generator

Piezoelektricky generator je zaloZzen na piezoelektrickém jevu, tedy pfeméné
elektrické energie na mechanickou. Generator vétSinou tvofi vnitfni plocha kulového
vrchliku, na které jsou rozmistény piezoelektrické elementy. Po pfipojeni ke zdroji
vysokého napéti nastava jeden synchronni kmit vSech piezoelementd. Tim je
vytvofena sféricky konvergentni razova vina. Ohnisko tohoto zdroje lezi ve stfedu

koule, jejiz Cast tvofi generator. Schéma a realnou podobu generatoru vidime na
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obrazku 9. Tento typ zdroje ma velikou aperturu, diky cemuz je oSetfeni témér
bezbolestné. Protoze mechanicka pevnost piezoelementl je omezena, je nutné
pouzivat velky pocet. Piezoelektricky zdroj generuje nizSi akustickou energii nez

ostatni typy, ale tlak v ohnisku je vysoky diky jeho malym rozméram [7,21,22,23].

Obrazek 9. Piezoelektricky generator (prevzato z http://eswt.net/focused-
shock-waves)

1.5.1.4 Mikroexplozivni generator

Tento typ generatoru se v klinické praxi nepouziva. Generator funguje tak, ze
v primarnim ohnisku elipsoidniho reflektoru dochazi k mikroexplozi malé kulicky. Tim

je vytvorena tlakova vina, ktera je reflektorem odrazena do sekundarniho ohniska [20].

1.5.1.5 Generator zaloZeny na principu mnohokanalového vyboje

Tento typ generatoru je pfedmétem této prace a jeho princip bude podrobné
vysvétlen v dalSi ¢asti textu.
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1.5.2 Systém pro fokusaci razové viny

Koncentrace tlaku v razové viné do malého objemu ohniska se oznacuje jako
jeji fokusace a je soucasti kazdého generatoru. Fokusaci se dosahuje koncentrace
energie a tento postup je velice dulezity pro parametry a ucinek razoveé viny. Pro popis
je spravné uvést velikost ohniska, tlaky a délku pulsu. U elektrohydraulického zdroje a
také u experimentalniho zdroje mikroexplozivniho je fokusace provadéna pomoci
elipsoidniho reflektoru. Reflektor tvofi ¢ast rotaéniho elipsoidu, kdy v primarnim
ohnisku je vytvofena tlakova vina, ktera je reflektorem odrazena do ohniska

sekundarniho, jak je vidét na obrazku 10 (a).

U zdroje piezoelektrického je razova vina fokusovana diky tvaru samotného
generatoru. Piezoelementy jsou totiZz umistény na vnitini ploSe kulového vrchliku a tak
se razova vina koncentruje ve stfedu koule, jejiz ¢ast kulovy vrchlik tvofi. Schéma

vidime na obrazku 10 (b).

U zdroje elektromagnetického s plochou civkou se k fokusaci vyuziva akusticka
CoCka, ktera podobné jako C€oCka opticka koncentruje razovou vinu do ohniska.

Schéma vidime na obrazku 10 (c).

U zdroje elektromagnetického s valcovou civkou se k fokusaci pouziva reflektor

tvaru Casti rotaéniho paraboloidu. V tomto generatoru vznika valcova tlakova vina,

ktera je timto reflektorem odrazena do ohniska, jak vidime na obrazku 10 (d) [12].
(d)
)

Q@i &

Obrazek 10. Ruzné principy fokusace razovych vin (prevzato z Wilbert, D.M.
2002). (a) Reflektor tvaru ¢asti rotacniho elispoidu. (b) Fokusace diky tvaru generatoru,
vnitini ¢ast kulového vrchliku. (c) Fokusace pomoci akustické CocCky. (d) Reflektor
tvaru c¢asti rotacniho paraboloidu

yas.
\//
-

&
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1.5.3 Propojeni pristroje a pacienta

Razova vina je vina akusticka, ktera se Sifi jako stfidani komprese a
dekomprese prostfedi. Na rozhranich prostfedi s rozdilnou akustickou impedanci
dochazi ve vétsi, nebo mensi mife k absorpci, reflexi nebo refrakci. ProtoZze voda ma
podobné akustické vlastnosti jako vétSina mékkych tkani je nejvhodnéjsim prostifedim

pro generovani razové viny a jeji pfenos do téla pacienta.

U prvnich litotryptorl se pouzivala vodni lazen, do které byl pacient zcela
ponofen. Voda vtéto lazni byla odplynéna, pro zajisSténi Sifeni razoveée viny
s minimalnimi ztratami energie. Tento zpUsob je stale povazovan za idealni moznost
prenosu, i kdyz pro pacienta neni uplné komfortni. Druha a tfeti generace litotryptoru
pouziva vodni polstar, na kterém leZi pacient. Vodni polStaF je vyroben z elastického
PVC nebo silikonu a dobfe se tak pfizpusobi tvaru lidského téla. Aby byl zajistén
dokonaly pfenos razoveé viny (akusticky kontakt), je na vodni polstaf v misté spojeni
s télem pacienta aplikovan ultrazvukovy gel. Je totiZ nutné, aby zde nebyly zadné
vzduchové bubliny [7]. Pfitomnost vzduchovych bublin je opravdu zasadni,
experimentalné bylo zjisténo, Zze pokud bubliny pokryvaji 1,5 % - 19 % plochy
pfechodu, dochazi k snizeni amplitudy razoveé viny primérné o 20 %. Pokud je spojeni
pacienta a vodniho polStafe naruseno, jako kdyZz pacient méni polohu, dochazi
k poklesu akustického tlaku az o 32 %, coZ pfedstavuje snizeni akustické energie o 57
%. Desintegrace konkrementl je bublinami také ovlivnéna, pokud bubliny pokryvaji 2
% plochy spojeni, snizi se poSkozeni konkrementu od 20 % do 40 % [24]. Pro lepSi

pfenos energie je dobré pacientovi oholit ochlupeni.

1.5.4 Zamérovaci systém

Zameéfovaci systém je nutny k zacileni ohniska razové viny na konkrement
(nebo jinou tkan), coz je ale objekt v téle pacienta. Zaméreni je dale dulezité pro
monitorovani pribéhu aplikace razovych vin a v neposledni fadé pro zjisténi stupné
fragmentace konkrementu. Mezi dvé nejbéznéji uzivané metody zaméfeni fadime

ultrazvuk a skiaskopii.
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Skiaskopické zaméfeni bylo pouzivano u prvni generace litotryptort. Zaméreni
je provedeno pomoci dvou rentgenovych projekci. Osy téchto projekci se protinaji
v ohnisku. U dneSnich litotryptorli je pouzivano skiaskopické C-rameno. Oproti
ultrasonografickému zaméfeni je zde pacient vystaven ionizujicimu zafeni. Pokud je
konkrement nekontrastni, je nutné pouziti kontrastni latky pro zobrazeni tohoto

konkrementu jako defektu v naplni kontrastni latky.

Ultrasonografické zaméfeni ma vyhodu oproti skiaskopii v tom, Ze je schopné
zaméfit jak rentgen kontrastni, tak rentgen nekontrastni konkrementy. Obvykle je
systém uspofadan tak, ze ultrazvukova sonda je nastavena, aby rovina zobrazeni
lezela pfesné v misté, kde se nachazi ohnisko. Také mizeme sledovat pribéh |éCby
kontinualné, nebot pacient neni vystaven ionizujicimu zafeni jako v pfipadé
skiaskopie. Problém muze nastat v pfipadé malych uretralnich konkrementl, které

byvaji schované za strevni klickou, ta obvykle obsahuje vzduch [7,12].

U dnesnich pfistroju se oba typy zaméfeni s vyhodou kombinuiji. Litotryptory tak

maji jak zaméfeni skiaskopické, tak zaméfeni pomoci ultrazvuku.
Obecné muzeme délit dnesni pFistroje na modularni, integrované a hybridni.

Modularni pfistroje vypadaji tak, Ze zdroj razovych vin, zobrazovaci systém a
stll pro pacienta jsou separatni moduly, které funguji i samostatné, jak vidime na
obrazku 11. Diky tomu, Ze jsou jednotlivé komponenty oddéleny, je mozné je vyuZzivat

samostatné, jako v pfipadé ultrazvuku &i C-ramene.

Obrazek 11. Modularni systéem. AST Lithospace (pfevzato z SMITH, Arthur D.,
2012)
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Integrovany systém je takovy, kde jsou jednotlivé komponenty spojeny do
jednoho zafizeni, neni mozné je oddélit. Oproti modularnimu systému ma ten
integrovany mensi rozméry a jeho komponenty jsou optimalné integrované a

synchronizované. Integrovany systém vidime na obrazku 12.

/\
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Obrazek 12. Integrovany systém. Siemens Lithoskop. (pfevzato z SMITH,
Arthur D., 2012)

Hybridni zafizeni maji zobrazovaci systém a zdroj razovych vin namontovany
spole¢né na konzole a stul pro pacienta je separatni ¢ast. Tento typ zafizeni lezi mezi
modularnim a integrovanym systémem jak svymi rozméry, tak investicnimi naklady.

Priklad Hybridniho zafizeni vidime na obrazku 13.

Obrazek 13. Hybridni systém. EDAP TMS Sonolit i-Sys. (pfevzato z SMITH,
Arthur D., 2012)

26



1.6  Uginky razové viny

1.6.1 Razova vina a drceni konkrementu

Razova vina ma nékolik ucinkd, mizeme je rozdélit na pfimé a nepfimé. Mezi
pfimé uc€inky fadime kompresi a tenzi prostfedi, kterym pronika razova vina. Mezi
ucinky nepfimé fadime kavitace, které vznikaji pfi prekroceni kavitaéniho prahu vlivem

negativni ¢asti razove viny.
Pfi desintegraci konkrementu hraji nejvétsi roli tyto mechanismy.

Tahové a smykové sily: Je-li délka pulzu menSi, nez jsou rozméry konkrementu,
jsou poté diky geometrii konkrementu a jeho vnitini struktufe generovany kompresni
Casti razové viny tlakové gradienty. Ty maji za nasledek tahové napéti uvnitf
konkrementu, vznik trhlinek a naslednou fragmentaci. Je to podobné fragmentaci

kladivem.

Drceni: Je to proces, pfi kterém se kompresni komponenta odrazi od distalni
Casti konkrementu. Rozhrani mezi kamenem a tekutinou invertuje pozitivni ¢ast tlaku
na negativni (tahovou slozku), protoze je zde rozdil akustickych impedanci. Amplituda
tahového napéti, které narusi vnitini napéti konkrementu, je zavisla na rozdilu
akustickych impedanci konkrementu a kapaliny a také na geometrii konkrementu.
Drceni tedy rozbiji konkrement zevnitf podobné jako pfi zmrazeni vody uvnitf kiehkého

materialu.

Stlaceni: Pokud jsou rozméry ohniska vétsi nez rozmér kamene, Sifi se tlakové
viny uvnitf kamene, ale také podél néj. Jedna se o dvé odliSna prostfedi a tedy i
rychlost Sifeni bude odliSna. Pro kamen se rychlost pohybuje kolem 2500 m/s a
v kapaliné kolem 1500 m/s. Razova vina v kameni tak uteCe razové viné v okolni
kapaliné. To vede ke vzniku obvodovych sil kolem kamene. To ma za nasledek
namahani v tahu na proximalnim a distalnim konci konkrementu a vede to k prasknuti

kamene. Tento mechanismus mizeme pfirovnat k louskacku.

Superfokusace: Je zpusobena rozdilnou geometrii povrchu konkrementu.

Razova vina, ktera je odrazena od distalni ¢asti konkrementu muze byt fokusovana
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bud refrakci, nebo difrakci. Uvnitf konkrementu tak vznikaji lokalizované oblasti

velikého namahani jak tahem, tak tlakem.

Unava: Konkrement je vystaven velkému poétu razovych vin, to vede k rozsifeni

jiz existujicich defektd a naruseni konkrementu.

Oddéleni vrstev: Je to proces, pfi kterém dojde ve vnitinich slabych mistech,

jako jsou mista styku matrixové a krystalické komponenty, k naruseni vnitfniho napéti.

VSechny vySe zminéné mechanizmy patfi mezi pfimeé [7,8,25-28]. Mezi nepfimé

potom Ffadime kavitace.

Kavitace: Negativni ¢ast razové viny mulze zpusobit vznik kavitaci v okoli
konkrementu. Po kratké dobé tato kavitace imploduje a tim je uvolnéno velké mnozstvi
energie ve formé vysokoenergetickych vodnich vytryskl ,water jets* a vysoké teploty
(dosahuje az nékolika tisic Kelvini). Water jets vznikaiji, pokud kolabuje kavitace, ktera
je pfilehla k néjakému povrchu. Tato kavitace kolabuje nesymetricky, jakoby se
prolamuje dovnitf, a vznika tak tryskani tekutiny (rychlost dosahuje 100 m/s), které
hraje roli pfi fragmentaci konkrementu. Kolapsem kavitaci také vznikaji sekundarni
razové viny, které dale naruSuji konkrement. Role kavitaci je dulezita zejména
v pozdéjsi fazi fragmentace konkrementu, kdy je konkrement fragmentovan na mensi
kusy. Vyznam kavitaci byl prokazan v pokusech, kdy byl konkrement umistén do
média s vysokou viskozitou, nebo do prostiedi s pfetlakem. V tomto pfipadé se sniZila

ucinnost razové viny vzhledem ke stupni fragmentace [7,8,25,26,29,30].

1.6.2 Razova vina a jeji ucinky na tkan

1.6.2.1 Vedlejsi ucinky pri litotrypsi

Prvni aplikace razovych vin v mediciné byla zaméfena na drceni konkrement,
v tomto pfipadé byla cilem fragmentace konkrementu, aniz by doslo k poSkozeni
mékkych tkani. Razova vina musi cestou ke konkrementu projit mékkou tkani, kde
muze zpusobit poSkozeni. Prvnim naznakem takového poskozeni byl vyskyt nékolika
hematomU béhem |éCby ledvinovych kamenu. Také byla dodate¢né zaznamenana

hematurie pfi tomto typu oSetfeni. Hematurie se pfisuzovala mikroskopickym lézim,
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které vzniknou vinou fragmentd kamene urychlenych razovou vinou. Renalni zmény
po oSetfeni razovou vinou se podafilo potvrdit i pomoci dalSich experimentu, které byly
provadény na pokusnych zvifatech. Razové viny a jejich Sifeni a ucinky ve tkani by
mély byt predvidatelné, dokazeme je dobfe fyzikalné popsat. Ale protoze se Sifi
v biologickych systémech je véc o mnoho slozitéjSi. Ackoli je razova vina pfi litotrypsi
zaméfena na kamen, je pfilehla tkan také vystavena jejimu plasobeni. Délka ohniska
mnoha litotryptoru je okolo 50 mm a to znamena, Ze cela tloustka ledvin je vystavena
pusobeni razové viny. Zaroven vinou respiracnich pohybu a také pohybl pacienta
dochazi k posunuti konkrementu mimo ohnisko a razoveé viny tak dopadaji do mékké
tkané. Nastésti ma tkan takové fyzikalni vlastnosti, které ji délaji mnohem méné
nachylnou na poskozeni razovou vinou. Napfiklad akusticka impedance tkané a vody

je velice blizka a tak razova vina prochazi pres rozhrani voda, tkan témér bez odrazu.

V ledvinach muiuzeme rozliSit dva druhy krvaceni a to difuzni krvaceni a
hematomy. DalSim vyznaénym nalezem byla tvorba krevnich srazenin ve stfedné
velkych zZilach. Co se tyCe ledvin, byly jednim z nejvice studovanych organa a podobné
zmény byly nalezeny ve vétsSiné ostatnich tkani. Jednu z vyjimek tvofi plicni tkan.
Krvaceni plic bylo jednim z prvnich zdokumentovanych nezadoucich ucinku razové
viny. Doslo k tomu pfi zaméfeni RV do Zlu¢niku. Plicni tkan se ukazala byt nejcitlivéjsi
na plsobeni razovych vin, z hlediska jejich poSkozeni. Diky tomuto vysledku se také
pfiSlo na to, Ze i bézny diagnosticky ultrazvuk s akustickymi parametry bézné uzivany
pfi vySetfenich, mize zpUsobit poskozeni plicni tkané. Bylo prokazano také posSkozeni

tkané jater, Zlu¢niku, stfev a svald, stejné jako u ledvin.

DalSi medicinsky pfinosny efekt je u€inek RV na kosti. Jak se dalo oCekavat,
bylo hlavnim efektem razovych vina na kosti krvaceni. Na okostici a také v kostni dfeni
byla pozorovana hemoragie. Kost vSak na poskozeni reagovala pomérné

neoCekavané a to prirlstkem kosti v misté pusobeni.

Dulezity uc€inek, ktery bylo nutné provéfit, byl ucinek na srdce a nervové burky.
Srdecni arytmie byla pozorovana jiz pfi prvnich oSetfenich ¢lovéka. Zde bylo feSenim
spousténi razové viny mimo vulnerabilni fazi srde¢niho cyklu. Prakticky to znamenalo
monitorovat pacientovi EKG a spousténi razovych vin synchronizovat s
R vinou. V pokusech in vitro se také ukazalo, ze pomoci razove viny je mozné navodit
akéni potencial. PFi oSetfeni pacientd byly z tohoto dlvodu pozorovany zaskuby
svalové tkané [7,8,31,34].
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Razové viny vytvareji v tkanich kavitace, coz se podafilo zjistit pomoci
diagnostického ultrazvuku. Byly detekovany jako blikajici plochy v poli vysokého tlaku.
Jiz v osmdesatych letech se pracovalo s hypotézou, Ze kavitace jsou zodpovédné za

poskozeni tkané. Tuto hypotézu podpofilo nékolik zjisténi.

Byla zjiSténa souvislost mezi opakovanim razovych vin a mirou poskozeni
mékke tkané. Béhem osSetfeni pacienta je bézné podano 500 — 3000 razovych vin a to
tak, Ze vyboje pfichazi jednou az dvakrat za vtefinu. Aby doSlo ke zkraceni doby
oSetfeni bylo navrzeno rychlej$i opakovani razovych vin. Cas o$etfeni by se potom
zredukoval na nékolik minut, coz by znamenalo znac¢nou vyhodu oproti chirurgii. Tato
moznost byla experimentalné zkoumana a zjistilo se, Ze zkraceni intervalu mezi
jednotlivymi razovymi vinami znamena vétsi miru poSkozeni tkané. Divodem bylo to,
Ze kavitace vytvofené prvni razovou vinou vydrzely dost dlouho na to, aby mohly
reagovat s druhou razovou vinou, ktera pfisla ve velice kratkém intervalu. Toto zjiSténi

se potvrdilo i pfi jinych experimentech a moznost zkraceni intervalu tak byla zavrhnuta.

Podafilo se také zjistit, Ze pokud jsou zaroven s razovou vinou podavany
mikrobubliny, dochazi k narlstu krvaceni. Také bylo ovéfeno, Ze k poSkozeni tkané

dochazi pfesné v mistech, kde byly pomoci ultrazvuku kavitace pozorovany [33-35].

Razové viny, jak se podafilo prokazat, jsou schopny interagovat s tkani.
V pfipadé litotrypse je vSak nezadouci, aby dochazelo k poskozeni okolni tkané a tak
se snazime tento ucinek redukovat na minimum. Jsou ale i oblasti aplikace razovych

vin, kde se da ucinkl na tkan vyuzit.

1.6.2.2 Pouziti v ortopedii

Zajem o aplikaci razovych vin v ortopedii vznikl v dobé, kdy se ukazalo, Ze
pokud je razova vina zaméfena na mocéovod, dochazi k remodelaci kosti. Uginek je
zavisly na hustoté energie RV. Pfi prvnich studiich se ukazalo, Ze dochazi
k osteonekréze zavislé na davce a naruseni spongiézni kosti. Pfi vyhodnoceni, které
probihalo po dobu 12 tydnl, bylo potom mozné pozorovat novotvorbu kosti.
Osteogeneze je tedy zavisla na hustoté energie. Razové viny s vysSi hustotou energie

jsou napfiklad schopné zlomit kosti potkant. Pomoci razovych vin, jak vyplynulo
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z nékolika studii, je mozZné napomoci hojeni fraktur kosti. Snizi se doba nutna ke
zhojeni fraktury. Ukazalo se, Ze razové viny jsou schopny cytostimulace. Bunky
stimuluje tim, Ze stimuluje uvolfiovani cytokint jako je TGF-B1, nebo jinych mediator(
[5,40].

DalSi oblasti ortopedie, na kterou se zaméruje vyzkum razovych vin, je vyuZziti
RV pfi reoperacich totalnich kloubnich nahrad. Zde by bylo mozné pomoci RV narusit
spojeni kosti a kostniho cementu a pfi samotné reoperaci by tak bylo snazsi extrahovat
cement spolu s difikem kloubni nahrady z dutiny kosti. V dneSni dobé je samotna
extrakce velice naroCna a zatézujici pro pacienta. Nékolik studii ukazalo, ze razova
vina je schopna narusit spojeni kosti a kostniho cementu a zjednodusit tak extrakce

[37-39]. Také v této praci se této oblasti pouziti RV vénujeme.

1.6.2.3 Pouziti v revmatologii

V revmatologii se pouziva pfedevsim razova vina radialni, tedy nefokusovana
s malou hustotou energie a malou maximalni hodnotou tlaku. VyuZiti nachazi i vina
fokusovana. Ve veétSiné pfistrojd0 pouzivanych v revmatologii je razova vina
generovana odliSnym zplsobem, nez jsou vySe popsané. Razova vina je generovana
pomoci pneumatickych pulzd. Pomoci nich je vystfelovan projektil, ktery narazi na
vysila€, na jehoz povrchu se tim generuje razova vina. Ta dosahuje tlakt okolo 5 bar
a hustoty energie 0,1-0,25 mJ/mm?. Pokud je pouZita razova vina fokusovana je
hustota energie nad 0,3 mJ/mm?. S pouzitim se miZeme setkat naptiklad v téchto
indikacich: bolesti pohybového aparatu, jako napfiklad tenisovy nebo golfovy loket,
skokanské koleno, ostruhy kosti patni, bolesti patefe, bolestiva tfisla, unavové

zlomeniny, kostni pfestavby, nebo chronicky zanét tihovych vacku [8].

1.6.2.4 Permeabilizace bunék

Bunka je od svého okoli oddélena bunéfnou membranou, kterou tvofi
fosfolipidova dvojvrstva. Prostupnost membrany je fizena a je rozhodujici pro preziti

bunék. Pro Iékafské aplikace je ale nutné nékdy obejit kontrolni mechanismy tak, aby
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bylo mozné do bunky dorucit vybrané molekuly, pfipadné geny. V souCasné dobé
existuje nékolik systému, jak dorucit néco dovnitf buiky a volby systému pro doruceni
zavisi na situaci. Mezi systémy fyzikalni patfi elektroporace a také optoporace. Lze ale
také vyuzit razovych vin, tato metoda se nazyva sonoporace. Ta je vyznamna
vzhledem k aplikaci in vivo. Ukazalo se, Zze pomoci litotryptoru je mozné usnadnit
pfechod pfes membranu buriky molekulam, které by za normalnich okolnosti nebyly
schopné pfes membranu projit. Pro doruceni IéCiv by tak bylo mozné vyuzit postupy

znamé z litotrypse [33].

V experimentech se napfiklad ukazalo, Ze razové viny jsou schopny zlepSit
ucinek Cisplatiny. Pokud jsou buriky v nadobé, ve které je pretlak, tak je pfi pasobeni
razovych vin sniZzena propustnost membran oproti situaci pfi normalnim tlaku. To vede
k zavéru, ze pory v membrané jsou zpusobeny kavitacemi. Experimetalné bylo také
ovéreno, Ze je mozné dorucit do nadorové buriky ribozomy inaktivujici proteiny a snizit
tak davku podavaného léku az 40 000 krat [42]. Mohou byt také pfeneseny plazmidy
velikosti nékolika megadaltont, které koéduji standardni enzymy jako napfiklad

galaktosidasu nebo luciferazu.

Tohoto uc€inku na buné€né membrany, tedy sonoporace, by bylo mozné vyuzit
ve spojeni s chemoterapii. Co se tyCe in vivo terapie, tak se z provedenych
experimentl zda, Ze razova vina ma spise ucinek na mikrocirkulaci v nadoru. Dochazi
tak ke snizeni perfuze. V souCasné dobé se pracuje na mozném klinickém vyuziti
[31,32,41-43].

1.6.2.5 Dalsi mozné vyuziti razovych vin

Experimentalné se razova vina pouziva i pro 1éEbu ischemické choroby srdecni.
Bylo prokazano, ze razové viny s nizSi energii nez je tomu u litotrypse, navozuji
koronarni angiogenezi a neovaskularizaci. Vysledky experimentl prokazaly, ze u
pacientl dochazi ke zlepSeni. Byly také provedeny klinické zkousky zminéné metody

a to uspésné [44-49].

DalSi oblasti mediciny, kde se razovych vin vyuziva je aplikace na erektilni
disfunkce. Pouziva se zde také razova vina o nizké energii. Princip je podobny jako u
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srdce. Jde o vyvolani neovaskularizace. V tomto pfipadé byly provedeny experimenty

S prvnimi pacienty a vysledek byl uspésny [50-52].

RV maiji také protizanétlivé ucinky. Zde hraje vyznamnou roli produkce NO
v bunikach. RV, ktera se zde pouziva, ma nizkou energii (0,03 mJ/mm?) [53]. Razové
viny nachazeji uplatnéni i ve veterinarni mediciné a to pfi podobnych obtizich jako u

Clovéka.

1.7 Jednoducha a tandemova razova vina

Rozdil mezi jednoduchymi a tandemovymi razovymi vinami je v tom, kolik
razovych vin a v jakém ¢asovém intervalu je aplikovano. U jednoduchych razovych vin
je to vzdy jedna vina kazdou vtefinu az vtefinu a pal. Téchto vin se vyuziva v hlavné
v litotrypsi, ale také v ortopedii €i revmatologii. Jak uz bylo uvedeno, pokud je interval
kratSi, pfichazi nasledujici vina do prostfedi, ve kterém existuji kavitace vytvorené
prvni vinou, coz ma za nasledek poskozeni tkané. Tento ucinek je vSak u litotrypse

nezadouci.

Jak vime, tak razové viny vytvareji kavitace, které napomahaji fragmentaci
konkrementu, ale také zpUsobuji poSkozeni tkané. Existuji generatory, které pracuiji
s fizenim kavitaci. Jako slibny se zda pfistup, kdy prvni razova vina vytvori kavitace a
druha vina zintenzivni jejich kolaps, toto jsou tak zvané tandemové razoveé viny [54].
Tandemova razova vina je tedy schopna zpusobit poSkozeni v akusticky homogenni
tkani. Prvni vina, tim Ze generuje v misté ohniska vznik kavitaci, vytvofi v ohnisku
akustickou nehomogenitu a druha razova vina potom vtomto misté interaguje

s vytvofenou nehomogenitou a zplUsobuje tak poskozeni tkané [57].

Vin vitro i in vivo studiich se ukazalo, Zze tandemové razové viny zvysuji
fragmentaci konkrementd. Ukazalo se také, Ze tandemové RV maji baktericidni u€inek
a jsou schopny destruovat bunky [55,57,58]. V neposledni fadé je mozné tandemové

razoveé viny vyuzit pro doru¢eni DNA do bunék [56].
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2 Cile prace

Cilem této disertacni prace je v teoretické €asti shrnout dosavadni poznatky
z oblasti razovych vin a jejich vyuZiti v mediciné. A dale shrnout vysledky, které jsme
dosahli pomoci nového generatoru razovych vin. Ten je zaloZzen na principu
mnohokanalového vyboje. Vysledky jsou prezentovany v €lancich, které jsou soucasti
této prace. Cilem prace byl také vyvoj klinicky pouzitelného aplikatoru tandemovych

razovych vin.
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3 Material a metody

3.1 Novy zdroj razovych vin

Tato prace je zamérfena na vyuZiti jednoduchych a tandemovych razovych vin,
které jsou generovany novym zdrojem, ktery je zaloZen na principu mnohokanalového
vyboje. Tento zplsob generovani razovych vin byl zcela nové vyvinuty ve spolupraci
s Ustavem fyziky plazmatu AV CR. Pfi vyvoji tohoto zdroje bylo vyuZito poznatkii
ziskanych pfi vyzkumu impulsnich koronovych vyboju, které byly na zacatku uréeny
k Cisténi vody. ZplUsob jakym se vytvaFi objemovy koronovy vyboj, je patentové
chranén [22, 59]. Princip generace razoveé viny spociva v tom, Ze prostor mezi dvéma
elektrodami je zaplnén kapalinou se zvySenou elektrickou vodivosti. Na elektrodg,
ktera ma tvar pozadované vinoplochy, potom dochazi po pfipojeni impulzniho napéti
k mnohokanalovému vyboji. Tento elektricky vyboj hofi mezi elektrodou a kapalinou.
Vytvari se tak jednotlivé kvazisférické tlakové viny, jejichz superpozici poté vznikne
jedna mohutna tlakova vina. Ta je dale fokusovana pomoci reflektoru a béhem cesty

do ohniska se transformuje na vinu razovou.

Obrazek 14. Kompozitni anoda v ¢ase vyboje.

K mnohokanalovému vyboji, tak jak ho vidime na obrazku 14, dochazi na
povrchu kompozitni anody. Jedna se o valec z nerezové oceli, ktera je pokryta tenkou
vrstvou (0,2 — 0,5 mm) porézni keramiky s otevienou porovitosti 3-5 %. Druhou
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elektrodu tvofri reflektor. Po pfipojeni impulzniho zdroje napéti na tuto elektrodovou
soustavu jsou predvybojové proudy soustfedény do jednotlivych pért. Uvnitf téchto
poru vznika elektrické pole s intenzitou blizkou k E=U/r, kde U je pouzité napéti ar je
tloustka keramické vrstvy. Pfi elektrickych polich o velikosti intenzity E~0,5-1 MV/cm
dochazi v poérech k iniciaci vyboje. Diky pouziti kapaliny se zvySenou vodivosti jsou

vyboje soustfedény v jednotlivych porech izolaéni vrstvy.

U tohoto generatoru je mozné ovliviiovat vlastnosti razové viny (amplitudu,
Casovy prubéh) a to nejen nastavenim parametrli obvodu, jako jsou pouzité napéti,
kapacita kondenzator(, induk&nost obvodu, ale také nastaveni vodivosti kapaliny. Diky
tomu, Ze je vybojovy proud rozdélen do mnoha poéru, je omezena eroze kompozitni
anody. Tim je prodlouzena jeji zivotnost. Na obrazku 15 vidime kompozitni anodu

spolu s reflektorem.

Obrazek 15. Kompozitni anoda s reflektorem.

Na obrazku 16 vidime jedno z uspofadani generatoru. Sklada se z valcové
elektrody (1). Ta je tvofena kovovym valcem pokrytym porézni keramikou (2).
Elektroda je umisténa v ose kovového reflektoru (4). Reflektor ma tvar ¢asti rotacniho
paraboloidu, ktery vznikne rotaci paraboly kolem osy prochazejici ohniskem a kolmé
k jeji ose. Od reflektoru je kompozitni anoda izolovana izolatorem (5). Prostor mezi
elektrodami (6) je zapInén kapalinou se zvySenou vodivosti, ta se vétSinou pohybuje
kolem 18 mS/cm. Po pfipojeni impulzniho napéti 15-30 kV z impulzniho zdroje (7)
dochazi k mnohokanalovému vyboji. Ten vytvofi tlakovou vinu tvaru valce (8), které se

Sifi smérem od kompozitni anody a je nasledné odrazena reflektorem do ohniska (9).
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Obrazek 16. Schéma
generatoru s jednou valcovou
elektrodou

1-kompozitni anoda, 2-izolacni
vrstva, 3-oteviené pory,
4-reflektor, 5-izolator, 6-prostor
mezi elektrodami, 7-impulzni
zdroj, 8-tlakova vina, 9-ohnisko

(pfevzato z Zeman, J., 2011)

Generator s jednou valcovou kompozitni elektrodou vytvafi jednoduchou
razovou vinu. Pro vytvofeni tandemové razové viny slouzi modifikovana verze

generatoru, jejiz schéma vidime na obrazku 17.
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Obrazek 17. Schéma generatoru razovych vin s rozdélenou valcovou

v

kompozitni anodou. 1-¢ast kompozitni anody s men$im pramérem, 2-éast kompozitni

anody s vétsim primérem, 3-reflektor, 4-jiskristé, 5-izolator, 6-ohnisko
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V tomto pfipadé se kompozitni anoda sklada ze dvou &asti (1,2). Kazda z ¢asti
kompozitni anody mlze byt spinana zvlast a diky tomu generovat tandemové razové
viny s riznym zpozdé&nim mezi prvni a druhou vinou. Casové zpozdéni mize byt také
dano geometrii jednotlivych &asti elektrody. To znamena, Ze pokud jsou obé Casti
sepnuty soucasné, tak v disledku rozdilnych drah tlakovych vin k ohnisku dochazi
ke konstantnimu zpozdéni druhé razoveé viny a to o 5 ys. V tomto pfipadé je napajeci
obvod jednodussSi. Na obrazku 18 vidime kompozitni anodu pro generovani

tandemové razoveé viny.

| T -

Obrazek 18. Kompozitni anoda pro generovani tandemové razove viny bez
reflektoru.

Pro jednoduchou razovou vinu generovanou vyse popsanym zdrojem dosahuji
tlaky v ohnisku 372 MPa pozitivni a -17 MPa negativni. Pfi generovani tandemovych
razovych vin dosahuiji tlaky druhé viny v zavislosti na geometrii az 100 MPa pozitivni
a az — 80 MPa negativni. Ohnisko ma v praméru 0,5 mm (na polovi¢ni hodnoté tlaku).
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4 Vysledky

Vysledky jsou prezentovany v podobé publikaci s kratkym komentarem.

4.1 Jednoduché razové viny

ZEMAN, Jan., HACH, Jan, DIBDIAK, Lukas., SUNKA, Pavel., LUKES, Petr.,
HOFFER, Petr., SEDLACEK, Radek, KOCIOVA, Kamila. and BENES, Jifi, 2012,
Uginek razové viny na kostni cement a jeji potencialni vyuziti v
ortopedii. Ortopedie. 2012. Vol. 6, no. 3p. 100-102.

Tato prace je zamérfena na vyuziti jednoduché razové viny v ortopedii. Je zde
zkoumano mozné vyuZiti pfi reoperacich kloubnich nahrad. V praci je pouZit novy zdroj
razovych vin zalozeny na principu mnohokanalového vyboje. Pro generaci jednoduché
razove viny je zvoleno usporadani s jednou kompozitni anodou. Dale je pouZzito 6
femurd miniprasete, ty jsou v parech. Z femuru byly odstranény mékké tkané a kostni
dfen, byla odfiznuta proximalni a distalni epifyza a kost byla naplnéna kostnim
cementem, ktery se bézné pouziva k uchyceni kloubnich nahrad. Dale byly femury
rozfezany na disky tak, zZe v paru zUstal vzdy jeden z levého femuru a jeden z pravého
femuru. Disky z jednoho z parovych femurl byly poté vystaveny plsobeni razovych
vin a disky z druhého femuru slouzily jako kontrolni. Po aplikaci jednoduchych
razovych vin, které byly fokusovany do mista styku cementu s kosti, bylo provedeno
meéfeni sily nutné k vytlateni cementu z kosti. Maximalni velikost sily nutné k vytlaceni
cementu byla zaznamenana pro experimentalni i pokusné vzorky a obé skupiny byly
poté porovnany.

Vysledky ukazaly, Ze rozdil mezi maximalni silou nutnou k vytlaCeni cementu
z kosti je u experimentalni skupiny statisticky vyznamné nizsi oproti skupiné kontrolni.
Ukazuje se tak, Ze jednoduchou razovou vinu by bylo mozné vyuZzit pfi reoperacich

kloubnich nahrad, pro zjednoduseni extrakce cementu z kosti.
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Ucinek rdzové vlny na kostni cement a jeji potencialni vyuziti v ortopedii
The effect of shock wave on bone cement and its potential use in orthopaedics
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Souhrn:

Uvod: Obecné mizeme fici, ze razové vina se vyznacuje prudkou zménou viastnosti prostredi, kterym se $ifi. V mediciné se rézova
vlna pouziva jiz fadu let a jeji pocatky jsou spojeny s lécbou konkrementdi. Uspéchy, které byly dosazené na poli dezintegrace
konkrementd, vedly k tvahdm o jiném vyuziti razovych vin v mediciné, Dnes se napfiklad vénuje velka pozornost moznosti
poskozeni nadorové tkané d¢inkem razovych vin. Tato prace je vénovana pouziti v ortopedii.
Metoda a materidl: Ke generovéni razovych vin byl pouzit novy zdroj, ktery byl vyvinut na Ustavu fyziky plazmatu AVCR. Je
zaloZen na principu mnohokandlového vyboje, ke kterému dochdzi na povrchu kompozitni anody. V experimentech byly
zjistovany Gcinky rdzové vlny na spojeni kosti a kostniho cementu. Jednotlivé vzorky byly rézoviny a poté byla méfena sila,
kterd je nutnd k vytlaceni kostniho cementu z kosti.

Vysledky: Byly porovnaviny mezi sebou maximalni sily naméFené u vzorkil experimentdlnich a kontrolnich. Z vysledki vyplyvd,
Ze sily nutné k vytlaceni kostniho cementu z experimentalnihe vzorku jsou v porovnani s kontrolnimi vzorky mensi,
Diskuze: Z toho miiZeme usuzovat, Ze razova vina dokaze narusit spojeni kosti a kostniho cementu. Tohoto efektu by Slo pozdéji
vyuzit pfi reoperacich totalnich kloubnich nahrad.

Kli¢ova slova: fokusovana razova vlna, vyména kycelniho kloubu, reoperace, kostni cement

Summary:

Introduction: It can be generally said that a shock wave is characterized by a sharp change in the properties of the environment
through which it spreads. In medicine, shock waves have been used for many years and the origins of their application are
associated with the treatment of concretions. The success that had been achieved in the field of stone disintegration encouraged
further considerations in respect of other applications of shock waves in medicine. Currently, for example, much attention
is given to the possibility of damaging tumour tissue by the effects of shock waves. This paper focuses upon orthopaedic
applications.
Material and methods: A new source of generating shock waves, which was developed at the Institute of Plasma Physics, has been
used. It is based on the principle of multichannel discharge which occurs on the surface of the composite anode. The effects of
shock waves upon the connection between the bone and bone cement were studied in the experiments, Individual samples were
treated by the shock wave and thereafter, the force necessary to displace bone cement from the bone was measured.
Results: The maximum forces established in experimental samples were compared to those measured in control samples. The
results indicate that compared to control samples, the force necessary to displace bone cement from an experimental sample
is smaller.
Conclusions: This suggests that the shock wave can influence the way the bone and bone cement connect. This effect could be
later used in total joint replacements reoperations.

Key words: focused shock waves, hip joint replacement, reoperation, bone cement

Ortopedie 2012:6:100-102.

dvod

V mediciné se rdzova vlna zacala vyuZivat
pfed vice ne7 20 lety (6). Razova vlna je
vina akustickd, jejiz trvani se pohybuje
v fadu mikrosekund. Prostfedim se 3iff
jako jeden mohutny tlakovy kmit. Nejprve

dochazi k rychlému nardstu pozitivniho
tlaku (k hodnotdm kolem 100 MPa), ktery
je nésledovén negativni tlakovou pilvinou
{kolem 10 MPa) (4, 8). V mediciné se dnes
rdzovéd vina béiné vyuzivd k dezintegraci
konkrementi (1, 2, 3),

V oblasti dezintegrace konkrementi
bylo dosazenc wybornych wysledkd, coz
vyvolalo diskuzi o dal$im vyuZiti rdzovych
vin v medicing. Dnes se jiz bézné vyuiivaji
k 18¢bé dponovych bolesti, zkaumd se také
mezné pouziti v onkologii, ale tato prace je
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vénovana vyuziti v ortopedii. ¥ soucasné
dobé je jednou z Castych terapeutickych
metod v ortopedii implantace totalni ndhrady
kloubu. Masové rozsifeni této terapeutické
metody vedlo ke zvySeni poctu reviznich
operaci. Revizni operace predstavuji
pro- pacienta jisté nziko. Pravé extrakce
cementového plésté diiku endoprotézy, ktery
fixuje protézu, je obtizné a Casové narocné.
NaSe prdce se vénuje mozZnosti vyuzit
rdzovou vlnu generovanou novym zdrojem,
jako metodu usnadnujici extrakci cementu
pfi reoperacich (14). V praci byl vyuzit novy
zdroj rézovych vin vyvinuty na Ustavu fyziky
plazmatu AVCR. Ten je zaloZen na principu
mnohokanalového viboje, ke kterému dochdzi
na kompozitni elektrodé. Ta je umisténa
v silné vodivé vodé a po pfipojeniimpulzniho
napéti dochdzi k vytvorent velkého mnozstvi
vybojovych kanld, které jsou rozlozeny na
povrchu celé elektrody (9. 11, 12, 13). V praci
byl zkoumdn tcinek jednoduché rézové viny
generované novym zdrojem na spojeni kosti
a kostniho cementu 7n vitro.

[

Metoda a material

Ke generaci rdzovych vin byl pouzit
novy zdroj, ktery je zalozen na principu
mnohokanalového vyboje na povrchu
kompozitni anody. Schéma generdtoru je
na obrdzku 1. Na cylindrickou kompozitni
anodu, kterd je vyrobena z nerezové oceli,
je za pomoci metody plazmového stiikan{
nanesena tenkd vrstva (d = 0,2-0,3 mm)
porézni keramiky. Celé zaiizeni k aplikaci
razovych vin je rozdéleno na dvé ¢asti,
které jsou od sebe oddéleny akusticky
transparentni membrdnou. Prvni édst je
naplnéna vysoce vodivym solnym roztokem
(s vodivosti 5-20 mS/cm), ve kterém je
umisténa kompozitni anoda. Kompozitni
anoda lezi v ose reflektoru tvaru rotacniho

Qbr. 1 Zdraj rézevyich vin

paraboloidu, ktery tvofi katodu. V druhé
¢asti zarizeni se nachdzi ohniske, do
kterého jsou razové viny soustredény.
Druhd &dst je naplnéna odplynénou vodou.
Kompozitni anoda je konstruovdna tak, ze
umoziuje soucasné generovat velky pocet
vybojovych kanali. Vybojové kanaly jsou
na anodé homogenné rozlozeny a kazdy
z nich wivdri kvazisférickou tlakovou vlnu.
Superpozici téchto jednotlivych vin vznika
valcovd tlakovd vina. Tlakova vlna se odrazi
od reflektoru do ohniska a blizko chniska se
transformuje na vinu rzovou.

V experimentu bylo pouzito celkem 6
femur( miniprasat (linie MeliM}. Femury
byly odebrany z pravé i levé koncetiny a byly
ponechdny v parech tak, ze jeden z femur(
byl uzit k experimentim a druhy slouzil pro
porovnani jako kontrolni. Po odebrani byly
zhaveny mékkych tkani a ndsledné byla
odstranéna proximdlni a distdlni epifyza.
Poté byla odstranéna kostni dfen, kost byla
naplnéna kostnim cementem (Refobacin
Bone cement R) a po vytvrdnuti cementu
rozfezdna na 7 mm vysoké disky, jak je
schematicky vidét na obrazku 2. Kost byla
nafezana tak, ze si vzdy v paru odpovidaly
dva disky z pravého a levého femuru. Z Sesti
femurd bylo ziskdno 22 vzorki kontrolnich
a 22 vzorkli pokusnych.

Pripravené  pokusné  vzorky  byly
exponovany razovou vinou. Razova vina byla
aplikovdna z boku tak, Ze prochazela nejprve
pevnou ¢asti kosti a ohnisko rdzovych vin
se nachdzelo na rozhrani kosti a kostniho

1 «— | | 7

2 2t

v -y
+—

Obr. 2 Priprava vzorkd

cementu. Celkem bylo aplikovdno 200
jednoduchych rdzovych vin na kazdy pokusny
vzorek. Kontrolni vzorky zistaly bez oSetfent.

Po aplikaci razowych vin byla méfena sila
nutnd k vytlaceni kostniho cementu z kosti.
Nejprve byl vypocitan obsah plochy kostniho
cementu z ohou stran kazdého disku tak, aby
pfi mérent sily bylo tlateno vidy na plochu
s mensim obsahem. Méfeni sily probihalo
na méficim pfistroji MTS 858.2 Mini Bionix
v Laboratofi biomechaniky ¢lovéka (LBC)
CVUT v Praze. Vzorek byl umistén na kovovou
podlozku s kruhovym otvorem. Velikost
kruhového otvoru odpovidala velikosti
plochy kostniho cementu a samotnd kost se
nachézela na podlozce tak, aby se o ni pfi
zatézovdni opirala v celém svém pritezu.
Ndsledné byl pomoci kovového vélecku
vytlacovdn kostni cement. Rychlost posuvu
hlavy méficiho pristroje byla konstantni, a to
5 mm/min. Méfeni probihalo az do uvolnénf
kostniho cementu. Zaznamenan byl ¢asovy
pribéh sily a posuvu tlacného vélecku.
Vyhodnocena byla maximdlni sila nutna
k vytlacent kostniho cementu z kosti.

[

Vysledky

V experimentu byl sledovan tcinek rdzové
vlny generované novym zdrojem na spojeni
kosti a kostniho cementu. Aplikace rdzovych
vin probéhla v pofddku. Po aplikaci byla
mérfena maximalni sila nutnd k vytlaceni
cementu z kosti. Na grafu 1 lze vidét
typicky pribéh vytlacovani cementu z kosti
u jednoho vybraného vzorku. Nejprve dochazi
k ndrlstu sily v ¢ase az do chvile, kdy dojde
k uvolnénf cementu. Poté velikost sily klesa
{oranzova kiivka). Modrd kfivka ukazuje
pribéh velikosti posunu pristroje v case.
Tato hodnota byla nastavena na konstantni
velikost. Maximdlni hodnota sily byla
nasledné vyhodnocovdna.

V tabulce 1 vidime prlimérnou maximalni
silu u kontrolnich a pokusnych vzork( spolu
s jejich stfedni chybou priméru. Je zfetelné,
ze hodnoty sily u pokusnych vzorkd jsou
nizéi nez u vzorkd kontrolnich. V tabulce
1 je zahrnuta i celkova primérnd hodnota
a stredni chyba priméru u obou skupin.
Porovname-li obé skupiny jako celek, miizeme
fici, ze celkovd hodnota maximaln sily je
u pokusné skupiny nizsi nez u kontrolnf.

V grafu 2 lze zhlédnout porovnani
pramérné maximalni sily ve skupiné
kontrolni a pokusné. Naméfené hodnoty byly
statisticky vyhodnoceny, byla pouzita metoda
2-way ANOVA s jednim faktorem fixnim
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Graf 1 Prabéh sily v case pii vytloCovini kostniho cementu u vybroného vzorku

1, 293,6 + 536 176,2
73 4787 £ 712 2128
3. 613,2 +184,6 105,1
4. 547,6 +1994 1376
5, 4454 +1169 1907
6. 398,6 + 861 1248
7 399,9 +107,6 207,7
8. 584,1 + 820 2274

Tab. 1 Prdmémé hodnoty meximdini sity v jednotiivich skupindch

(kontrolni x pokusné} a jednim faktorem
opakovdni. Bylo zjisténo, Ze rozdil mezi
skupinou kontrolni a pokusnou je statisticky
vyznamny (p = 0,2531; a = 0,05).

Pri vytlacovani kostniho cementu doglo
u nékolika vzorki k rozlomeni kosti. Bylo
to s nejvétsi pravdépodobnosti zplisobeno
nerovnomérnym tlakem na stény kosti
v dfisledku nesymetrického tvaru vnitini
steny kosti.

Diskuze

V experimentu byl sledovan Ucinek
razové vlny generované novym zdrojem
na spojeni kosti a kostiitho cement. Byly
pouzity prasedi femury. Po aplikaci razovych
vln byla méfena sila nutnd k wytlacenf
kostniho cementu z kosti. Maximalni
hodnoty sily byly déle vhodnoceny. Pokud
porovndme jednotlivé pokusné vzarky s jim
odpovidajicimi kontrolnimi vzorky z druhého
parového femury, vysledky ukazuji, ze sila
potfebnd k vytlaceni cementu je u pokusnych
vzorkil nizsi. Pokud porovndme pramér sily
ve skupiné kontroln{ a ve skupiné pokusné,
je vidét, ze sila nutnd k vytlateni cementu
je opét nizsi. Rozdil mezi skupinami je
statisticky vyznamny. Z toho tedy vyplyvd,
Ze rdzova vlna generovand novym zdrojem
Jje schopna poskodit spajeni kosti a kostniho

3
- 25°F
2 E 700
15 5 600
1 s = 500
— 03 - 400
0 A 300
posun — 200
100
0
+ 306
+1315
+ 120
+ 182 provedené experimenty,
+ 62,6 které byly publikovany
+ 616 jinymi autory (4, 5, 7, 10,
+ 964 14). V tomto experimentu
+106,1 je viak pouzito nového

zdroje  rézovych  vin,
ktery je ve srovndni se
star$im zdrojem (Medilit)
U¢innéjdi, jak potvrzuif dive provedené testy.
¥ pifpadé vySe popsaného experimentu se
Jjedna o predbéznou studii s pouzitim nového
pristupu v padobé nového zdroje. Prindsi viak
nadéjné vysledky.

)

Laver

Jak ukazuji wvysledky provedeného
experimentu, rdzova vina generovana novym
zdrojem je schopna poskodit spojeni kosti
a kestntho cementu. Tohoto Gcinku by 3lo
pozdéji wyuzit pf reoperacich kloubnich
ndhrad. Terapie rdzovou vinou by usnadnila
extrakei kostniho cementu. Snizilo by se
tak nziko, které pii tomto druhu vykonu
pacientovi hrozi. Vzhledem k tomu, Ze jsou
zde prezentovdny vysledky predbézného
experimentu, bude nutné wvysledky dale
doplnit a zodpovédét fadu atdzek.

Tato prace byla podporovana Grantovou
agenturou Ceské republiky, projekt
¢. GA202/09/1151 a MSM 0021620808.
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Tato prace je stejné jako pfedchozi zaméfena na vyuziti jednoduché razové
viny v ortopedii, pro zjednoduSeni extrakce kostniho cementu z kosti. Jedna se
o rozSifeni pfedchoziho experimentu. Je zde pouZit stejny zdroj a také femury
miniprasat. Femuru je v tomto pfipadé 16 a jsou v parech vzdy levy a pravy. Jsou
zbaveny mékkych tkani a kostni difené a naplnény kostnim cementem. Rozfezany byly
na 7 mm silné disky a oznacCeny tak, aby bylo mozné proti sobé porovnavat parové
femury. Celkem bylo pouzito 64 experimentalnich a 64 kontrolnich. Aplikovano bylo
u experimentalni skupiny celkem 200 jednoduchych razovych vin. Nasledné byla
méfena maximalni sila nutna k vytlaceni cementu z kosti a vysledky byly porovnany

s kontrolni skupinou.

Bylo zjisténo, ze u experimentalni skupiny je maximalni sila nutna k vytlaceni
statisticky vyznamné mensi nez u skupiny kontrolni. Vysledky tak podporuji dfive

provedené experimenty jinych autoru.
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A Model of the Action of the Shockwave Generated
by a Multichannel Discharge on the Union
of Bone Tissue with Bone Cement

JAN ZEMAN!, JAN HACH??, WIOLETTA MIKULAKOVAZ2-3, LUBICA DERNAROVAS,
ANNA ELIASOVAS, PETR LUKES®, LENKA BALAZOVA! and JIRI BENES!

!Institute of Biophysics and Informatics, and *First Department of Orthopaedics,
First Faculty of Medicine, Charles University in Prague, Prague, Czech Republic;
SMotol University Hospital, Prague, Czech Republic;
Departments of *Physiotherapy and *Nursing, Faculty of Health Care, University of Presov, Presov, Slovakia;
Snstitute of Plasma Physics AS CR, Prague, Czech Republic

Abstract. Background: In reoperation of femoral prostheses,
there is a higher percentage of complications associated with
the extraction of bone cement from the femoral channel,
which is technically and time consumingly tedious.
Shockwaves have been used in medicine for years,
particularly in urology for the destruction of concretions and
orthopaedics, as a method of treating pain in patients with
calcifying enthesopathy. Materials and Methods: We studied
the use of shockwaves generated by a new source based on
the multichannel discharge principle in facilitating extraction
of bone cement. Femurs of experimental minipigs were chosen
as models. We implanted bone cement into the femoral
channel and subsequently applied shockwaves. We then
measured the force necessary to extract bone cement. Results:
The results indicate that the force necessary for extracting
cement was consistently statistically significantly lower in the
group treated with multichannel discharge shockwaves
compared to that for the controls.

The shockwave is a therapeutic modality currently used in
different areas of medicine. In general, shockwaves are
characterized by a violent change in pressure, which
subsequently causes changes in characteristics of the medium
through which it is propagated. In medical applications, this
is the case of an acoustic shockwave such as in ultrasound,
which is a case of mechanical wave motion. The ultrasonic

Correspondence to: Jan Zeman, Charles University in Prague, First
Faculty of Medicine, Institute of Biophysics and Informatics,
Salmovskd 1, Praha 2, 120 00, Czech Republic. Tel: +420
224965852, Fax: +420 224965843, e-mail: jan.zeman@If1 .cuni.cz

Key Words: Shockwave, surgical revision, bone cement extractions.
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wave consists of positive and negative, periodically repeated
pressure waves. The negative part of the pressure wave can
be responsible for undesirable effects of ultrasound,
including the production of cavitations, which originate
when exceeding the cavitation threshold. A shockwave
differs from ultrasonic wave motion in that it propagates
through the medium as one powerful pressure oscillation and
consists of an initial sharp increase in positive pressure
followed by a negative pressure half-wave (1-3). In medicine,
shockwaves have been used for years for the disintegration
of concretions in the urinary tract, biliary tract, pancreas or
salivary glands. Its use in orthopaedics was recently
introduced as an alternative to surgical intervention in the
treatment of calcifying tendinitis and enthesopathy (4. 5), or
as transfocal osteotomy in the treatment of vital pseudo-
arthrosis, where the success of such therapy is comparable
to that of surgical treatment (4, 6-12).

In the present work, a new source of shockwaves,
developed at the Institute of Plasma Physics, Czech Academy
of Sciences, was used. It is based on the principle of the
discharge of a multichannel charge at a composite anode.
The anode is placed in high-conductivity water and after
application of a pulsed voltage. a great number of discharge
channels are produced, that are distributed on the surface of
the whole electrode (13-16).

The effect of a simple shockwave generated by this new
source at the bone—cement interface in vitro was studied as a
method of facilitating the extraction of the cement mantle of
the shank of hip joint endoprostheses. This stage of the
operation is mostly very difficult in revision of the femoral
prosthesis and even experienced and skilful surgeons are not
always able to avoid complications; the time-consuming
nature of cement extraction, greatly contributing to the
duration of the surgical intervention, cannot be disregarded.
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Figure 1. Surgically incorporated shanks of hip joint endoprostheses.
Previously implemented experiments - sample of models.
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Parabolic reflector
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<:: Power supply

Figure 2. Generator scheme.

Any reduction of this stage of the surgery would be
beneficial to the patient as well as the surgeon.

Our work was motivated by previously implemented
experiments in which the extraction of the whole cemented
mantle of the shank incorporated into the femur was
performed (Figure 1). After the application of shockwaves,
all the samples were loosened.

Materials and Methods
Shockwave generator. A new source was used for shockwave

generation based on the principle of a multichannel discharge over
a composite anode surface. See Figure 2 for the generator scheme.
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L
=]

Figure 3. Anode at the time of the discharge showing a high number of
discharge channels generated simultaneously.

A thin layer (d=0.2-0.3 mm) of porous ceramic material is
deposited onto a cylinder made of stainless steel by the plasma
spraying technique to produce a composite anode. The equipment
used for shockwave application comprise of two parts, separated
from each other by an acoustically transparent membrane. The first
part contains a high-conductivity salt solution (specific
conductivity of 5-20 mS/cm) in which the composite anode is
placed. The composite anode is on the axle of a reflector in the
shape of rotational paraboloid, which serves as a cathode. The
composite anode is designed in such a way that it makes it
possible to generate a high number of discharge channels
simultaneously (Figure 3). The discharge channels are
homogeneously distributed over the anode and each of them
produces a quasispherical pressure wave. By superposition of these
waves, a cylindrical pressure wave is obtained. The pressure wave
is reflected from the reflector to the focus, and close to the focus,
it is transformed into a shockwave. The shockwaves produced are
concentrated to a focal point in the second part of the instrument,
which contains degassed water.

Utilisation of shockwaves. In the experiment, 16 minipig (line
MeLiM, IAPG AS CR, v. v. i., Libéchov, Czech Republic) femurs
were used. The femurs were taken from the right as well as left limb,
and kept in pairs in such a way that one of the femurs was used for
experiments and the second served for comparison as a control. The
femurs were made free from soft tissues and the proximal and distal
epiphyses were removed (Figure 4). The bone marrow was then
removed, and the bone was filled with bone cement (Refobacin Bone
cement R, AAP Biomaterials GmbH & Co. KG, Dieburg, Germany).
After the cement had hardened, each femur was cut into 7-mm-thick
disks as schematically shown in Figure 5. The bone was cut in such
a way that each pair comprised two disks from the right and left
femur, respectively. A total 64 controls and 64 experimental disk
samples were obtained from 16 femurs is this way.
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Figure 4. A pair of femurs after removal of proximal and distal epiphyses.

The prepared experimental samples were exposed to shockwaves
(voltage 21 kV, positive pressure of 372 MPa with a phase duration
of 1.5 ps, negative pressure of —17 MPa with a durationof 2 ps).
The shockwave was applied from the side in such a way that it
passed first through the solid part of the bone, the focus of the shock
wave being at the bone-cement interface. A total of 200 simple
shockwaves (one per second) were applied to each experimental
sample. Control samples remained without treatment.

After shockwave application, the force necessary for removing
the bone cement from the bone was measured. The area of the bone
cement on both sides of each disk was calculated so that when
measuring the force, the pressure was always applied to the smaller
area. Force measurement was carried out on an MTZS 858.2 Mini
Bionix instrument (MTS Systems Corporation, Eden Prairie, MI,
USA) at the Laboratory of Human Biomechanics, Czech Technical
University in Prague. The sample was placed on a metallic plate
with a circular opening. The size of the circular opening
corresponded to the size of the bone cement area and the bone itself
was placed on the plate in such a way that it was supported
throughout its whole cross-section in the course of the loading
process. The bone cement was then extracted with the help of a
metallic cylinder. The rate of shift of the measuring instrument head
was constant at 5 mm/min. The measurement was performed until
the bone cement was loosened. The time course of the force and
metallic cylinder shift was recorded. The maximum force necessary
for extracting the bone cement from the bone was evaluated.

Results

In the experiment, the effect of the shockwave generated by
the new source on the union of the bone with the bone cement
was studied. Figure 6 shows one of the samples from the
experimental group after shockwave application. In the Figure,
there is obvious destruction of the union between the bone and
bone cement. After the shockwave application, the force used
for extraction was measured over time and the maximum force
necessary for extracting the cement from the bone was
measured. Figure 7 shows the typical course of extracting

N_L
N

‘---------------_-

Figure 5. Sample preparation.

Figure 6. A sample of femur after shockwave application.

cement from the bone exemplified by a selected sample. There
was first an increase in the force with time until the moment of
cement loosening. After that, the force required decreases
(blue curve). The grey curve shows the course of the
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Figure 7. Time course of force required over time during extraction of bone cement in a selected femoral sample.
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Figure 8. The mean maximum force required for extraction of bone cement for each group. Error bars are the standard error of the mean.

instrument shift over time. This value was set to a constant
magnitude. After the evaluation, the maximum force used, at
which the cement was loosened from the bone, was recorded.

Table I summarizes the average maximum force necessary
for extracting cement from the bone calculated for pairs of
femurs, together with the mean error of the average. This
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was an average of values measured for eight samples
prepared from the same femur. The force required in samples
treated with shockwaves are clearer lower compared to
control samples. The comparison of pairs (control and
experimental) femurs can also be seen in Figure 8. Table I
also includes the total average value and standard error of
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Table 1. Mean values of the maximum force for each femur for each
group.

Maximum force applied (N)

Control Experimental
Femur number Mean SEM Mean SEM
1 4439 86.61 149.4 18.94
2 488.1 74.61 198.2 53.52
3 5719 81.80 165.6 27.20
4 5480 90.68 1799 41.26
5 4822 66.19 222.7 5191
6 4549 66.66 186.2 47.50
7 5328 6741 161.5 3943
8 564.7 4748 2269 38.61
Overall 5108 25.30 186.3 14.17

SEM: Standard error of the mean.

the mean for both groups. When comparing both groups as a
whole, it is clear that the total maximum force is lower in
the experimental group compared to the controls.

The values measured were statistically evaluated with the
use of Student's paired t-test. The difference between
controls and experimental group in the maximum force
necessary for extracting cement from the bone was
statistically significant (p<0.05).

Discussion

The experiment aimed to investigate a new source of shock
waves and its effects on the union of the bone with the bone
cement. Pig femurs were used for the experiments, that were
divided into experimental and control groups, and were also
cut to obtain eight samples from each. In the experimental
group, a simple shockwave was applied, and the maximum
magnitude of the force necessary to extract bone cement from
the bone was subsequently measured in both groups. The
magnitudes of the force were subsequently evaluated and
compared. In the comparison of the paired femurs, the results
indicate that the force necessary for extracting cement was
consistently lower in the experimental group compared to the
controls. In comparison of the groups as whole, the force
required in the experimental group was statistically
significantly lower compared to that for the controls.

The method used does not make it possible to produce
model-identical samples. If the results differ by orders of
magnitude, then the error resulting from the non-
homogeneity is compensated for due to the fact that the
model represents the closest biological approximation to a
realistic clinical situation. We tried to restrict the biological
non-homogeneity by making a great number of

measurements and by repeating, where possible, to compare
particular measurement and their changes (17-20).

Therefore, the shockwave generated by the new source is
capable of considerable destruction of the union between the
bone and bone cement. The results support the formerly
performed experiments published by others (17, 20, 21-23).
In the present experiment, a new shockwave source was used
which generates the shockwave with the help of a
multichannel discharge over a composite anode. The
previously performed tests of this source demonstrated that it
is more effective compared to common commercially used
shockwave sources (14-16, 28). This was a preliminary study
with the use of a new approach in the form of the new
source, however, it offers promising results.

There is still a question regarding the efficacy of the
method in loosening the whole cemented mantle of the
endoprosthesis shank, particularly in the distal part, where the
contact of the cement with the cortical bone is also of
importance. The cemented shank mantle is also mostly
macroscopically uneven, which can mechanically prevent the
extraction of the whole cement block. The mechanical
damage to the cement itself is rather advantageous in this case
and the literature reports that the reduction in cement strength
is not very considerable after exposure to shockwaves (23-
25). The effect a shockwave should have on a true
implant-cement—-bone complex, whose characteristics are
undoubtedly different from the samples studied here, is
obvious from the easy cement extraction and will be perhaps
be even more considerable compared to our model consisting
of the bone and cement themselves. In this context, it is also
necessary to take into account the presence of the
intermediate fibrous layer, which is stepwise formed around
the cement and can thus also act as an acoustic interface. Of
course, our samples did not contain this layer.

As far as risks associated with the use of shockwaves in
this indication are concerned, there is a risk of cortical bone
fracturing around the total endoprosthesis shank (not
mentioned in the literature) on the one hand, and also an
increase in the pressure in the bone marrow cavity of the
femur, with a consequent risk of fat embolism (for which
reports are controversial) (26, 27) on the other. In our
opinion, the increase in pressure is comparable to the effect
of rasping the femur channel and subsequent application of
the bone cement.

Conclusion

The shockwave generated by the new source is able to
destroy the union between the bone and bone cement
considerably. This effect would be suitable for femoral
prosthesis reoperation where the extraction of the cement
from the bone cavity poses problems. The application of
such shockwaves could facilitate cement extraction, thus
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reducing the risk by which the patients are endangered in this
type of surgery. The application of these shockwaves is a
non-invasive method, which poses less stress for the patient.
However, these are results of preliminary experiments and it
will be necessary to perform further experiments before
applying this method in clinical practice.
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V této praci byl zkouman ucCinek jednoduchych razovych vin generovanych
novych zdrojem na nadorovou tka in vivo. Jednalo se o syngenni sarkom. Uginky byly
sledovany jak makroskopicky, tak pomoci TUNEL techniky, imunohistochemické
detekce kapsazy-3 a barvenim hematoxylin-eosinem. V experimentu bylo pouzito osm
potkanu, kterym byly inokulovany podkozné buriky sarkomu do pravého a levého
stehna. Potkani byli poté oSetfeni jednoduchymi razovymi vinami. U kazdého potkana
byl pusobeni razovych vin vystaven vzdy jeden z nadort, druhy slouzil jako kontrolni.

Celkem bylo aplikovano 600 jednoduchych RV.

Makroskopicky bylo pozorovatelné u oSetfeného nadoru mirné kruhoveé
posSkozeni kuze pokryvajici nador. V misté vstupu razové viny do nadoru byl
pozorovan hematom. Kromé toho byl zfejmy homogenni rozpad nadorové tkané.
Poskozeni odpovidalo pruchodu razové viny. Kontrolni nadory nejevily zadné znamky
poskozeni. Mikroskopicky bylo odhaleno jasné rozsahlé poskozeni nadorové tkané.
Jeho orientace i tvar dobfe korespondovalo s Sifenim razové viny. Hranice mezi
poskozenou a nepoSkozenou tkani byla jasné patrna. Ukazalo se, Ze v misté pasobeni
dochazi k nekréze a na hranicich mezi poskozenou a neposkozenou tkani dochazi
k apoptdze. Na zakladé téchto vysledkl predpokladame, ze poSkozeni nadoroveé tkané

je zpusobeno zejména mechanickym namahanim vysokym pretlakem.
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Shock waves can cause significant cytotoxic effects in tumor cells and tissues both in vitro and in vivo. However,
understanding the mechanisms of shock wave interaction with tissues is limited. We have studied in vivo effects
of focused shock waves induced in the syngeneic sarcoma tumor model using the TUNEL assay, immunohisto-
chemical detection of caspase-3 and hematoxylin-eosin staining. Shock waves were produced by a multichannel
pulsed-electrohydraulic discharge generator with a cylindrical ceramic-coated electrode. In tumors treated with
shock waves, a large area of damaged tissue was detected which was clearly differentiated from intact tissue.

’gﬁggﬁaixmme Localization and a cone-shaped region of tissue damage visualized by TUNEL reaction apparently correlated
Shock waves with the conical shape and direction of shock wave propagation determined by high-speed shadowgraphy. A
Tumor damage strong TUNEL reaction of nudei and nucleus fragments in tissue exposed to shock waves suggested apoptosis
Necrosis in this destroyed tumor area. However, spedificity of the TUNEL technique to apoptotic cells is ambiguous and
Apoptosis other apoptotic markers ( caspase-3) that we used in our study did not confirmed this observation. Thus, the gen-
erated fragments of nuclei gave rise to a false TUNEL reaction not associated with apoptosis. Mechanical stress

from high overpressure shock wave was likely the dominant pathway of tumor damage.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction success [3-5]. In vitro studies have demonstrated that ESWL can cause

Shock waves have been used in medicine for many years, particularly
in extracorporeal lithotripsy (ESWL), which uses focused shock waves to
non-invasively treat patients with stone diseases (mostly, urinary
stones) [1-3]. The treatment involves focusing shock waves generated
by the ESWL device (lithotripter) outside of the patient's body to disin-
tegrate the stone at a depth in tissue. In electrohydraulic lithotripters —
the most common clinical type — an underwater high-current spark
discharge between a pair of electrodes is generated at the focus of the
ellipsoidal reflector, and the emerging spherical shock wave produced
by the plasma at the spark gap is concentrated on the kidney stone locat-
ed at the second focus of the ellipsoid. After this urinary stone treatment,
the stone debris passes through the urinary tract. The success of the
ESWL stimulated research on the applications of focused shock waves
(FSWs) in other branches of medicine. Lithotripter-generated shock
waves have been applied to treatment of cells and soft tissues of various
cancers both in vitro and in vivo; however, only with a limited degree of

* Corresponding author at: Institute of Plasma Physics AS CR, Za Slovankou 3, Prague,
Czech Republic. Tel.: +420 266 053 233; fax: +420 286 592 644.
E-mail address: lukes@ipp.cas.cz (P. Lukes).

http://dx.doiorg/10.1016/j.bioelechem.2014.08.019
1567-5394/© 2014 Elsevier B.V. All rights reserved.

various types of cell damage including fragmentation of cells [6-9].
However, in vivo treatment of tumors by lithotripter-induced shock
waves has been shown to be ineffective in inhibiting tumor growth
[9-12]. It has been found that shock wave-induced cavitation plays an
important role in the cell damage [13-16]. The collapse time of ESWL-
induced cavitation bubbles was found to be significantly reduced
going from in vitro to in vivo conditions, suggesting that in vivo bubble
expansion may be severely constrained by the surrounding tissue and
may explain why ESWL effects are significantly lower in vivo than
in vitro [17,18]. Therefore, controlling the formation and subsequent os-
cillations of cavitation bubbles seems to be a crucial factor in producing
optimal shock wave-induced bioeffects in vivo.

Shock waves are characterized by a violent change in pressure which
induces subsequent changes in characteristics of the medium through
which they are propagated. A typical pressure waveform at the litho-
tripter focus in water consists of a leading shock wave front (compres-
sive wave) with a peak positive pressure in the range of 30-150 MPa
and a phase duration of 0.5-3 ps, followed by a tensile wave with a
peak negative pressure down to — 20 MPa and a duration of 2-20 ps.
The negative pressure part of the shock wave produces cavitation [1].
To accelerate stone comminution and/or reduce/enhance tissue
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damage, special generators of shock waves are being designed to modify
the cavitation field and to control cavitation. The corresponding
methods manipulate the timing between pulses or modify the lithotrip-
ter waveform [19-22]. A promising approach to control bubble growth
and collapse is the use of two focused successive (tandem) shock waves,
which intensify the collapse of cavitation bubbles by sending a second
shock wave before the bubbles produced by the first shock wave
begin to collapse [23-28]. Shock waves produced by these modified
generators have been shown to cause significant cytotoxic effects in
tumor cells both in vitro and in vivo. These effects were considerably
higher than those reported using traditional shock wave lithotripters.
Furthermore, tandem shocks were shown to delay tumor growth and
this effect was significantly potentiated with cytostatic drugs [27-35].

However, despite the demonstrated effectiveness in experimental
tumors, understanding the mechanism of interaction between the
shock waves and tumors is limited. Both positive and negative pressures
and inertial cavitation especially are thought to play roles in the interac-
tion of lithotripter-induced shock waves with biological tissue [2]. Little
is also known about how cavitation bubbles develop within tissue. One
reason is that the acoustic impedance of fluid media is similar to that
of soft tissues in the body, and shock waves can propagate through tis-
sues without significant energy loss. Small-scale inhomogeneities in
different layers of tissue (skin, fat and muscle) may scatter the wave,
thereby distorting the wavefronts and slightly attenuating the shock
wave. There is no acoustical difference between cancerous and healthy
tissues in contrast to solid objects such as kidney stones in urine; thus,
the localized action of shock waves is attributed to the cavitations pro-
duced in tissue in vivo. Collapsing cavitations create strong secondary
shock waves of nanosecond duration (tens of micrometers in scale)
that can interact with cell scale-structures. Local thermal effects
(on the order of pm dimensions) accompanying cavitations collapse
(sonoluminescence) and the production of chemical radicals may also
play a role in cell damage [36-39]. Also, it might not be necessary to
produce cavitation in vivo. Previously, we have found that when using
tandem shock waves with short delays (between approximately 10
and 15 ps), the main role of the first shock wave is to produce an inho-
mogeneous medium at the focal zone, i.e., alow-density region [29-34].
In a low-density inhomogeneous medium, the velocity of propagation
of the second shock front is slower than in a homogeneous medium.
This inhomogeneity is the reason why the second shock interacts with
an otherwise acoustically transparent/homogeneous liquid medium.
The second shock thus propagates with growing strength through a
medium with a negative density gradient and interacts with targeted
tissue. However, further research is required on the optimal shock
wave profile and on understanding mechanisms of interaction between
the shock waves with tissue in vivo treatment.

Huber and Debus [35] reported histopathological changes in
Dunning prostate tumors transplanted into the thighs of Copenhagen
rats upon in vivo treatment by double shock waves. They observed a
large number of pyknotic nuclei, severe intracellular and pericellular
vacuoles, and patchy necrosis in the treated tumors. These tissue
changes were more extensive after treatment by a higher number of
double shocks which produced more severe effects on the tumor
histopathology such as hemorrhaging, tissue disruption, and necrosis.
Apart from mechanical effects, the shock waves may cause cavitation-
induced sonochemical effects in exposed tumor tissue which could
lead to other changes than necrosis, e.g,, to apoptosis. Apoptosis or pro-
grammed cell death is an important physiological process whose goal is
to eliminate damaged cells or redundant cells during normal develop-
ment [40]. In oncology, apoptosis plays an important role in both carci-
nogenesis and cancer treatment. Apoptotic cells are characterized by
specific morphological and biochemical changes. Participation of
numerous proteins in apoptosis, several apoptotic signaling pathways,
and their regulation have been well described [40,41]. The apoptotic
mode has been shown to be triggered by a variety of antitumor drugs,
radiation, or pulsed electric fields with pulse duration of nanosecond

range [42-50]. Focused shock waves represent to be another potential
local cancer treatment strategy. However, only few studies on apoptotic
pathways in tissues exposed to shock waves have been reported with
no conclusive results whether shock wave may induce apoptotic
changes in tissue [51-55].

In this work, we used histological and immunohistochemical tech-
niques to investigate the effects induced by focused shock waves in
tumor tissue in vivo. The Lewis rats with syngeneic sarcoma (developed
after subcutaneous inoculation of tumor cells into thighs) were used as
experimental animal models. A multichannel pulsed-electrohydraulic
discharge generator with cylindrical ceramic-coated electrode was
used as source of focused shock waves [56-59]. In previous work, we
have demonstrated that focused shock waves produced by such a type
of generator can cause localized lesions at a predictable location deep
within soft tissue. The biological effects caused by these shock waves
were demonstrated both in vitro and in vivo [56,57]. Present research
was undertaken to contribute to better understanding of the mecha-
nisms of interaction between the shock waves with in vivo tissue treat-
ment. We evaluated serial cryosections of tumor tissue exposed to
focused shock waves using the terminal deoxynucleotidy! transferase-
mediated dUTP nick end labeling (TUNEL) technique and immunohisto-
chemical detection of caspase-3. In addition, tissue morphology was
evaluated using hematoxylin-eosin staining. The observed changes in
tumor tissue upon exposure to focused shock waves were correlated
with the direction and the shape of shock wave propagation in water
determined using high speed shadowgraphy.

2. Experimental
2.1. Shockwave generator

Fig. 1 shows a scheme of the experimental setup. The shock wave
generator consisted of a cylindrical high-voltage composite electrode
(anode) placed along the axis of the outer metallic parabolic reflector
(cathode) [57]. The dimension of the cylindrical composite electrode
was 60 mm diameter x 100 mm long. The generator was divided into
two sections by an acoustically transparent membrane (Mylar foil).
The inner part was filled with a highly conductive saline solution
(18 mS/cm) and a contained electrode system. The focal point of the

tap H,0

— Power
= Supply

Fig. 1. Scheme of shock wave generator.
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reflector was situated in the outer part of the generator, which was filled
with tap water and was located 70 mm above the reflector aperture. A
high voltage pulse of positive polarity with an amplitude of 21 kV was
applied to the composite electrode charged from the pulse power sup-
ply, which consisted of a high voltage direct current (DC) source
(model EW30P20, Glassman High Voltage, Inc.), a charging capacitor
of 0.8 pF, and a spark gap switch. An underwater electrical discharge
plasma at the surface of the high-voltage cylindrical electrode produced
a primary cylindrical pressure wave which propagated into the liquid
perpendicular to the cylinder axis. This cylindrical pressure wave was
focused by the parabolic reflector to a common focal point and trans-
formed into a shock wave at the focus.

Pressure measurements of the shock wave were made using a fiber
optic probe hydrophone (FOPH 2000, RP Acoustics, Germany). The tip
of the hydrophone optic fiber was placed in the generator focal area
and a signal from the hydrophone photo detector was captured by a
digital oscilloscope (Tektronix DPO 4104, USA). Fig. 2 shows the
typical pressure waveform of the shock wave at the focus measured
by the FOPH. The peak amplitude of the positive pressure wave was
Pmax = 372 MPa with a phase duration of 1.5 ps. The peak amplitude
of the following negative pressure part was — 17 MPa with a duration
of 2 ps. Fig. 3 shows that the peak amplitudes of the positive pressure
wave rapidly decreased with a lateral distance from the focus, indicating
a very narrow focal area. The pressure amplitude dropped to the half
value at a distance of less than 0.25 mm from the axis.

Ahigh-speed camera (ULTRA Neo, Nac Company, Japan) and a flash
lamp were used for shadowgraph visualization of the shock wave prop-
agation through the focal area in water. Fig. 4 shows that by focusing the
primary diverging cylindrical pressure the wave propagating from the
cylindrical discharge electrode was transformed into an approximately
conical converging shock wave at the focus area. The shock front was
visible in the shadowgraphs as two lines intersecting over the axis of
symmetry of focusing parabolic reflector. The shockwave propagated
from the bottom to the top. The experimentally determined speed of
propagation of intersection point of shock wave front in axial direction
was 2.17 + 0.1 km/s.

2.2. Tumor and animal model

All animal studies were performed in accordance with the Act on
Experimental Work with Animals (Decree Nos. 311/97; 117/87, and
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Fig. 2. Pressure waveform of the shock wave measured by the FOPH at the focus of the
shock wave generator (p*, p~: positive and negative peak pressure amplitudes).
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Fig. 3. Pressure profile of the shock wave at the focal area measured along the transverse
(x) direction to reflector axis.

Act No. 246/96) of the Czech Republic, which is fully compatible with
the corresponding European Union directives. The R5-28 sarcoma cell
line was derived from a spontaneously growing tumor taken from a
Lewis rat female and was characterized in vitro and in vivo [60,61].
Cells of the D6 clone were isolated from the R5-28 cell line. They were
described in detail together with two other clones recently [62] and
were utilized in this work. The D6 cells were cultured in Dulbecco's
modified Eagle's medium (Sigma-Aldrich, Germany) supplemented
with 10% heat-inactivated fetal calf serum (Lonza, Switzerland), penicil-
lin/streptomycin (10 1U/5 pg/mL), HEPES (10 pM), t-glutamine (1 mM),
and non-essential amino acids (1 mM; all Sigma-Aldrich, Germany) in
5% CO, at 37 °C. Eight male Lewis rats (body weight of 200-250 g)
were subcutaneously inoculated into the right and left thighs with the
D6 cells at doses of 5 x 10° cells in 0.2 mL of the phosphate buffered
saline (PBS). Four weeks after the inoculation, growing tumors reached
about 20-30 mm in size. Under total anesthesia, one of the tumors
in each animal was treated by the focused shock waves (FSWs) for

Fig. 4. Shadowgraph image visualizing the conical shock wave at the focal area. The shock
wave propagated from the bottom to the top of the frame. Shock wavefront is marked
after passing through the focus.
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15 min (ie., dose of 600 shocks). Shock waves were focused in the
central area of the tumor. The contralateral non-treated tumor served
asa control.

2.3. Staining techniques

The rats were dispatched by decapitation 48 h after FSW application.
Samples from the treated and non-treated tumors were placed on a
piece of cork, covered with the tissue freezing medium (Jung), and fro-
zen immediately in liquid nitrogen. Serial cryosections (8 pum) were
stained by immunohistochemical and histological procedures for detec-
tion of the tumor damage by FSW. The TUNEL technique was applied
using the “In Situ Cell Death Detection Kit, TMR red” (Roche Diagnostics
GmbH, Germany), in accordance with the manufacturer's data sheet.
Briefly, the sections were air-dried (15 min), fixed with 4% paraformal-
dehyde (20 min), washed with PBS (three times, 5 min each), treated
with freshly prepared permeabilization solution (0.1% Triton X-100,
0.1% sodium citrate) on ice (2 min), washed with PBS (two times,
5 min each) and incubated with the TUNEL reaction mixture in a
moist chamber (dark, 37 °C, 1 h). The sections were then washed with
PBS, counterstained with DAP! (4',6-diamidino-2-phenylindole;
Sigma-Aldrich, Czech Republic; 1 min) for the detection of nuclei and
washed again with PBS (three times, 5 min each). Finally, the stained
sections were embedded in the Mowiol Mounting Medium (prepared
according to the technical data sheet No. 777; Polysciences, Inc., USA)
with n-propyl gallate (at a final concentration of 5 mg/mL; Sigma-
Aldrich, Czech Republic) as an anti-fading agent. The BX51 fluorescence
microscope (Olympus Czech Group s.r.o., Czech Republic) with the
Infinity 2 CCD Monochrome Microscopy Camera (Lumenera Corp.,
Canada) and QuickPhoto Micro 2.3 software (Promicra s.r.o., Czech
Republic) in the pseudo-color mode was employed for evaluation of
the fluorescence staining.

The expression of caspase-3 (full length) and activated caspase-3
(the large fragment 17/19 kDa) was demonstrated by indirect
immunofluorescence using rabbit anti-caspase-3 antibody (Stressgen
Biotechnologies, Canada) and rabbit anti-cleaved caspase-3 (Asp175)
antibody (Cell Signaling Technology, USA), respectively. Cryosections
were fixed with cold acetone (15 min), washed with PBS (three times,
5 min each), treated with 10% goat serum (1 h), and with the primary
antibodies (diluted 1:500 with 10% goat serum; in refrigerator; over-
night). Then, they were washed with 0.2% BSA (bovine serum albumin)
in PBS (three times, 5 min each) covered with Cy3-conjugated goat anti-
rabbit IgG (Chemicon International, USA; diluted 1:1 000 with 10%
goat serum; 1 h) to reveal the bound primary antibody and washed
again with 0.2% BSA in PBS (three times, 5 min each). Nuclei were coun-
terstained with DAPI (10 min). The stained sections were embedded
and the fluorescence staining was evaluated as described above.

Hematoxylin-eosin staining was used to detect changes of tissue
structure. Cryosections were fixed with ethanol (20 min), washed
with distilled water (three times, 5 min each) and treated with
Weigert's hematoxylin (20 min) for nuclei staining. Then, running tap
water was applied (20 min) followed with distilled water washing
(three times, 5 min each). The cytoplasm was counterstained with 1%
eosin alcoholic solution (1 min). After distilled water washing (three
times, 5 min each), the stained sections were embedded in glycerin
jelly.

3. Results and discussion
3.1. Macroscopic changes caused by focused shock waves

Subcutaneous tumors were removed from animals 48 h after FSW
application. Macroscopically, tumors treated with 600 shocks exhibited
slight circular damage to the skin covering the tumor and hematoma on
the tumor surface in the area of the shock wave input. Moreover, there
was an obvious homogeneous disintegration of the tumor tissue.

Damage to the tumors was consistently oriented in the direction of
the shock wave propagation to the tumor depth. It covered almost the
entire cross-section of smaller tumors (about 20 mm in size) and a
large central area of bigger tumors (about 30 mm in size). Hematomas
were also sometimes found in the skeletal muscles under the tumor.
In contrast, no signs of damage were revealed in the non-treated contra-
lateral (control) tumors. They usually showed small round or oval ne-
crotic areas that were formed spontaneously during the tumor growth.

3.2. Microscopic evaluation of tumor damage

3.2.1. TUNEL staining

The extent of the damage to tumors caused by FSW was evaluated by
TUNEL staining of nuclear DNA fragmentation in tumor tissue sections.
This assay technique is based on enzymatic in situ labeling of free
3’-OH DNA strand breaks using terminal deoxynucleotidyl transferase
in a template-independent manner (TUNEL-reaction) [63]. In tumors
treated with FSW, large areas of damaged tissue were observed. Nuclei
and their fragments showed intense red fluorescence developed
by TUNEL reaction (Fig. 5a). TUNEL staining was observed almost
throughout the whole cross-section of smaller tumors. In larger tumors,
the damaged area covered the entire central area of the tumor. Non-
treated (control) tumors did not develop any TUNEL reaction or demon-
strate weak TUNEL positivity in the nuclei of individually dispersed
cells or of groups of cells forming small tumor areas only. Thus, these
microscopic observations based on the TUNEL reaction appropriately
corresponded to the macroscopic findings.

Localization of the damaged tissue and its arrowhead shape (Fig. 5b)
were identical with the site of the penetration and direction of the shock
wave into the tumor. A cone-shaped region of tissue damage visualized
by TUNEL reaction was clearly distinguishable from the normal tissue
and apparently correlated with the geometry of the shock wave field,
which was visualized using high-speed shadowgraphy (Fig. 4). The
wavefront of the conical shock wave in the focal area was visible in
the shadowgraph as two lines intersecting with an angle of approxi-
mately 90°. The shape of tissue damage resembled the same geometric
pattern (Fig. 5b). The dimension of the focal area in the tissue targeted
by the shock wave was approximated by a circular area 200 pm in diam-
eter. A cone-shaped region visualized by the TUNEL reaction indicated
that the extent of damage in tissue caused by the shock wave covered
a larger area (total width of cone-shaped area depicted in Fig. 5b was
approximately 0.6 mm); however, dimensions of tissue area affected
by shock waves correlated well with the pressure profile of the shock
wave at the focus which was determined by FOPH. Fig. 3 shows that
the peak pressure amplitude dropped from 372 MPa to the half value
at a lateral distance of less than 0.25 mm from the focus. Although it is
not possible to sharply define the effective pressure zone and threshold
pressure value in which the shock wave has a biological effect, the ob-
tained results indicate a very narrow and well-defined area of tissue
which was affected by the shock wave. Nevertheless, with an increasing
number of applied shocks, the change of acoustical properties of the
treated tissue also has to be considered, which affected the tumor vol-
ume exposed by the shock wave and resulted into extension of tissue
damage from a single spot defined by the dimension of shock wave
focus to a larger cone-shaped region.

The TUNEL technique is a widely used staining method to detect ap-
optotic cells in tissue sections [63]. Results obtained from TUNEL stain-
ing of tumor tissue exposed to FSW (Fig. 5a) suggest that the shock
wave might be able to induce apoptosis in tumor cells. However, the
specificity of the TUNEL technique to apoptotic cells is ambiguous and
several drawbacks of this method have been reported [64,65].
Necrotic cells might also show positivity to the TUNEL reaction because
endonucleases activated during necrosis can generate DNA fragmenta-
tion and free DNA ends where the labeled dUTP can be inserted
[66,67]. On the other hand, some apoptotic cells without TUNEL positiv-
ity were observed [68]. Therefore, results in the TUNEL assay require
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shock wave

FEW-damaged
tissue

Fig. 5. Cryosection of rat subcutaneous tumor 48 h after the treatment by focused shock wave: (a) TUNEL reaction (red fluorescence); (b) approximation of tissue area damaged by the
shock wave, shock wave propagated from the bottom, and diameter of focal area marked by dashed circle: 200 um; (c) DAPI staining ( blue fluorescence); and (d) overlap of TUNEL reaction

and DAPI staining

critical interpretation of the staining to discriminate between apoptotic
and necrotic cells. Simultaneous evaluation of the TUNEL reaction with
some other apoptotic marker and of tissue morphology is recommend-
ed [64]. In general, cells undergoing apoptosis display a characteristic
pattern of structural changes in the nucleus and cytoplasm, including
rapid blebbing of the plasma membrane and nuclear disintegration.
The nuclear collapse is associated with extensive damage to chromatin
and DNA-cleavage into the oligonucleosomal length DNA fragments
after activation of a calcium-dependent endogenous endonuclease
[69,70].

DAPI staining revealed clear fragmentation of most nuclei in the
areas with TUNEL positivity, i.e. in areas affected by the shock wave
(Fig. 5¢). In contrast, nuclei of normal living cells in surrounding tissue
had oval or circular shape and demonstrated DAPI staining only. The
overlap of TUNEL and DAPI staining showed co-localization of both
staining in almost all nuclear elements in the damaged tissue that was
clearly distinguishable from the intact tumor areas (Fig. 5d). The ob-
served DAPI staining pattern suggested apoptotic changes in tumor
cell nuclei exposed to FSW. To confirm or to exclude apoptosis induced
by FSW in rat tumor tissue, we further compared ascertained findings
from TUNEL reaction (combined with DAPI staining) with immunohis-
tochemical detection of caspase-3.

3.2.2. Immunohistochemical detection of caspase-3

Caspases are a family of intracellular proteins which are involved in
the initiation as well as in the execution of apoptosis. They are synthe-
sized as procaspases that are proteolytically cleaved into subunits and
then associated to form fully functional proteases. Caspase-3 is one of
the key executioner caspases which is often used as a reliable marker
of apoptosis [40]. We immunohistochemically detected the serial cryo-
sections of endogenous level of caspase-3 (as a whole protein) as well as
the cleaved caspase-3 (the large fragment 17/19 kDa of activated
caspase-3). Intense granular staining in nuclei of almost all cells (and
very rarely also in the cytoplasm of few cells) was observed in non-
treated (control) tumors using the antibody against full length of
caspase-3 (Fig. 6a). Very small groups of nuclei in these tumors showed
no caspase-3 positivity (see the area marked by an arrow in Fig. 6a).

They probably represent necrotic areas that arose spontaneously during
tumor growth. This finding suggests a great potential in rat tumor cells
to develop apoptosis after appropriate external stimuli. On the contrary,
cells really executing apoptosis were individually and sparsely distrib-
uted in tumor sections when the antibody against activated caspase-3
was applied. A weak expression of activated caspase-3 was usually
localized in the whole cytoplasm of these cells.

The tumors treated by FSW revealed very large destroyed tissue
areas in which the full length caspase-3 positivity was completely or al-
most completely missing (Fig. 6b; arrow). Comparing this staining with
the serial section processed for TUNEL reaction (Fig. 6¢), we ascertained
that the tissue areas without the caspase-3 showed very strong TUNEL
positivity and vice versa. Moreover, a low number of cells with weak ac-
tivated caspase-3 positivity was observed (Fig. 6d). They were found
mainly in the border area between the intact and damaged tissues.
From these observations, it follows that while the TUNEL reaction sug-
gested apoptosis in the tumor area damaged by a shock wave, neither
expression of caspase-3 (full length, i.e. procaspase-3) nor expression
of activated caspase-3 confirmed this observation. Thus, it seems that
the generated fragments of nuclei gave rise to the TUNEL reaction that
was false and was not associated with apoptosis.

3.2.3. Hematoxylin—eosin staining

Strong destruction of cellular integrity and tissue structure were also
found in the hematoxylin-eosin stained cryosections from the tumors
treated by FSW. Fig. 7 shows a comparison of hematoxylin-eosin stain-
ing of non-treated tumor tissue (Fig. 7a) and after treatment by shock
waves (Fig. 7b-d). In agreement with the above-described immunohis-
tochemical observations, the damaged tissue formed a large area that
was localized and oriented along with the direction of the FSW penetra-
tion into the tumor (Fig. 7b). A different degree of tissue damage and
pronounced fragmentation of nuclei was observed in the majority of
cells in this region (Fig. 7c, d). The boundaries between the intact and
the exposed tissue were sharp and well defined. In non-treated (control)
tumors, several small areas with damaged tissue structure were
ascertained only (Fig. 7a). Such necrotic areas develop spontaneously
during tumor growth due to insufficient blood supply and nutrition.
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intact tissue

FSW.damaged
tissue

Fig. 6. (a) Overlap of caspase-3 (red) and DAPI (blue) in cryosection of non-treated (control) tumor; (b)-(d) serial cryosections of rat subcutaneous tumor 48 h after the treatment by
focused shock wave: (b) overlap of caspase-3 (red) and DAPI (blue); (c) overlap of TUNEL reaction (red) and DAPI (blue); (d) overlap of activated caspase-3 (red) and DAPI (blue).
White arrows in (b), (¢) and (d) indicate approximately the same area on serial cryosections.

Based on these results, we assume that effects induced in the tumor
tissue by shock waves were caused mainly by extensive mechanical
damage of the tissue structure. The peak positive pressure amplitude
of the shock wave measured at the focus in water was 372 MPa
(Fig. 4). The shock wave amplitude in the targeted tissue was probably
lower. In vivo pressure measurements of ESWL have shown that in vivo
shock wave waveforms are 20 to 30% lower in peak amplitude than

those measured in water [71,72]. Moreover, the shock wave in the
present FSW generator was formed by a different mechanism than in
ESW lithotripters (i.e., during propagation of pressure wave from
parabolic reflector through liquid medium to the focus); therefore, its
amplitude in a targeted tumor could be more affected by the properties
and thickness of tissue it passed through. Nevertheless, mechanical
stress effects resulting from high overpressure and shear forces of the

Fig. 7. Hematoxylin-eosin staining of cryosections from rat subcutaneous tumor: (a) non-treated control; (b)-(d) 48 h after the treatment by focused shock wave showing different
degrees of tissue damage and the interface between intact and exposed tissues by shock wave. The nuclei and their fragments are blue-violet, and the cytoplasm is pink-red.
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shock wave were likely the dominant processes in intracellular DNA
damage and cell lysis that were observed in FSW-treated tumor tissue.
How big a role inertial cavitation plays in this process is difficult to
determine and in this study, it was likely hidden by mechanical stress
effects from the shock wave that made it impossible to distinguish
from effects caused by cavitation.

4. Conclusions

Cryosections from rat subcutaneous FSW-treated tumors revealed
extensive tissue damage clearly distinguishable from the normal tissue.
Its localization and shape correlated well with the direction and the
shape of shock wave propagation. A strong TUNEL reaction suggested
apoptosis in this destroyed tumor area. However, neither expression
of caspase-3 (full length, i.e., procaspase-3) nor expression of activated
caspase-3 confirmed this observation. A reverse relationship was found
between the TUNEL reaction and expression of full length caspase-3.
Moreover, activated caspase-3 was observed in very low number of
cells which were localized mainly in the border area between the intact
and damaged tissues. Thus, the generated fragments of nuclei give rise
to the TUNEL reaction that was false and not associated with apoptosis.
Based on these results, we assume that damage observed in the tumor
tissue from the shock waves was caused mainly by mechanical stress
effects from high overpressure and shear forces of the shock wave on
tissue structures at the focus.
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4.2 Tandemové razové viny

BENES, J., P. POUCKOVA, J. ZEMAN, M. ZADINOVA, P. SUNKA, P. LUKES a H.
KOLAROVA. Effects of Tandem Shock Waves Combined with Photosan and
Cytostatics on the Growth of Tumours. FOLIA BIOLOGICA. 2011, 57(6), 255-260.

V této praci bylo zkoumano puasobeni tandemovych razovych vin na svalovou
tkan in vivo v hloubce. A v druhé &asti byly zkoumany ucinky tandemovych razovych
vin in vivo v kombinaci s photosanem a cisplatinou. V experimentech byl pouzit
laboratorni kralik pro zkoumani ucinku na svalovou tkan v hloubce. Kralik byl oSetfen
tandemovymi razovymi vinami, které byly aplikovany do stehenniho svalu. Nasledné
bylo provedeno vysSetfeni na magnetické rezonanci a byly odebrany vzorky pro
histologické vySetfeni. V druhé Casti byli pouZziti potkani. Jednalo se o dvé skupiny,
které byly rozdéleny kazda jesté na tfi menSi podskupiny. Prvni byla exponovana
pouze tandemovymi razovymi vinami, v druhé byla pfed aplikaci razovych podana
intravendzné davka Photosanu a tfeti byla kontrolni. V druhé velké skupiné opét prvni
Cast byla exponovana pouze tandemovymi razovymi vinami, druhé byla pred aplikaci

razovych podana davka Cisplatiny a tfeti byla kontrolni.

Vysledky prvniho experimentu ukazaly, Zze tandemoveé razove viny jsou schopny
zpusobit poskozeni v akusticky homogennim prostfedi v hloubce in vivo. Tkané nad
ohniskem smérem ke zdroji rézovych vin jsou potom bez poskozeni. Vysledky druhého
experimentu ukazaly, Ze tandemova razova vina je schopna zpusobit zpozdéni rustu
nadoru oproti kontrolni skupiné. Po podani Photosanu, nebo Cisplatiny se tento efekt

jesté zvysi.
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Effects of Tandem Shock Waves Combined with Photosan and
Cytostatics on the Growth of Tumours
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Abstract. Shock waves, pressure waves manifested
as a sharp increase in positive pressure followed by a
decrease and the negative part of the wave, are not
only used to treat concrements in medicine. Recently,
research has been focused on the possibility of their
use for damaging the tumour tissue. In contrast to
concrements, which are different from the surround-
ing tissue by their acoustic impedance, the tumour
tissue has the same acoustic impedance as the sur-
rounding soft tissue. Therefore, we have developed a
new source of shock waves, which is based on the
principle of multichannel discharge. This new source
generates two successive shock waves (tandem shock
waves). The first shock creates acoustic non-homoge-
neity and cavitations in the tissue, and the second
shock is damped in it. In this work we demonstrated
the effect of tandem shock waves on the muscle tissue
in depth. The damage is shown on the images from
the magnetic resonance imaging and histological sec-
tions. In the further part of the experiment, we inves-
tigated the in vivo effects of tandem shock waves in
combination with Photosan and cisplatin on the tu-
mour tissue. The application of tandem shock waves
resulted in the inhibition of tumour growth, com-
pared with controls, in both parts of the experiment.
The largest inhibition effect was observed in the
groups of tandem shock waves combined with Photo-
san and in the second part with cisplatin.
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Introduction

Shock waves have been used in medicine for as long
as 20 years (Chaussy et al., 1982). They represent mi-
crosecond pressure surges. There is first a sudden pres-
sure jump (up to values about 100 MPa), which is fol-
lowed by a smaller negative wave (about 10 MPa)
(Delius, 2002; Shrivastava and Kailash, 2005). The
shock wave is today frequently being used for the disin-
tegration of renal or hepatic concrements with the help
of a lithotripsy procedure, where the shock wave is gen-
erated beyond the patient’s body and concentrated with
the help of a reflector into the focus in which the concre-
ment is situated (Bene§ et al., 1987, 1989; Benes,
2000).

Excellent results in the field of the concrement disin-
tegration initiated discussion about further use of shock
waves in medicine. For example, they have rather long
been used in orthopaedics for the treatment of syn-
dromes involving insertions. However, the greatest in-
terest is being paid to a possible use for damaging tu-
mour tissues. In contrast to concrements, which are
different from the surrounding tissue by their acoustic
impedance, the tumour tissue has the same acoustic im-
pedance as the surrounding soft tissue. Thus, another
approach should be selected, since common generators
employed for the disintegration of concrements are de-
signed in such a way that they do not cause clinically
important damage to cells (Coleman and Saunders,
1993; Wilbert 2002). Due to that, in our experiments we
use a new generator of shock waves developed at the
Institute of Plasma Physics of the Czech Academy of
Sciences. It is based on the principle of a multichannel
discharge, which occurs at a composite electrode. The
electrode is situated in strongly conductive water and
after a pulsed voltage application, numerous discharge
channels are produced, which are distributed throughout
the electrode surface (Sunka and Babicky, 1997, 2002;
Sunka et al., 2004; Stelmashuk and Sunka, 2006). If we
want to achieve the effect in an acoustically homogene-
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ous medium, it is necessary to use either cavitation ef-
fects or two shock waves generated one after another in
a short time interval, where the first wave forms an
acoustic non-homogeneity and the second one is damped
in it (Benes et al., 1997). In our work, we employ two
subsequently generated shock waves, called tandem
shock waves (Loske et al., 2002). The new generator
was formerly shown to cause haemolysis of erythrocytes
and also necrosis of tumour cell lines (Benes et al., 2001,
2007). In vivo effects were demonstrated in rats whose
liver tissue was exposed to shock waves. In the work
presented here we intended to demonstrate damage to
deeper structures without involving surface tissue and
structures through which the shock wave passes. The
shock wave was focused on a region in the rabbit femo-
ral muscle. Magnetic resonance was used to image the
effects. In a further part of the experiment, we investi-
gated in vivo effects of the shock wave on B-lymphoma
and syngeneic sarcoma tissue. The tumour growth over
time was also followed and compared with the effects of
Photosan and cytostatics.

Material and Methods

The shock waves were generated by a new source,
which was based on the multichannel discharge princi-
ple. For a scheme of the generator see Fig. 1. The cylin-
drical composite anode consists of two parts (A1 - & 60

% 70 mm, A2 - & 77 x 25 mm). Each part of the anode
is separately supplied, which makes it possible to switch
the two parts with a certain time delay. If they are
switched on simultaneously, the shock wave from the
part with the larger focus diameter is obtained 5 ms be-
fore that from the part having the smaller diameter. The
electrode itself is made of stainless steel and coated with
a thin layer (d = 0.2-0.3 mm) of porous ceramics pro-
duced by plasma spraying. The whole equipment for the
shock wave application is divided into two parts, which
are separated one from another by an acoustically trans-
parent membrane. The first part is filled with a very con-
ductive salt solution (with specific conductivity of 5-20
mS/cm), in which the composite anode is situated co-
axially with the parabolic reflector forming the cathode.
The focal point at which the shock waves are aimed is
present in the second part of the equipment. The second
part is filled with degassed water. The design of the
composite anode makes it possible to simultaneously
generate many discharge channels, which are homoge-
neously distributed on the anode. Every discharge chan-
nel forms a quasi-spherical pressure wave. A cylindrical
pressure wave is obtained by superimposition of these
particular waves. The pressure wave is reflected from
the reflector to the focal point and is transformed to the
shock wave close to it.

Laboratory rabbit, body weight of 3,100 g, was se-
lected as the experimental model. The rabbit was totally

focal point

-,

insulator

R2 I

anode 2

Rale

IR - R — Rogovski coils

capacitive dividers

_.*

_ triggers

T1uF

Fig. 1. Shock wave source
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anaesthesized and depilated on the hind limb. The ani-

mal was then situated into the experimental equipment

to have its femoral muscle in the shock wave focus. In
total 1,800 tandem shock waves were applied.

MR scanning was provided in the MR tomograph
Siemens Magnetom Trio 3 T (Siemens AG, Erlangen,
Germany) at the Institute of Clinical and Experimental
Medicine. TE and TR times were set as follows: TE =
20 ms and TR = 642 ms. The layer thickness was set to
2 mm. The imaging procedure, in the course of which
the rabbit was under anaesthesia, was carried out on the
first, third and seventh days after the exposure to shock
waves. On the seventh day after the exposure, the ani-
mal was dissected and samples for histology were taken.

In the second part of the experiment, we used experi-
mental outbred SD/Cub strain rats. Their body weight
ranged between 200 and 220 g. They were administered
with T-lymphoma tumour cells in a number of 1*10°per
rat in the abdominal region. Tumours started growing in
all the animals. The rats were divided into the following
groups; each group included six animals.

1) The first group of rats were exposed to shock waves
only.

2) The second group of rats were administered intrave-
nously with Photosan (391C 358, Sechof Laborato-
rium GmbH, Wesselburen, Germany) in the vena
caudalis at a dose of 25 mg/kg. After 48 h, the animals
were exposed to shock waves.

3) The third group of rats included controls.

The shock wave application was carried out in such a
way that the rats were first anaesthetized. The tumour
tissue was then situated in the focus of shock waves and
each animal was exposed to 1,200 tandem shock waves.
The tumour volume was measured on the 3%, 7 10",
14™ 17" and 21* days.

In the third part of the experiment, Lewis strain ex-
perimental rats were used. Their body weight ranged
between 200 and 250 g. Tumour cells of the syngeneic
sarcoma were intradermally administered caudally on
the right and left sides. The rats were subsequently di-
vided into groups. Each group included 10 animals.

1) The first group of rats were exposed to the effects of
shock waves.

2) The second group of the animals were administered
with cisplatin (50 mg MO1030AC, Medac, Hamburg,
Germany) ata dose of 5 mg/kg before the shock wave
application. After that they were exposed to the shock
waves.

3) The third group of the animals were administered
with cisplatin at a dose of 5 mg/kg only.

The contralateral tumour served as a control. The
method of the shock wave application was the same as
in the preceding part with the difference that 120 shocks
were applied at a certain angle and 120 shocks were ap-
plied at a different angle.

Results

Fig. 2 and Fig. 3 show an MR image of the rabbit
femoral muscle in two different sections, transversal
and frontal, through the same site. The femoral muscle
was selected to make possible a comparison with the
femoral muscle on the second limb, which served as a
control. The femoral muscle exposed to the shock waves
is shown on the right side of the figures. We can see
damage to the muscle (the arrows). In the focus of the
shock waves a haematoma was developed surrounded
by perceptible oedema. The control limb was not dam-
aged. On the third and seventh days, we repeated the
imaging procedure and the damage to the muscle tissue

Fig. 2. MR image one day after shock wave exposure, trans-
versal section

Fig. 3. MR image one day after shock wave exposure, fron-
tal section
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Fig. 4. Histology of damaged femoral muscle. Magnified
200x, stained with haematoxylin-eosin

was still visible. The damage was also obvious in a sub-
sequently performed dissection.

Fig. 4 shows a histological section of the damaged
femoral muscle with an extensive focus of granulation
tissue (black) in the field of subacute dystrophic changes
in muscle fibres (white).

In the second part of the experiment, the tumour vol-
ume was followed after 1,200 shock waves applied at
the intervals described. The volume was already meas-
ured before the exposure and on the 3%, 7%, 10", 14",
17" and 21* days after the exposure. The results meas-
ured were recorded. Fig. 5 shows average values of the
tumour volume on particular days of the measurement.
Colour differentiation was used for the three experimen-
tal groups.

In rats of this group, the exposure to shock waves de-
layed the tumour growth compared to controls. In the
experimental groups of rats first administered with
Photosan and exposed to shock waves 48 h after that,
there was a higher inhibiting effect compared to the
group exposed to shock waves only.

The highest number of animals were used in the third
part of the experiment. Tumour volumes were followed
and measured on the 1%, 4%, 7% and 11" days after the
shock wave exposure. Average values and standard er-
rors were calculated. Fig. 6 shows particular groups with
the use of colour differentiation and the table summa-
rizes the average values of tumour volume in percent of
the baseline volume including the standard error.

In all the groups, the tumour growth was delayed
compared to controls. The largest effect was observed in
the group of cisplatin combined with tandem shock
waves. The cisplatin administration alone had a rather
lower inhibiting effect compared to the action of the tan-
dem shock wave alone.

Discussion

The results of the first experiment indicate that the
tandem shock wave is able to cause local damage inside
the tissue even in an acoustically homogeneous muscle
medium. This is in agreement with the damage that was
described previously (Benes et al., 2007). The damage
is produced at the site of the shock wave focus, and the
superficial structures through which the shock wave
passes remain intact. The damage is formed in such a
way that the first wave produces non-homogeneity in
the acoustically homogeneous muscle tissue medium
and the second one is subsequently absorbed in it.

Effects of Photosan and double shocks on B-lymphoma
growth in subcutaneous layer of SD/CUB outbred rats
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Effects of the i.t. cisplatin administration and double
shocks on the syngeneic sarcoma growth in Lewis
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The results of the second part of the experiment sug-
gest that exposure of growing tumour (T-lymphoma) to
shock waves delays tumour growth compared to con-
trols. The delay of the tumour growth is significantly
increased by administration of Photosan before the
shock wave application. Photosan is a substance which
is effective in photodynamic therapy, and it should be
elucidated whether substances exerting effects in photo-
dynamic therapy may also be sensitive to cavitations.

The third part is of importance not only because their
result demonstrates an effect at least comparable with
cisplatin, but particularly by the number of tumour types
investigated.

The results of the third part indicate that the tandem
shock wave is able to damage the tumour tissue and thus
delay the tumour growth. An even higher effect is
achieved in combination with cisplatin. The approach
based on the application of these shock waves is still at
the experimental stage only, but this is the only currently
known type of energy that can be concentrated in a small
volume without damaging the surrounding tissues, and
the question remains whether the toxic effects of tandem
shock waves occur in the focus, or molecules are acti-
vated by cavitations, or micelles containing the cyto-
static are involved.
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V této Casti knihy jsou prezentovany ucinky tandemovych razovych vin. Jsou
zde popsany tandemoveé razové viny, jeji fyzikalni principy a fyzikalni principy zdroje
tandemovych razovych vin. Biologické ucinky tandemové razové viny generované
novym zdrojem zde byly prezentovany nékolika vysledky. In vitro na poSkozeni bunék
melanomu B-16, in vivo na poskozeni steheniho svalu kralika v hloubce, podobné jako
v prfedchozi praci a také zpozdénim rlstu sarkomu u potkant v porovnani s kontrolni

skupinou.
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Abstract. The physical characteristics of focused two-successive (tandem) shock
waves (FTSW) in water and their biological effects are presented. FTSW were
generated by underwater multichannel electrical discharges in a highly conductive
saline solution using two porous ceramic-coated cylindrical electrodes of different
diameter and surface area. The primary cylindrical pressure wave generated at each
composite electrode was focused by a metallic parabolic reflector to a common
focal point to form two strong shock waves with a variable time delay between the
waves. The pressure field and interaction between the first and the second shock
waves at the focus were investigated using schlieren photography and
polyvinylidene fluoride (PVDF) shock gauge sensors. The largest interaction was
obtained for a time delay of 8-15 ps between the waves, producing an amplitude
of the negative pressure phase of the second shock wave down to —80 MPa and a
large number of cavitations at the focus. The biological effects of FTSW were
demonstrated in vitro on damage to B16 melanoma cells, in vivo on targeted
lesions in the thigh muscles of rabbits and on the growth delay of sarcoma tumors
in Lewis rats treated in vivo by FTSW, compared to untreated controls.

1. Introduction

During the past several decades, non-equilibrium atmospheric pressure plasmas
generated by electrical discharges in gases and liquids were shown to be efficient
treatment method in a variety of environmental applications, such as air pollution
control (involving removal of NO,, SO, and volatile organic compounds), removal of
organic contaminants from water, or treatment of solid surfaces [1, 2]. More recently,
research on the biological and medical applications of these plasmas become a rapidly
developing field with many exciting and promising results. New successful or potential
applications of plasmas in medicine have been demonstrated in electrosurgery, the
treatment of skin diseases and dental cavities, plasma-assisted blood coagulation, the
sterilization of surfaces and medical instruments, and many other applications [3-5].
Depending on the type of plasma, five main plasma agents (i.e. heat, electric field,
ultraviolet radiation, charged particles, and neutral reactive species) may be involved in
the plasma interaction with living matter. Chemical effects induced by the reactive
oxygen species (e.g., atomic oxygen, metastable oxygen molecules, ozone, and OH
radicals) and reactive nitrogen species are generally accepted to play the dominant role
in the atmospheric air plasma systems [4-6]. Physical processes, such as ultraviolet
(UV) photolysis, are generally not belived to participate significantly in the inactivation
processes of these plasmas [6].

67




On the other hand, for underwater plasmas, physical processes, such as high electric
field, UV radiation and shock waves, may significantly contribute to the biological
effects (e.g., the inactivation of microorganisms in water) in addition to the chemical
effects that are largely attributed to OH radicals and hydrogen peroxide [7-10]. For
underwater plasmas initiated by exploding fine wires, it was shown that up to 28% of
the energy transferred into the plasma (1.5 kJ/pulse) is converted into UV radiation
with a peak radiant power of 200 MW [11]. Ching et al. [10] estimated the UV light
intensity generated by the pulsed arc discharge to be on the order 10°W/cm® and
determined the UV radiation to be the main disinfection process in the discharge. The
significant emission of UV light has also been demonstrated for pulsed corona
discharge in water, with a pulse energy on the order of several J/pulse. UV radiation
was estimated to confribute about 30% of the overall plasma inactivation of bacteria
Escherichia coli induced by electrical discharge in water [12].

In addition to UV radiation, a significant amount of the discharged energy in
underwater discharges (especially pulsed electrohydraulic sparks/arcs with the pulse
energies on the order of several kJ/pulse) is transformed into shock waves in water.
Gilliland and Speck [13] investigated the bactericidal action produced by
electrohydraulic shock waves generated by submerged high-voltage spark discharge
already in the 1960s. The authors concluded that there were no indications of death
caused by the mechanical disruption of cellular integrity. Later studies, however,
demonstrated significant role for shockwaves in the electrohydraulic discharge
treatment of water when used for sludge decontamination, killing of bacteria or Zebra
mussel removal from the intake pipes of water treatment facilities [14]. Li et al. [15,
16] observed the mechanical rupture of intracellular gaseous vacuoles of cyanobacteria
cells exposed to underwater streamer discharge, which was caused presumably by the
physical effects of shock waves induced by the discharge.

Underwater shock waves are also used in extracorporeal shockwave lithotripsy
(ESWL) to non-invasively disintegrate kidney stones and gallstones. In fact, ESWL is
one of the most succesfull applications of shock waves in medicine. Since the mid-
1980s, lithotripsy has been in clinical use worldwide for treating kidney stones and
continues to be the favored method for uncomplicated, upper urinary tract calculi, even
with the advent of percutaneous surgical methods. The treatment involves focusing
shock waves generated by the ESWL device (lithotripter) outside of the patient’s body
to disintegrate the stone at a depth in tissue. The targeted stone is located at the shock
wave focus, and hundreds to thousands of shock wave pulses are delivered to
comminute the stone. Acoustic coupling with the patient is achieved through water
baths or liquid-filled pillows. After the urinary stone treatment, the stone debris passes
through the urinary tract. In the case of gallstones, the stones are chemically dissolved.
A typical pressure waveform at the lithotripter focus in water consists of a leading
shock wave front (compressive wave) with a peak positive pressure in the range of 30—
150 MPa and a phase duration of 0.5-3ps, followed by a tensile wave with a peak
negative pressure down to —20 MPa and a duration of 2-20us [17].

Over 40 models of clinical lithotripters are commercially available worldwide
(electrohydraulic, electromagnetic and piezoceramic). In electrohydraulic lithotripters,
an underwater high-current spark discharge between a pair of electrodes is generated at
the focus of the ellipsoidal reflector, and the emerging spherical shock wave produced
by the plasma at the spark gap is concentrated on the kidney stone located at the second
focus of the ellipsoid [18]. At the end of the 1980s, one of modified versions of the
electrohydraulic type of lithotripter was developed at the Institute of Plasma Physics

68




AS CR [19-21]. These generators are used in the lithotripters Medilit (produced by the
company MEDIPO, Brno, Czech Republic) at approximatelly 20 hospitals in the Czech
and Slovak Republics [22]. So far, more than 120 000 patients have been successfully
treated with these devices.

The success of the ESWL stimulated research on the applications of focused shock
waves (FSW) in other branches of medicine. Shock waves are used in orthopedy for the
fracture healing, the treatment of pseudarthroris, tendinopathy and other orthopedic
diseas [23]. Great attention has been on to the role of cavitation in ESWL-induced
biological effects on soft tissues and the possible treatment of some types of cancers. It
was initially studied to identify possible side effects of the lithotripsy therapy, such as
haematuria, renal colic, perirenal and intrarenal hematomas, pancreatitis and
arthythmias [17]. The evidence suggests that cavitation is an important factor in
lithotripsy. Stones initially break by spall, and then erosion grinds the fragments into a
size suitable for the patient to pass [18]. Micro-inhomogeneities or microbubbles in the
fluid (e.g., water or urine) that are located in the vicinity of the focal zone may produce
cavitations, which may interact with the stone but also with the cells/tissue. The
threshold for cavitation in water is approximatelly 0.5 MPa; however, this depends on
the duration of the tensile pulse [17].

To accelerate stone comminution and/or reduce/enhance tissue damage, special
generators of shock waves and a focused high-intensity ultrasound (HIFU) are being
designed to modify the cavitation field and to control cavitation. The corresponding
methods manipulate the timing between pulses or modify the lithotripter waveform by
altering the reflector material in the electrohydraulic or electromagnetic devices or by
reversing the polarity in the piezoceramic devices [24-29]. Several authors have
reported controlling bubble growth and collapse by so-called tandem shock waves,
which intensify the collapse of cavitation bubbles by sending a second shock wave at
the moment before the bubbles produced by the first shock wave begin to collapse [30,
31]. Most of these experimental studies demonstrated a significant effect on stone
comminution and/or tissue injury, attributed in large part to the modified cavitation
field. Shock waves have been shown to cause significant cytotoxic effects in tumor
cells both in vitro and in vivo. Furthermore, it was discovered that shock waves induce
necroses in tumors, which delay tumor growth. However, despite the demonstrated
effectiveness in experimental tumors, the mechanism of interaction between ultrasonic
shock waves and tumors is unknown. Both positive and negative pressures, and inertial
cavitation especially, are thought to play major roles in the interaction of lithotripter-
induced shock waves with biological tissue [29]. The optimal shock wave profile and
pulse combination have yet to be established.

One reason is a fundamental difference in the acoustic impedance of kidney stones and
tissue. A kidney stone represents a relatively strong acoustical non-homogeneity in
comparison with the swrrounding liquid and soft tissues. The non-homogeneity
localizes the action of the shock wave because the shock wave propagates through soft
tissue and liquid with a small attenuation almost without interacting with them. In the
case of cancer tissue, no acoustical non-homogeneities exist between cancer and
healthy tissues. The localized action of the shock waves in an acoustically
homogeneous medium (soft tissue) is attributed to the cavitations produced by FSW or
HIFU. Collapsing cavitations create strong secondary shock waves of nanosecond
duration (tens of micrometers in scale) that can interact with cell scale-structures. Local
thermal effects (on the order of um dimensions) accompanying cavitations collapse
(sonoluminescence) and the production of chemical radicals may also play arole in cell
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damage. In general, the intensity of the secondary shock wave and the velocity of the
microjet are assumed to depend on the initial bubble radius. The larger the bubbles
grow (> 1 mm), the more violent their collapse, which may be more suitable for stone
or tissue damage. Small bubble sizes (< 200 pm) that are comparable to the size of cells
may be used to enhance shock wave-mediated drug delivery and gene transfer. In the
case of HIFU, the dynamics of cavitation can be varied by the frequency and amplitude
of the wave. In the case of tandem shock waves, the second wave can interact with the
cavitation produced by the first wave in a different phase of its evolution. Thus, by
using tandem shock waves, inertial bubble interactions may be tailored for different
biomedical applications [26].

To enhance the cavitations and the interaction of the shock waves with soft tissue, we
have developed a novel generator of focused shock waves in water, which is based on
the production of cylindrical pressure waves generated by underwater multichannel
electrical discharges using one or two porous ceramic-coated (composite) cylindrical
metallic electrodes of different diameter [32-35]. The primary pressure waves
generated by the underwater plasma channels at the surface of the composite
electrode(s) are focused by a metallic parabolic reflector to a common focal point and
only close to the focus are transformed into a strong shock wave. Depending on the
power supply arrangement, we are able to generate either one shock wave or two
successive shock waves focused to a common focal point (i.e., focused tandem shock
waves, FTSW) with an adjustable delay between the waves on the order of
microseconds. We have found that at time interval of 8-15 ps between the two shock
waves, the second original pressure wave is strongly attenuated at the focal region and
reaches the focus as a rarefaction wave. The amplitude of the pressure wave is up to
100 MPa, while the amplitude of the rarefaction wave falls down to —80 MPa,
producing thus a large number of cavitation bubbles at the focus. The collapsing
cavitation bubbles produce secondary, short-wavelength shock waves and fast
microjets that can interact with cell-scale structures and soft tissues. In this work,
characteristics of the focused tandem shock waves in water and their biological effects
are presented.

2. Apparatus and methods

Fig. 1 shows the scheme for a generator of focused tandem shock waves in water. The
generator is divided by an acoustically transparent membrane (Mylar foil, thickness
100 pm) into two parts. The first part, which is filled with a highly conductive saline
solution (on the order of tens of mS/cm), consists of two composite metallic cylindrical
high-voltage electrodes of different diameter d and length /2 (Al: =90 mm, /=17 mm;
A2: =60 mm, #=55 mm) placed along the axis of the outer metallic parabolic reflector.
The composite anode consists of a metallic cylindrical electrode covered with a thin
porous ceramic layer deposited by thermal plasma spraying. The role of the ceramic
layer is to redistribute the electric field on the electrode during the pre-discharge phase.
Due to the differences in conductivity and permittivity between the water and the
ceramic layer, the electric field strength on the surface of the composite electrode is
many times enhanced in comparison with a metallic electrode of the same dimensions.
This setup allows for the simultaneous generation of a large number of filamentary
discharge channels distributed almost homogenously around the entire surface of the
composite electrode at a moderate applied voltage [36].
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Fig. 1. The scheme of the generator of focused tandem shock waves in water.

A pulsed high voltage of positive polarity was applied to the composite electrodes
using a pulse power supply that consists of two capacitors (C1, C2) charged up to
30 kV and two triggered spark gaps (SG). The spark gap switches were triggered either
at the same time (switch S was closed) or with a variable delay (switch S was open),
allowing us to produce either a single shock wave or two successive shock waves
focused to a common focal point (i.e., focused tandem shock waves) with an adjustable
delay between the waves. The spark gaps were triggered by 12 kV/us pulses produced
by discharging the capacitors through the thyratrons. The thyratrons were triggered by a
dual-channel pulse generator with a variable time delay (100 ns step) between the
channels. The focal point of the parabolic reflector is situated in the second part of the
generator, which is filled with tap water and is located 5 cm from the Mylar membrane.
Each discharge channel formed at the composite electrode creates a semi-spherical
pressure wave in the saline solution. By superposition of the waves, a cylindrical
pressure wave propagating from the anode is formed. The primary cylindrical pressure
wave is focused by a reflector. Near the focus, this wave is transformed into a strong
shock wave. The amplitude and, to some extent, the waveforms of the shock waves, at
the focus can be controlled by the anode surface areas, the discharge circuit parameters
and the solution conductivity, which play a decisive role in the characteristics of
underwater plasmas. Higher conductivity leads to higher power density in the discharge
channel, and this results in an increase in the plasma electron density, a higher plasma
temperature and more intensive pressure wave evolution from the discharge [32]. In
this work, saline solution conductivity of 18 mS/cm was used for the generation of the
discharge at the composite electrode, which was based on results from previous work
that demonstrated that the given experimental setup generates the highest amplitude of
the pressure wave at this conductivity [33].
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Schlieren photography was used to acquire time-resolved images of the pressure field
induced by the shock wave(s) in the focal region. The Nd:YAG pulsed laser beam
[wavelength=532 nm, pulse width=10 ns full width at half maximum (FWHM)] was
expanded to a diameter of 60 mm and applied through a focal region as an illumination
light source in a perpendicular direction to the shockwave propagation. A camera was
set up to acquire the Schlieren photographs of the focal region at various time delays
after the discharge ignition by the triggered spark gap switch SG1 and synchronized
with the firing of the laser beam via a delay generator. Consequently, the pressure field
and the pressure waveforms of the shock waves produced at the focus were measured
by polyvinylidene fluoride (PVDF) shock gauge sensors (Model S25 04, Piezotech
SA, France). The pressure field at the focal region was mapped point-by-point, and the
focal volume with the dimensions ¢ 2.5 mm x 32 mm long (FWHM) was determined
[32, 33]. For observation of the dynamics of the cavitation at the focal region, a
microscope and a PCO 12-bit charge-coupled device (CCD) Sensicam camera were
used. Microscope magnifications of 10x to 25x were used. The focal area was
illuminated by a xenon lamp, which was fed by a high-voltage capacitor switched by a
thyratron. The ignition of the lamp was synchronized with the spark gap switches at
various time delays. The exposure time of the PCO camera was 400 ns. This exposure
time was sufficient to obtain sharp and bright photos.

B16 melanoma syngeneic cells were grown in a tissue culture medium (6 x 10° cells).
The viability of the B16 melanoma cells after exposure to FTSW was examined using
the trypan blue staining method and by optical imaging microscopy. Tumor growth
delay experiments were performed with Lewis strain rats inoculated subcutaneously
with R5-28 malignant cells (2.5 x 10° cells/rat) [37]. The time of the tumor growth
latency and the volume of the growing sarcoma in the Lewis rats were followed
throughout the experiment and compared with the control (not exposed) tumors
(4 animals in each group). The tumor size was measured with Vernier calipers. The
tumor volumes ¥ at particular time intervals were calculated by the formula
V=axb*xm/6, where a and b are the tumor length and tumor width, respectively. FTSW-
induced lesions in rabbits’ thigh muscles were examined by magnetic resonance
imaging (MRI). Prior to exposure, the rabbits were anesthetized and depilated on their
abdomen. The scanning procedure was carried out on an MR tomograph Siemens
Magnetom Trio 3T at the Institute of Clinical and Experimental Medicine, Prague,
Czech Republic. The echo (TE) and repetition (TR) times were set as follows:
TE=20 ms and TR=642 ms. The slice thickness of the MRI scans was set to 2 mm. The
imaging procedure was carried out on the first, second and seventh day after the
exposure to shock waves. The rabbit was under anesthesia during imaging.

3. Characteristics of focused tandem shock waves in water

The pressure field at the focal region formed by the focused tandem shock waves was
visualized by Schlieren photography. Fig. 2 shows the pressure field for three different
situations. Figs. 2a and 2b show the pressure field when only the first or the second
waves were generated, respectively. The waves propagate from right to left in these
pictures. The white cross-like spot in the picture specifies the region of the highest
pressure of the focused shock wave with a sharp front of the shock waves. The
convergence angle corresponds to the reflector geometry and the position of the
composite electrode in the reflector. The circle in the picture indicates a secondary
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short-wavelength spherical shock wave created by the collapsing cavitation bubbles.
Figs. 2a and 2b show that both shock waves, if produced separately (or with a long time
delay between them), generated only a small number of cavitations at the focus. Fig. 2¢
shows the situation when two successive waves interacted (time delay of 15 ps). The
second wave is heavily damped in the focal region, and this created a very complex
pressure field with a large number of secondary short-wavelength shock waves from
the collapsing cavitation. A shock wave duration of approximately 70 ns and a
corresponding wavelength on the order of 0.1 mm were estimated, which are capable of
interacting with cell-scale structures.

Fig. 2. Schlieren photographs of the focal region: a) first shock wave only, b) second shock wave only,
and c) two interacting shock waves. The time interval between the waves was 15 ps. The direction of
the shock wave (SW) propagation was from the right to the left (as depicted by the arrow).

Fig. 2 demostrates that the degree of interaction of the second shock wave with the first
one depended on the time delay between the waves. Fig. 3 shows the pressure wave-
forms of two interacting waves arriving at the focus with different time delays 7. These
measurements indicate that there are three different phases in the interaction. The first
and second phases are demonstrated in Fig. 3a. A relatively short delay between the
shocks (time interval of 8-15 ps) resulted in the second pressure wave creating a large
amplitude rarefraction wave at the focus instead of an originally positive pressure
wave. With increasing time intervals between the waves, the amplitude of the second
shock wave rapidly decreased. For the interval 50 ps < 7, < 500 ps, the second shock
wave was totally damped. The second shock started to propagate as a pressure wave for
7> 600 ps, and its propagation was fully re-established only at time delays above 1 ms
(Fig. 3b). This scenario can be explained by assuming that the cavitation bubbles
formed by the first shock wave served as cavitation nuclei for the second shock wave.
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Fig. 3. The pressure waveforms of the two interacting shock waves measured at the focus for different
time delays between the first and the second shock waves.
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Because the cavitation nuclei dissipate over time, the interval between the shock waves
affected the total number of cavitations and the amplitude of the negative pressure.
Fig. 3a shows that the largest interaction between the first and second wave was
obtained for a time delay of 8-15 ps, resulting in the maximum negative phase of the
pressure wave of second shock wave and a large number of cavitation. With increasing
time delay between the waves, the second wave propagated through the perturbed me-
dium, and its energy was absorbed by the collapsing cavitations. Therefore, the influen-
ce of the first shock wave on the second wave was insignificant at longer time delays
(4> 600 ps) when most of the cavitations produced by the first wave were quenched.

130 ps 260 ps 450 ps

Fig. 4. The dynamics of cavitations at the focal region after the interaction of the focused tandem
shock waves for a time delay of 10 ps between the waves.

An example of the evolution of the cavitation bubbles formed in water at the focus after
the interaction of the focused tandem shock waves for a time delay of 10 ps is shown in
Fig. 4. The growth of the bubbles lasted for about 200-250 ps (reaching a maximum
bubble radius ~ 1.3 mm), and then the bubbles began to collapse.

4. Biological effects of focused tandem shock waves in water

The presented FTSW generator was used to investigate the biological effects of focused
tandem shock waves. A time delay between the waves of 10 ps was used based on
previous experiments, which showed that the largest interaction of the waves occurred
at this condition (i.e., 8-15 ps). The amplitude of the pressure (positive) wave was
80 MPa with a duration of 0.7 us. The amplitude of the rarefaction (negative) wave was
—80 MPa with a duration of 2 ps. These waves produced a large number of cavitations
at the focus (see Figs. 2-4). The dimension of focal volume was ¢ 2.5 mm x 32 mm
long (FWHM) [32, 33]. The applied voltage was 30 kV. The charging capacity was
0.8 uF. The pulse repetition frequency of the applied tandem shock waves was 0.7 Hz.

&

Fig. 5. Optical micrographs of the melanoma B16 cells exposed in vitro to different numbers of
focused tandem shock waves: a) control, b) 200 shocks and c) 400 shocks.
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Fig. 5 shows optical micrographs of melanoma B16 cells exposed in vitro to a different
number of tandem shocks. Polypropylene Eppendorf vials with a suspension of
melanoma cells (1.5 ml) were placed at the focus of the generator and exposed to the
shock waves. Fig. 5 demonstrates that exposure of carcinomas cells to the tandem
shocks resulted in cell membrane perforation and total damage (fragmentation) of the
cells at a higher dose. The subsequent analysis of the cell viability of the B16
melanoma cells confirmed greater damage to the cells with an increasing number of
applied tandem shock waves (data not shown).

Fig. 6. MRI images of targeted lesions in a rabbit’s thigh muscle (marked by the white arrow) over
time induced in vivo by applying 900 focused tandem shock waves. The left side in each image is a
control showing the non-exposed muscle. a) 1st day, b) 2nd day, and c) 7th day after FTSW exposure.

Consequently, effects of focused tandem shocks on soft tissue were examined in vivo.
Fig. 6 shows MRI images of a targeted lesion in a rabbit's thigh muscle caused by
applying 900 tandem shocks and its progress for seven days after FTSW exposure. The
left side of each image is a control showing the non-exposed muscle. The lesion in the
tissue is clearly visible as a dark spot of hematoma surrounded by a bright area of
accompanying edema (marked by the white arrow). The differences in the shape and
size of the hematoma and edema over time can be seen. After one week, the hematoma
disappeared, and the edema area was reduced, indicating recovery of the injured tissue
in the shock wave impact area. The larger size of the hematoma (~ o 5 mm) compared
to the focal area of the FTSW (~ o 2.5 mm) can be explained by the changes in the
acoustical properties of the treated tissue with an increasing number of applies shocks,
which leads to enhanced damage of the tissue at the targeted area by the shock waves.
Additional MRI analysis revealed that the extent of the damage in the direction of the
shock propagation is about 15 mm. The subsequent histological examination of the
injured femoral muscle showed an extensive focus of granulation tissue in the field of
subacute dystrophic changes in the muscle fibres with a very sharp transition between
the damaged and non-exposed tissue (not shown). These results showed that tandem
shocks are capable of causing localized lesions at a predictable location deep within
soft tissue at the focus without damaging tissue located in front of the focal point. This
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finding is important in terms of the potential biomedical applications of tandem shock
waves, such as in treatment of tumors that are inoperable or very difficult to be treated
(e.g., many liver metastases and pancreatic tumors).

Fig. 7 shows the in vivo effect of FTSW on the growth of sarcoma tumors in rats of the
Lewis strain. R5-28 malignant cells of the syngeneic sarcoma were subcutaneously
applied caudally on the right and left sides of Lewis rats and tumors were allowed to
grow for 35 days, after which the tumors were treated by FTSW. The tumors on the left
sides of the rats were exposed to 240 shocks by placing the anesthetized animals in the
water bath of the FTSW generator. The contralateral tumor served as a control. Shock
waves were applied to the tumors from two different angles with 120 shock waves at
each angle. Fig. 7 shows that, in comparison with the intact controls, the growth of the
exposed tumors was significantly delayed.
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Fig. 7. The growth of sarcoma tumors in Lewis rats after in vivo exposure to 240 tandem shock waves.

Considering the tumor size and much smaller size of the shock wave focus area
(~ order of magnitude difference), the scanning of the tumor by shock waves can be
used to increase the efficiency and to enlarge the localized effect of shock wave
exposure. Varying the number of applied shocks can also be used. In our case, a higher
dose (~400 shocks) resulted in mechanical damage to the tumor tissue. Thus, repeated
treatment of the tumor by a smaller number of shocks over several days might be
considered. Apart from mechanical effects, the shock waves may also contribute to
tumor treatment due to cavitation-induced sonochemical effects by the intracellular
formation of radicals. Combining the effect of shock waves with anticancer drugs may
also be possible (e.g, to enhance the chemotherapy efficiency by increasing the
permeability of tumor cells membranes to cytostatic drugs by the shockwaves or
through the sonodynamic activation of cytotoxic drugs by cavitation induced by
FTSW). Research on the possible synergetic effects treatment with shock waves in
conjuction with other therapeutic methods used in cancer treatment is in progress.
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5. Conclusions

The physical principles of a novel generator of focused tandem shock waves in water
have been presented. FTSW were generated with a variable time delay between the
waves using underwater multichannel electrical discharges in a highly conductive
saline solution using two porous ceramic-coated cylindrical electrodes of different
diameter and surface area. The largest interactions were obtained for a time delay of
8-15 s between the waves, producing an amplitude for the negative pressure phase of
the second shock wave down to —80 MPa and a large number of cavitations at the
focus. The biological effects of FTSW were demonstrated in vitro on damage to B16
melanoma cells, in vivo on targeted lesions in the thigh muscles of rabbits and on the
growth delay of sarcoma tumors in Lewis rats treated in vivo by FTSW compared to
untreated controls.
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V této praci byl sledovan ucinek tandemovych razovych vin na akusticky
homogenni tkan in vivo. V praci bylo pouzito Sest potkant. Tandemova razova vina
byla fokusovana do oblasti jater, dale byl pouzit laboratorni kralik, u kterého byla
tandemova RV fokusovana do oblasti stehenniho svalu. Nasledné bylo provedeno
vySetfeni na magnetické rezonanci a to hned po aplikaci razovych vin a dale tfeti a

sedmy den po aplikaci. Sedmy den po aplikaci byla provedena pitva.

U vSech pokusnych zvifat doSlo k poSkozeni tkané v misté ohniska, coz se
potvrdilo na snimcich z magnetické rezonance a také pfi nasledné pitvé. Tandemova
razova vina je tedy schopna zpuUsobit poskozeni hloubéji v téle pokusného zvifete
v akusticky homogennim prostfedi. Struktury, které lezi nad ohniskem smérem ke
zdroji RV, jsou bez poskozeni. Misto poskozeni je tedy dobfe lokalizované a odpovida

fokusaci. Také se ukazalo, ze dochazi k regeneraci tkané po aplikaci razovych vin.
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Abstract: Objectives: The shock wave is used for the treatment of kidney stones, eventually of gall stones, for
more than 20 years. It is a pressure wave, which breaks through soft tissues easily and it is possible to focus it
into a small volume. The excellent results of the treatment of concrements led to considerations about another
usage of the shock wave. The research is now concentrated on the possibility of the damage to tumour tissues.
Methods: In contrast to concrements tumour tissues are not different from healthy tissues as for their acoustic
attributes. That is why a new source of shock waves was used in this work. The source allows generating two
successive shock waves focused into a common focus, so-called tandem shock waves. The biological effects
of the tandem shock waves generated by the new source on rats hepatic tissue and rabbit femoral muscle in
vivo were studied in this work. The damage is demonstrated by magnetic resonance imaging.

Results: MR images showed tissue damage in focus. There was damage of the liver tissue, muscle and also
stomach wall.

Conclusions: We found that the tandem shock waves are able to damage the acoustically homogeneous soft
tissue in the focus, i.e. in the depth. In tissues in front of the focus, there is, however, no damage (Fig. 10, Ref. 15).

Full Text in PDF www.elis.sk.

Key words: electrical discharges in water, focused shock waves, cavitations, tandem shock waves.

The outcomes achieved in the concrement disintegration (2,
6-8) initiated a research of a further use of shock waves in medi-
cine. The attractiveness of shock waves results from the fact
that they are the only form of energy penetrating through tissues
(without damaging them up to a certain threshold) and are able to
concentrate energy into a small volume (3, 4). The shock waves
are used in orthopaedics for the treatment of insertion syndromes
and the main interest is in the field of their use for destruction of
cancer tissues (5). In contrast to concrements, which have acous-
tic impedance different from that of surrounding soft tissues, the
cancer tissue is essentially not different from the healthy tissue in
acoustic properties. Generators of shock waves for the destruction
of concrements were developed with the aim to minimize side ef-
fects and thus, they cause nearly no damage to soft non-aerated
tissues (9). Thus, a new generator of shock waves was developed
at the Institute of Plasma Physics. The new generator is based
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on a concept that if a local effect of the shock wave should be
achieved in an acoustically homogeneous environment, then either
the effect of cavitations should be used or two successive shock
waves should be generated (10), where the first one produces an
acoustic non-homogeneity and the second one is damped in this
non-homogeneity (1, 9, 11, 12). The principle of the shock wave
generation by the new source is based on a multichannel develop-
ment, i.e. if a composite electrode is situated in strongly conduc-
tive water, many discharge channels are produced in this medium
(13, 14). This multichannel generator was used to verify effects
on erythrocytes, lymphocytes and cancer cell lines. After an in
vivo exposure of solid tumours, the destruction was histologi-
cally demonstrated. In this approach, it is necessary to document
the damage in the depth at a particular site, provided that surface
structures of tissues, which are shock waves passing through, are
not damaged. Given the fact that cancer tissues and healthy soft
non-aerated tissues are not considerably different one from another
in terms of their acoustic characteristics, we employed imaging by
magnetic resonance and exposed the rat liver and rabbit femoral
muscle in vivo. The aim of this was to use the imaging technique,
and subsequently after dissection the histological examination, for
the demonstration of the deep selective damage at a defined site.

Material and methods
Generator

The formerly developed shock wave generator was used, in
which two cylindrical pressure waves are directed to a common
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focus with the help of a metallic parabolic reflector. The second
shock can be generated with different time delays after the first
one. The concept of tandem shocks is necessary to achieve the lo-
cal action on the acoustically homogeneous environment (as e.g.
soft tissue). The first shock produces acoustic non-homogeneity
and cavitations in the tissue and the second shock is dissipated
in them. Collapsing cavitations produce secondary short-wave
shocks, which are capable of interaction with cell-sized formations.

The generation of focused tandem shock waves is based on
focusing of cylindrical pressure waves produced in a multichan-
nel discharge on a composite anode in highly conductive water.
The composite anode consists of cylindrical electrodes of stain-
less steel (A2 — @ 60x70 mm, Al — & 77x20 mm) coated with a
thin layer of porous ceramic material applied on the anode surface
by the plasma spraying technology. Because of differences in the
conductivity and permittivity between water and the ceramic layer,
the intensity of the electric field on the anode surface is many times
higher compared with the bare metallic electrode of the same di-
mensions. In thehighly conductive solution, many short (less than
1 mm in length) discharged channels are produced. They are almost
homogeneously distributed on the anode surface. Every expanding
discharged channel forms a hemispherical pressure wave and the
superimposition of all these waves results in a cylindrical pres-
sure wave propagating from the anode surface. Cylindrical pres-
sure waves are focused by a metallic parabolic refl ector (cathode)
and transformed to the shock wave in the vicinity of the focus.

Experimental procedures

Six Wistar strain rat males from the company ANLAB s.r.o.
and laboratory rabbit were used in the experiment. Rats body
weight was of 280—300 g and they were fed with the ST1 diet.
Rabbit body weight was 3100 g. The exposure to shock waves
was performed under anaesthesia. Thus, the rats and rabbit were
narcotized with intramuscularly administered solution of Narka-
mon and Xylazin. The solution was prepared as follows: 2 ml of
Narkamon per kg of body weight, 0.7 ml of Xylazin and 2.3 ml
of water for injection. The rat was depilated in the region above
the liver, fixed in a special holder and situated in the experimental

device with having its liver in the focus. The rabbit was depilated
onthe hind leg and situated in the experimental device with hav-
ing its femoral muscle in the focus. Tandem shock waves were
applied at two-seconds intervals for rats and one and half-second
intervals for rabbit for a period of 30 min. This corresponds to
900 shocks for rats and 1800 shocks for rabbit in the focus area.
After the exposure to the shock waves, the rats and rabbit were
transferred to NMR scanning.

MRI scanning

MR images of rats were obtained using a4.7T Bruker Biospec
spectrometer equipped with a commercially available resonator
coil (Bruker, Germany). We used a standard T2*-weighted gra-
dient echo sequence, repetition time TR = 80 ms, TE = 3.4 ms,
slice thickness =2 mm, FOV = 6 cm, and matrix 256 x 256. Dur-
ing MR examinations, the rats were anesthetized by spontaneous
breathing of isofluran (Foran, Abbot, Czech Republic). For induc-
tion, a 3% concentration of the anesthetic in air was used, and a
1-2 % concentration was used for maintenance. MR images of
rabbit were obtained using a MR tomograph Siemens Magnetom
Trio 3 T. We used repetition time TR = 642 ms, TE = 20 ms and
slice thickness = 2 mm. Rabbit was anesthetized by the solution
of Narkamon and Xylazin.

The scans were obtained on the first, third and seventh days
after the exposure to shock waves. The dissection was performed
on the seventh day after the exposure.

Results

Here, we show MR images of two rats and rabbit.

n axial scans of the first rat (Figs 1, 2 and 3) the arrow indicates
the site of the damage produced in the liver region. The damage is
situated in the posterior part of the liver and partially also involves
the stomach wall. The lesion became clearly visible on the third
day together with a huge artefact caused by a blood clot which
remained between the lobes.

On the seventh day after the exposure, the rat was dissected.
According to MRI scans, we located the damage and obtained its

Fig. 1. MRI scan 1 day after the exposure, the Fig. 2. MRI scan 3 days after the exposure, the Fig. 3. MRI scan 7 days after the exposure, the

first rat. first rat.
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Fig. 4. The stomach of the first rat with detectable thinner wall and
vaulted contents.

photo of the posterior wall of the liver with a lesion. In Figure
4, the adjacent stomach wall is shown, in which the damage can
also be seen, the stomach contents being moderately vaulted and
the wall thickness being moderately reduced. It is loosened on the
inner side. These findings correspond with MR scans. We did not
find any other damage.

Fig. 5. MRI scan 1 day after the exposure, the Fig. 6. MRI scan 3 days after the exposure, the Fig. 7. A detailed photo of the damaged liver

second rat. second rat.

In Figures 5 and 6 there are MRI scans of the second rat ob-
tained 1 and 3 days after the exposure. A lesion can be seen in the
anterior part of the liver. The bounded lesion was detectable dur-
ing all the MR sessions.

On the seventh day after the exposure, dissection was carried
out. In the liver, we found a lesion, the location of which cor-
responded to MRI scans. This lesion was sharply delimited. We
did not find any other damage. The liver with the visible lesion is
shown in Figure 7.

Figures 8-10 show MR images of rabbit femoral muscle.
Femoral muscle was selected the one leg served as experimental
and the other as control. Experimental leg is shown in all pictures
on the right side. It can be seen that the soft tissues of the femoral
muscle are injured due to the shock wave (arrow). Inthe focal point
haematoma developed and around it an oedema is visible. Con-
trol leg is without damage. Imaging was carried out 1 (Fig. 8), 3
(Fig. 9) and 7 (Fig. 10) days after the application of a shock wave.

Scanning and subsequent dissection demonstrated the fact
that the shock wave damaged soft tissues. The damage occurred
in the region of the focus, and structures above the focus were not
damaged. Thus, the shock wave did not damage the soft tissues
in front of the focus.

lobe, the second rat.

Fig. 8. MRI scan 1 day after the exposure, Fig. 9. MRI scan 3 days after the exposure, Fig. 10. MRI scan 7 days after the exposure,

rabbit. rabbit.

rabbit.
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Discussion

In our exp eriment, we used a new source of shock waves based
on the multichannel discharge in composite anode pores. Due to
the fact that the anode is divided into two parts, it is possible to
generate tandem shock waves, which are two shock waves subse-
quently delivered with a short time delay. Thereafter, interaction
between the two shock waves occurs in the focus. The second
wave comes into the environment with acoustic non-homogeneities
produced by the first wave.

The damage occurred in all experimental animals. The experi-
mental results indicate that tandem shock waves generated by the
new source are able to damage soft tissues in the focus, i.e. in an
acoustically homogeneous environment. MR images show, that it
can damage hepatic tissue, stomach wall and femoral muscle. The
damage is appropriately delimited and the tissues before the focus
remain without any damage. The focal point is deeper under the
surface. Shock wave penetrates through the structures before fo-
cal point without damage and damage occurs in focal point. The
first shock produces acoustic non-homogeneity and cavitations
in the tissue and the second shock is dissipated in them. Collaps-
ing cavitations produce secondary short-wave shocks, which are
capable of interaction with cell-sized formations. It leads to cell
damage in focal point. We can observe it on MR images. During
the following days the tissueregenerates. Theseresults support the
formerly performed experiment by Benes et al. (2007).

Magnetic resonance imaging seems to be a suitable tool for
lesion monitoring, however, attention should be paid to artifacts
caused by possible blood clots, which can migrate into the abd omi-
nal cavity and mask the real extent of the lesion.

Conclusion

The target of the presented exp eriment was to establish in vivo
effects of the new shock wave generator on soft tissues. For this
purpose, we used six laboratory rats and one rabbit. The tandem
shock waves were applied in such a way that the focus was in the
liver area and in femoral muscle.

We found that the tandem shock waves are able to damage the
acoustically homogeneous soft tissue in the focus, i.e. in the depth.
Intissues in front of the focus, there is, however, no damage. The
lesions were detected on MR scans as well as during the dissec-
tion. The effects should also be supported by further experiments.
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V této praci byl sledovan uc€inek tandemovych razovych vina na burkach.
Konkrétné byla sledovana hemolyza u erytrocytd a viabilita u bunék lidské
lymfoblastické leukemie. Dale se sledoval ucinek na buriky melanomu B 16, které byly
exponovany tandemovou razovou vinou ex vivo a nasledné byly vpraveny do podkozi
pokusnym potkanim. Poté byl sledovan jejich rast a porovnan s kontrolni skupinou.
V posledni Casti se prace vénuje ucinkim tandemové razové viny v kombinaci
s Cisplatinou a Photosanem. V tomto pfipadé je po aplikaci RV sledovan rist a

porovnavan v ramci nékolika pokusnych skupin spolu s kontrolni skupinou.

Podafrilo se prokazat biologické ucinky tandemové razové viny in vitro, kdy doslo
k hemolyze erytrocytl a snizeni viability bunék lidské lymfoblastické leukemie. Pokud
jsou buriky melanomu B 16 exponovany ex vivo a nasledné aplikovany do podkozi
potkanl je vidét, Ze dochazi k vyznamnému atlumu rdstu nadorové tkané oproti
kontrole. A také v pokusech in vivo je vidét, Ze tandemova razova vina zvysuje ucinek
nékterych chemoterapeutik, v naSem pfipadé Cisplatiny, a také fotosenzitizeru
Photosan. Toto je mozné vysvétlit zvySenim permeability bunécnych membran pfi

aplikaci RV a kavitacemi indukovanym sonodynamickym ucinkem RV.
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Abstract The generator of two focused successive (tan-
dem) shock waves (FTSW) in water produced by underwa-
ter multichannel electrical discharges at two composite elec-
trodes, with a time delay between the first and second shock
waves of 10 ps, was developed. It produces, at the focus,
a strong shock wave with a peak positive pressure of up to
80 MPa, followed by a tensile wave with a peak negative
pressure of up to —80 MPa, thus generating at the focus a
large amount of cavitation. Biological effects of FTSW were
demonstrated in vitro on hemolysis of erythrocytes and cell
viability of human acute lymphoblastic leukemia cells as well
as on tumor growth delay ex vivo and in vivo experiments
performed with B16 melanoma, T-lymphoma, and R5-28 sar-
coma cell lines. It was demonstrated in vivo that FTSW can
enhance antitumor effects of chemotherapeutic drugs, such
as cisplatin, most likely due to increased permeability of
the membrane of cancer cells induced by FTSW. Synergetic
cytotoxicity of FTSW with sonosensitive porphyrin-based
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drug Photosan on tumor growth was observed, possibly due
to the cavitation-induced sonodynamic effect of FTSW.

Keywords Focused tandem shock waves - Multichannel
underwater discharge - Biomedical application

1 Introduction

Extracorporeal shock wave lithotripsy (ESWL) has been suc-
cessful for more than 30 years in non-invasive treatment of
patients with stone diseases (mostly, kidney stones). The
treatment involves focusing shock waves generated by an
ESWL device (lithotripter) outside of the patient’s body to
disintegrate stones at a depth in tissue. Over 40 models
of clinical lithotripters are commercially available world-
wide: electrohydraulic, electromagnetic, and piezoceramic
ones [1,2]. At the end of the 1980s, one of the modified ver-
sions of electrohydraulic lithotripters was developed at the
Institute of Plasma Physics AS CR [3-5]. These generators
are used in the lithotripters Medilit (produced by the com-
pany MEDIPO, Brno, Czech Republic) at approximately 20
hospitals in the Czech and Slovak Republics [6].

The success of ESWL stimulated research on the applica-
tions of focused shock waves in other branches of medicine.
Shock waves are used in orthopedy for fracture healing and
treatment of pseudarthroris, tendinopathy, and other ortho-
pedic diseases [7]. Great attention has been paid to the role of
cavitation in ESWL-induced biological effects on soft tissues
and possible treatments of some types of cancers. It was ini-
tially studied toidentify possible side effects of the lithotripsy
therapy on kidney walls [1]. The evidence suggests that col-
lapsing cavitations create strong secondary shock waves of
nanosecond duration (tens of jum scale) that can interact with
cell scale structures [2]. To accelerate stone comminution
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[14-18].

tandem shock waves, which intensify the collapse of cavi-

and/or reduce/enhance tissue damage, new lithotripters and
protocols are being designed to modify the cavitation field
and to control cavitation [8-13]. A promising approach to
control bubble growth and collapse is the use of so-called

tation bubbles by sending a second shock wave before the
bubbles produced by the first shock wave begin to collapse

and gene transfer [10].

focused shock waves in water (FSW), which is based on
the production of cylindrical pressure waves generated by

underwater multichannel electrical discharges using one or
two porous ceramic-coated (composite) cylindrical metallic
electrodes [19-25]. The primary pressure waves generated by
the underwater plasma channels at the surface of the compos-
ite electrode(s) in highly conducting water (15-20 mS/cm)
are focused by a metallic parabolic reflector to a common
focal point and only close to the focus are transformed into a

strong shock wave. Using a single composite electrode FSW
system it has been demonstrated that the amplitude of the
produced pressure wave reaches up to 100 MPa at the focus,
with the rarefaction wave amplitude typically up to—25 MPa.
Dividing the composite cylindrical electrode into two
coaxial parts of different diameter and surface area (each

energized from a separate pulse power supply) it is possible
to generate two successive shock waves focused at a com-

R

mon focal point (i.e., focused tandem shock waves, FTSW)
with an adjustable delay between the waves of the order of
microseconds [23]. By experimental analysis of the pressure
field at the focus we have found that the most significant
interaction between the first and the second waves occurs at
a time delay of 8-15 ps. Under these conditions the second

pressure wave is highly attenuated at the focal region due to

Most of these experimental studies demonstrated a sig-
nificant effect on stone comminution and/or tissue injury,
attributed to a significant extent to the modified cavitation
field. However, the optimal shock wave profile and pulse
combination have yet to be established. In general, the inten-

sity of the secondary shock wave and the velocity of the

microjet are assumed to depend on the initial bubble radius.
The larger the bubbles grow, the more violent their collapse

is, which may be more suitable for stone or tissue damage.

Small bubble sizes that are comparable to the size of cells

may be used to enhance shock wave-mediated drug delivery

To enhance cavitation and the interaction of shock waves

with soft tissue, we have developed a novel generator of

2 Apparatus and methods

successive (tandem) shock waves in water. The generator is
divided by an acoustically transparent membrane (Mylar foil,

thickness 100 pm) into two parts. The first part, which is
filled with a highly conductive saline solution, consists of

P. Lukes et. al.
on laboratory rabbits by targeting their liver [23]. Local liver

injuries induced by the shock waves were identified by mag-

netic resonance imaging. Histological examinations showed
a very sharp boundary between the injured and healthy tis-
sues. These results showed that tandem shocks are capable of
causing localized lesions at a predictable location deep within
soft tissue at the focus, without damaging tissue located in
front of the focal point. This finding is important in terms of

the potential biomedical applications of tandem shock waves,

such as in treatment of tumors that are inoperable or very dif-
ficult to treat (e.g., liver and pancreatic tumors’ metastases).
In the present work, we have modified the previously
developed FTSW generator so that focused tandem shock
waves are generated with a time delay of 10 s using only
one pulse power supply, through which the high voltage is
simultaneously applied to both composite electrodes. The
time delay between waves at the focus is controlled by the
focal parameter of the parabolic reflector and the difference in

diameter of electrodes. Physical characteristics of the mod-

ified FTSW generator and the results on biological effects
of focused tandem shock waves are presented for in vitro
hemolysis of erythrocytes and cell viability of human acute
lymphoblastic leukemia cells, and for tumor growth delay ex
vivo and in vivo experiments.

Figure 1 shows the schematics of the generator of two focused

tap H,0

-
| it

acoustic perturbations created by the first wave resulting in

the formation of a strong rarefaction shock wave at the focus.
The amplitude of the pressure wave is up to 100 MPa, while

dem shock waves with soft tissues in vivo was demonstrated
@ Springer

the amplitude of the rarefaction wave is up to-80 MPa, which

creates a very complex pressure field and a large amount of
cavitation at the focus. The interaction of these focused tan-

water

Fig. 1 Schematics of the generator of focused tandem shock waves in
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two composite metallic cylindrical high-voltage electrodes
(anodes) of different diameter d and length /2 (A1: d = 90 mm,
h=17mm; A2: d = 60 mm, 2 = 55 mm) placed along the
axis of the outer metallic parabolic reflector (cathode). The
focal point of the reflector is situated in the second part of
the generator, which is filled with tap water and is located 5
cm from the Mylar membrane. The positive polarity pulsed
high voltage is simultaneously applied to both composite
electrodes using one pulse power supply that consists of the
high-voltage direct current (DC) source, 0.8 iF capacitor and
triggered spark gap. The composite electrodes are covered
with a thin porous ceramic layer prepared from almandine
silicate, which was deposited on the electrode surface by the
thermal plasma spraying. The role of the ceramic layer is to
redistribute and enhance electrical field on the electrode dur-
ing the pre-discharge phase by the differences in conductivity
and permittivity between water and the ceramic layer. This
electrical field enhancement results in the initiation of a large
number of filamentary discharge channels distributed almost
homogeneously along the whole surface of the composite
electrode at a moderate applied voltage (20-30 kV) [24].
Each discharge channel formed at the composite electrode
creates a semi-spherical pressure wave in the saline solution.
By superposition of the waves, a cylindrical pressure wave
propagating from the anode is formed. The primary cylindri-
cal pressure wave is focused by the reflector. Near the focus,
this wave is transformed into a strong shock wave.

The amplitude and, to some extent, the waveforms of the
shock waves at the focus can be controlled by the compos-
ite electrode surface areas, the discharge circuit parameters,
and the solution conductivity, which play a decisive role in
the characteristics of underwater plasma. Higher conductiv-
ity leads to higher power density in the discharge channel,
and thisresults inanincrease in the plasma electron density, a
higher plasma temperature, and more intensive pressure wave
evolution from the discharge [19]. In this work, saline solu-
tion conductivity of 18 mS/cm was used for the generation of
the discharge at the composite electrodes, which was based
on the results from previous work that demonstrated that the
given experimental setup generates the highest amplitude of
the pressure wave at this conductivity [20,21].

On the other hand, the time delay between the first and sec-
ond shock waves can be controlled either by triggers (which
requires two power supplies charging each electrode sep-
arately) or by the difference in diameter of electrodes Al
and A2, which determines the propagation distance of the
cylindrical pressure waves formed at each composite elec-
trode to the focus. The second option (used in this work),
thus, requires only one power supply. In this work the time
delay between the two shock waves at the focus was set to
10 ps. This time delay g was used on the basis of previous
experiments, which showed that the most prominent interac-
tion of the waves occurred at this condition (7g = 8-15 ps)

12 7
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45 10 5 0 5 10 15 20
delay [us]

Fig. 2 Dependence of the bubble radius Rpm on the time delay
between the first and second shock waves. The time delay is expressed
relatively to the beginning of the first shock wave, i.e., the negative
delay corresponds to the situation when the shock wave from the sec-
ond electrode (i.e., the second shock wave) was initiated before the first
shock wave

[23,25], resulting in the maximum negative phase of the pres-
sure wave of the second shock wave. Analysis of the pres-
sure field at the focus by means of schlieren photography
demonstrated strong interaction of the second shock wave
with acoustic perturbations created by the first wave and a
very complex pressure field with a large number of secondary
short-wavelength shock waves from the collapsing cavita-
tion. The analysis of the evolution of cavitation bubbles at
the focus with respect to the time delays between the first and
second shock waves showed a strong maximum in the cavita-
tion bubble radius for the time delays in the range of 5-10 s,
with the bubble size larger than 2 mm (Fig. 2). With increas-
ing time intervals between the waves, the bubble size and
amplitude of the second shock wave rapidly decreased. For
the interval 50 pus < g < 500 ps the second shock wave was
totally damped. The second shock started to propagate as a
pressure wave for 7y > 600 s and its propagation was fully
re-established only at time delays above 1 ms when most of
the cavitation produced by the first wave were quenched [25].

Figure 3 shows a typical pressure waveform generated by
the modified FTSW generator at an applied voltage of 30 kV.
Pressure waveforms of the shock waves at the focus were
measured by piezoelectric polyvinylidine fluoride (PVDF)
shock gauge sensors (S25_04, Piezotech SA, France). Two
strong pressure peaks are apparent. The first peak corre-
sponds to the compression caused by the shock wave arriving
from anode A1, and the second peak, delayed by 10 s, cor-
responds to the shock wave arriving from anode A2. The peak
amplitude of the second positive pressure wave is 80 MPa,
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Fig. 3 The pressure waveform of a focused tandem shock wave. Peaks
SW1 and SW2 correspond to shock waves from anodes A1 and A2

with phase duration of 0.7 s, which is similar to the shock
wave formed by the FSW generator with one composite elec-
trode [20]. The amplitude of the following rarefaction wave
is up to —80 MPa with a wave duration of 2 ps. The size of
the focal volume is 2.5 mm in diameter and 32 mm in length
(the full width at half maximum, FWHM).

Cellular damage induced by the shock waves was demon-
strated on hemolysis of human erythrocytes. Freshly drawn
human blood was treated with the anticoagulant heparin and
diluted to 50 % hematocrit in saline solution. The exposed
blood sample volume (1.5 ml) was sealed in polyethylene
tubing, which was positioned within the shock wave focal
region horizontally along the system axis. After the shock
exposure the blood was separated centrifugally (15 min,
3,600 rpm, i.e., 60 Hz) and the supernatant was exhausted.
The degree of hemolysis was measured by absorption spec-
troscopy at 576 nm.

The cell viability of CEM (multi-drug resistant) human
acute lymphoblastic leukemia cells after exposure to FTSW
was determined using the MTT colorimetric assay [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide].
After treatment by FTSW, CEM cells were incubated at 37°C
and 5 % CO; for 24 hin fresh Dulbecco’s Modified Eagle’s
Medium (DMEM). DMEM was then replaced by phosphate-
buffered saline (PBS) solution containing 5 mM glucose. The
MTT solution (dissolved in PBS) was added to the cell sus-
pensions and the cells were incubated for3h at37 °Cand 5 %
CO;. The MTT was then removed and 1 ml of dimethylsul-
foxide was added to solubilize the violet formazan crystals.
The absorbance of the resulting solution was measured using
a microplate reader (Synergy™ HT, BioTek Instruments,
Inc., USA) at 570 and 690 nm. The cell viability of the sam-

@ Springer

Fig. 4 Picture of tumor T-cell lymphoma in the flank of outbred rat
SD/CUB used for treatment by FTSW

ples was determined as percentage of control cell viability
(100 x average of test group/average of control group).

Tumor growth delay experiments were performed with
B16 melanoma, T-lymphoma, and R5-28 malignant cells,
which were acquired from tissue cultures. Syngeneic inbred
female C57B16 strain mice, outbred rats SD/CUB (Sprague—
Dawley strain), and Lewis strain rats were used as experi-
mental animal models. The tumor cells were subcutaneously
inoculated to the animals and the time of the tumor growth
latency and the volume of the growing tumor in animals were
followed throughout the experiment and compared with the
control (notexposed) tumors (6 or 10 animals in each group).
Figure 4 shows the picture of tumor T-cell lymphoma grown
in the flank of outbred rat SD/CUB for 20 days as a typi-
cal example of the position and the size of tumors in animal
models, which were used for the study of biological effects of
FTSW in this work. The tumor size was measured by vernier
calipers and the tumor volumes V at particular time intervals
were calculated by the formula V = a x b* x /6, in which
a and b are tumor length and tumor width, respectively.

3 Biological effects of FTSW

The presented FTSW generator was used to investigate the
biological effects of focused tandem shock waves. Figures 5
and 6 show the results of in vitro experiments performed
with erythrocytes and human acute lymphoblastic leukemia
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Fig. 5 Hemolysis of human blood cells versus the number of applied
focused tandem shock waves
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Fig. 6 Cell viability of human acute lymphoblastic leukemia CEM
cells versus the number of applied FTSW

CEM cells. The blood samples (1.5 ml) were exposed in
sealed polyethylene tubing, which was positioned at the
shock wave focal region horizontally along the system axis.
After the shock wave exposure the degree of hemolysis of red
blood cells was determined by absorption spectroscopy. Sim-
ilarly, viability of CEM cells (5 x 10%) exposed to FTSW in
polypropylene (PP) eppendorf vials (0.4 ml) was determined
using the MTT colorimetric assay. Figures 5 and 6 show that
both types of cells were damaged efficiently with increasing
number of applied shocks. Another analysis made using opti-
cal microscopy indicated that exposure of carcinomas cells
to the tandem shocks resulted in cell membrane perforation

10 .
A controls

g | 600 shocks
< 1200 shocks

Tumor volume [em 3]

0 10 20 30 40 50
Days after exposure

Fig. 7 Growth of the melanoma B16 tumor in inbred C57B1/6 mice
growing from melanoma B16 cells applied after exposure to FTSW (six
animals in each group)

and total damage (fragmentation) of the cells at a higher
dose [25].

Consequently, ex vivo experiments were performed with
melanoma B16 cell line (Fig. 7). The cells (30 x 10%) were
resuspended in 1 ml of the PBS and exposed to 600 and
1,200 tandem shock waves in PP eppendorf vials. One hour
after the shockwave exposure, the same initial number of
B16 melanoma cells (exposed and non-exposed) was sub-
cutaneously inoculated to syngeneic inbred female C57B16
mice (6 x 10° cells per animal) in the experimental and con-
trol groups (six animals in each group). The tumor growth
was monitored by measuring the volume of the growing
melanoma three times weekly and compared with the con-
trol (non-exposed) group. Figure 7 shows that in comparison
with the intact controls the latency period in the experimen-
tal group was extended by 13 days and tumor growth was
significantly delayed. More pronounced effect was observed
for exposure of the cells to 1,200 shocks than for 600 shocks.

Figure 8 shows the in vivo effect of FTSW on the growth
of R5-28 sarcoma tumors in rats of the Lewis strain with and
without application of cisplatin (MO1030AC, Medac, Ham-
burg, Germany) at a dose of 5 mg/kg applied before FTSW
exposure. R5-28 malignant cells of the syngeneic sarcoma
(2.5 x 107 cells/rat) [26] were subcutaneously applied cau-
dally on the right and left sides of Lewis rats and tumors were
allowed to grow for 35 days, after which the tumors were
treated by FTSW. The tumors on the left sides of the rats were
exposed to 240 shocks by placing the anesthetized animals
in the water bath of the FTSW generator. The contralateral
tumor served as a control. Shock waves were applied to the
tumors from two different angles with 120 shock waves at
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Fig. 8 Growth of R5-28 sarcoma tumor in Lewis rats after in vivo
exposure to FTSW with and without applied cisplatin (dose 5 mg/kg.
10 animals in each group)
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Fig. 9 Growth of the T-cell lymphoma tumor in outbred rats SD/CUB
after in vivo exposure to FTSW with and without applied Photosan
(dose 2.5 mg/kg. six animals in each group)

each angle. Figure 8 shows that, in comparison with the intact
controls, the growth of the exposed tumors was significantly
delayed. The reason for enhanced cytotoxicity of cisplatin
was most likely due to increased permeability or mechani-
cal perforation of the membrane of cancer cells induced by
FTSW allowing higher dose delivery of cisplatin inside the
cells.

@ Springer

Apart from mechanical effects, shock waves may also con-
tribute to tumor treatment due to cavitation-induced sono-
chemical effects by the intracellular formation of radicals.
Combining the effect of shock waves with anticancer drugs
may also be possible (e.g., to enhance the chemotherapy effi-
ciency by increasing the permeability of tumor cell mem-
branes to cytostatic drugs by shock waves or through the son-
odynamic activation of cytotoxic drugs by cavitation induced
by FTSW). Figure 9 shows in vivo effect of FTSW on
growthof tumor T-cell lymphoma inoculated subcutaneously
into the left flanks of outbred rats SD/CUB with and with-
out application of Photosan (391C 358, Seehof Laborato-
rium GmbH, Wesselburen, Germany) at a dose of 2.5 mg/kg
applied 48 h before FTSW exposure. The tumors were treated
20 days after T-lymphoma cells transplantation (1 x 10°)
when the tumor had become detectable by palpation. Expo-
sure of tumors was made with 600 shocks, with anesthetized
animals placed in the water bath of the FTSW generator.
Figure 9 shows that the delay of tumor growth was signifi-
cantly increased with the application of Photosan.

Photosan is a porphyrin-based photosensitizer which is
used in photodynamic therapy of cancer. More recently
porphyrins have been also tested as sonosensitizers in
ultrasound-induced reactions. In contrast to anticancer drugs,
porphyrins are non-toxic in the absence of ultrasound and
their synergistic effect is thought to be associated with cavi-
tation which generates sonoluminescence. This might cause
sonochemical excitation of porphyrins and lead into the for-
mation of the cytotoxic singlet oxygen [27]. Therefore, we
suppose that the enhanced effect of FTSW on tumor growth
delay with applied Photosan might be due to the sonodynamic
effect of cavitation induced in vivo by FTSW. Further eval-
uation of these effects and research on possible applications
of FTSW with cytotoxic drugs is in progress.

4 Conclusions

Characteristics and physical principles of the novel generator
of focused tandem shock waves with the time delay between
the first and second shock waves of 10 s have been pre-
sented. The generator produces at the focus a strong shock
wave with a peak positive pressure of up to 80 MPa followed
by a tensile wave with a peak negative pressure of up to —
80 MPa, thus generating at the focus a large amount of cavita-
tion. Biological effects of FTSW were demonstrated in vitro
on hemolysis of erythrocytes and cell viability of acute lym-
phoblastic leukemia cells, and on tumor growth delay ex vivo
and in vivo experiments performed with three different can-
cerous lines (B16 melanoma, T-lymphoma, and R5-28 sar-
coma). It was demonstrated in vivo that FTSW can enhance
antitumor effect of chemotherapeutic drugs, such as cis-
platin or photosensitizer Photosan, possibly due to increased
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permeability of the membrane of cancer cells and cavitation-
induced sonodynamic effect of FTSW, respectively.
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4.3 Kilinicky aplikator

Cilem prace bylo také vytvofit klinicky pouzitelny aplikator razovych vin a to
jednoduchych i tandemovych, ktery by bylo mozné vyuZit jak pro litotrypsi, pfedevsim
k efektivnéjsSi fragmentaci endoskopicky nefeSitelné a Casto tedy objemné litiazy
v choledochu, tak pro aplikaci v oblasti onkologie, ortopedie a pfipadné revmatologie.
Vysledkem je funkcni vzorek takového aplikatoru, ktery vidime na obrazku 19. Jeho
srdcem je generator razovych vin zaloZeny na principu mnohokanalového vyboje, ten
vidime v detailu na obrazku 20.

Obrazek 19. Klinicky aplikator razovych vin s novym zdrojem.
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Obrazek 20. Detail zdroje razovych vin.

Generator je umistén na polohovacim systému, kterym je mozné pohybovat ve
sméru osy X,y,z a také meénit naklon. Diky tomuto polohovacimu systému je mozné
nastavit generator tak, aby se ohnisko nachazelo v pozadovaném misté v téle
pacienta. Reflektor generatoru je prekryt kovovou sitkou, aby byla zaru¢ena elektricka
bezpec&nost. Cely generator se nachazi ve vaku s otevienou hladinou, ten je naplnén
kapalinou se zvySenou vodivosti (obvykle 18 mS/cm). Cely generator je pak
zabudovany v lGzku. Na toto lGzko je mozné umistit pacienta tak, Zze ¢ast jeho téla je
ponofena do kapaliny. Tak je zajiStén nejlepsi pfenos razovych vin do téla pacienta.
Uvnitf kompozitni anody je potom ultrazvukova sonda. Kterou je mozné zameérit
ohnisko. Ultrazvukova sonda neustale zobrazuje ohnisko, nebot se nachazi v ose
reflektoru. Sondou je mozné otacet a je také mozné ji zcela vytahnout. Soucasti
aplikatoru je také vysokonapétovy DC zdroj pro generovani VN impulsu (Glassman
EQ40P30-220), vysokonapétové impulsni kondenzatory pro generovani VN impulsu
0,8 uF a spinaci jiskfisté.

Na tomto aplikatoru byly provedeny testy funkénosti a bezpecnosti s pozitivnim

vysledkem. Byl také podan uzitny vzor a PCT pfihlaska (viz dale).

Vyhodou tohoto aplikatoru je, ze je mozné jednoduse ménit kompozitni anodu
a tim padem i typ generované razoveé viny (jednoducha x tandemova). Aplikator je tak

mozné vyuzit v nékolika oblastech mediciny.
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V porovnani s jiz existujicimi generatory se v nasem pfipadé jedna o zcela novy
typ generatoru razovych vin, ktery je zabudovan v aplikatoru. U tohoto typu generatoru
razovych vin je mozné nastavovat parametry a prabé&h razové viny, coz existujici
generatory umoznuji jen v omezené mife. Dale v porovnani s ostatnimi generatory
dosahuiji tlaky v ohnisku mnohem vysSich hodnot a ohnisko ma pfitom malé rozméry.
Diky tomu, ze zaméfovaci systém je v ose aplikatoru je jednodussi napfiklad kamen

(litidzu) zaméfit a Ize provadét kontrolu zaméreni i b&hem vykonu.

Pro aplikaci v oblasti desintegrace konkrementu byla provedena i identifikace
komeréniho potencialu a identifikace trhu. Jejimz vysledkem je, Ze drceni kamen
(litidzy) razovou vinou je v dnesni dobé znacné rozSifena metoda. Pfistroje k tomu
uréené obsahuji rizné zdroje razovych vin, které pracuji na zakladé odlisnych principu.
Nas pfristroj obsahuje uplné novy generator razovych vin, ktery ma oproti jiz existujicim
mnoho pfednosti. V ohnisku dosahuje mnohem vétSich tlakl nez bézné pfistroje a tlak
v ohnisku je mozné regulovat. Lze také regulovat pribéh razové viny v ¢ase, tedy fazi
tlakovou i podtlakovou. Diky témto vlastnostem pfedstavuje pro pacienta zlepSeni
komfortu léCby, at uz jde o zkraceni €asu nutného k razovani kamenu, nebo moznosti
|&éCby litidzy, ktera nelze bézné& dostupnymi pfistroji vyreSit. Ze strany vyrobcu
zdravotnické techniky jsme zaznamenali zajem o tento pfistroj. Diky tomu, Ze tlaky
v ohnisku jsou mnohem vySSi nez u konkurenénich pfistroju, je mozné dosahnout
zkraceni Casu oSetieni. Timto zpusobem je mozné dosahnout také financni uspory.
Pokud bychom se podivali na urolitiazu, jedna se o zavazny zdravotnicky problém,
ktery vzhledem ke své mife recidivnosti vyznamné ekonomicky zatéZuje zdravotnicky
systém. Cast pacient( je l1éena razovou vinou a zde je mozné diky nasemu pFistroji
pfinést jak zlepseni komfortu pro pacienta, tak usporu nakladu. Informace byly ziskany

z Ceskych i zahrani¢nich védeckych zdroja jako napfiklad researchandmarkets.com.

Relevantni trh je trh v oblasti zdravotnické techniky. Jedna se o velky trh se
Sirokou zakladnou potencialnich zakaznik(. Konkrétnéji jde o trh s aplikatory razové
viny pro drceni kamenu, ktery ma mezinarodni rozmér. Existuje fada firem domacich i
mezinarodnich, které se vyrobou takovych pfistroji zabyvaji. Takové firmy mohou byt
komerénim partnerem. Cena dnes vyrabénych pfistroji se pohybuje fadové od 800
tisic az do 2,5 miliénu u nékterych pfistrojl i vice v zavislosti na mnozstvi podptrnych
systému. Pokud jde o kameny v ledvinach a moc€ovych cestach, tak napfiklad v USA

je ro¢né diagnostikovano 5-7 % zen a 10-12 % muza s ledvinovymi kameny, coz je
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zhruba 2 — 2,7 milionu pacientt ro¢né jen v USA. Celosvétové se odhaduje, ze litiaza
postihne az 12 % muzl a 5 % Zen do dosazeni jejich 70. roku (liSi se procento vyskytu
v zavislosti na oblasti) a v pfistich letech bude pravdépodobné jesté rust. V CR potom
dosahuje incidence litiazy 0,1 az 0,5 %. Zajimavymi trhy mohou byt také Asie a Jizni
Amerika, kde dochazi k narustu poctu vyskytld ledvinovych kamenl. Trh jako takovy
bude v pfistich letech nadale rist. Drceni ledvinovych kamenU je metodou prvni volby
pro kameny do velikosti 2 cm, dale u pacientl neoperabilnich a je vhodna pro viechny
vékové skupiny. Dale je mozné pouzit pfistroj pro IéEbu kamenu ve Zluéniku. Kameny
ve Zluéniku se vyskytuji u 10 - 20 % dospélé populace. U kamenU ve Zlu€ovych cestach
zalezi jejich vyskyt na véku. V tomto pfipadé nelze drtit pomoci klasickych pFistroja.
Kameny ve Zlu€ovodech jsou tedy pfikladem specifické diagnézy vhodné pro oSetfeni
nasim aplikatorem. Pocitame s tim, Zze i u ostatnich diagnéz bude ¢€ast pacientd
vhodnych k 1é€bé razovou vinou |é€ena na nasem pfistroji. Mezi nejvétsi firmy, které
se celosvétové zabyvaji vyrobou zafizeni pro léEbu kamenu (litiaz), patfi Dornier
MedTech GmbH, Siemens Healthcare, STORZ MEDICAL AG, Medispec Ltd., E.M.S.
Electro Medical Systems S.A. a dalsi.
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Shockwave applicator and a shockwave application system
Technical Field

The invention relates to a shockwave applicator, especially fof clinical use in
oncology, comprising a first electrode having the shape of a hollow cylinder, which
is covered with a porous insulating fayer on its outer surface while the first
elecirode is surrounded by a second electrode of a reflector shape. Between the
first electrode and the second electrode a high-voltage impulse source and an
isolator are arranged. The space between the electrodes is filled with liquid with
defined conductivity. In the cavity inside the first electrode an ulirasonic probe is
mounted in a sliding way. The invention also relates to a shockwave application
system, especially for clinical use in oncology.

Prior Art

in 1980’s a new non-invasive method to remove hardened masses from the
patient’s body, called lithotripsy, was introduced in medical practice. its principle is
pulverizing of stones by repeated action of a focused shockwave generated in
water outside the patient’s body. Shockwave lithotripsy of kidney and urinary
stones belong to routinely used treatment methods today.

For generation of focused shockwaves for lithotripsy the following physical
principles have been used so far:

a) Heavy-current spark discharge between point electrodes (e.g. made by the
companies Domier, Philips, Technomed Intemational, Medipo Brno), which is
located in the “primary” focus of the cavity of a metallic reflector having the shape
of a part (approx. a half} of a rotary ellipsoid. The spark discharge is a point source
of strong, spherically divergent shockwave and by reflection from the reflector wall
its energy is concentrated in the “secondary” focus where the stone is found. The
discharges cause strong erosion of point electrodes and their service life (2000-
3000 discharges) is only sufficient for one intervention, which makes the treatment
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prolonged and expensive.

b) Micro-explosion of an explosive (Japan) is, similarly to the heavy-current spark
discharge, a source of a spherically divergent shockwave and a refiector of the
same shape as the one employed in spark generators is used for its focusing. This
method is unsuitable for common clinical use.

¢) Electromagnetically excited oscillation of a planar or cylindrical metaliic
membrane (e.g. made by the companies Siemens, Dornier, Storch). The pressure
impuise is focused with the use of an acoustic lens, or with the use of a parabolic
metallic reflector. The service life of these generators is 100-200 thousand
impulses and it ends either due to an electric breakdown between the excitation
coil and the membrane or mechanical rupture of the membrane. The replacement
of the shockwave source is many times more expensive that the replacement of
the water spark gap of spark generators, which makes the operation costs of both
the systems comparable or even higher for some membrane generators.

d) Synchronous osciliation of a high number of piezoelectric elements deployed on
the inner surface of a spherical cap (e.g. made by the companies Wolf-Austria,
EDAP-France) producing a spherically convergent shockwave. With regard to a
limited mechanical strength of piezoelectric elements a large-area source with
several thousands of piezo-elements must be used to generate the necessary
amplitude of the shockwave while the dimensions of the source (diameter of the
spherical cap aperture) does not enable X-ray location of the stone in the
shockwave focus without a change of the patient's position.

Possibilities of using shockwaves in other fields of medicine are being
investigated. Lithotripsy in combination with endoscopy is clinically used to remove
hardened masses from the gall tract. On the laboratory level experiments are
conducted with the use of shockwave in orthopaedics (stimulation of bone tissue
growth after fractures) and in oncology for disruption of tumoral tissues. However,
acoustic properties of tumoral tissues are aimost the same as those of the

surrounding healthy tissues. So it is obvious that for focused mechanical siressing
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of the originally acoustically homogeneous environment shockwaves with special
characteristics must be used. The possibility of changing the time course of a
focused shockwave {(e.g. the ratio of the amplitude of the pressure and vacuum
waves} is principally limited in the electromagnetic and spark generators. It is true
that the piezoelectric generators make a change of the time course of the wave
possible, but their power supply units are quite complex and the total energy of the
focused shockwave is limited by the mechanical strength of piezoelectric

elements.

CZ291158 discloses a method of generation of a focused shockwave with electric
discharge in liquid where the space between two electrodes is filled with liquid with
enhanced conductivity, especially water, and after the connection of the impulse
voltage multi-channel electric discharge burning between the first electrode and
the liquid is generated on this first electrode with the shape of the required wave
front and individual quasi-spherical pressure waves generated in the discharge
channels cumulate to form a pressure wave with the required wave front shape,
which is further focused and transformed to a shockwave.

CZ291158 further discloses an apparatus for generation of a shockwave that
consists of two electrodes, the first electrode having the shape of the required
acoustic wave front, and is covered with a porous insulating layer or is coated with
an insulating layer where points of a conductive material are embedded that are
connected to this electrode, and the other electrode consisis of the reflector vessel
wall, conductive foil or a net while the electrodes are insulated from each other
with an insulator and between the electrodes a space for liquid with enhanced
electric conductivity is provided.

US5058569 discloses an apparatus for generating focused shockwaves, suitable
for extracorporeal lithotripsy, which has a substantially hollow-cylindrical
membrane consisting of electrically conductive material and an electrical coil
arrangement disposed inside the membrane which can be supplied with a high
voltage pulse to rapidly repel the membrane and thereby generate a shockwave.
The apparatus includes a concave reflector in the form of a paraboloid of
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revolution, which surrounds the membrane and coil, and which has a center axis
substantially coincident with the center axis of the membrane. An acoustic
propagation medium fills at least the volume between the membrane and the
reflector. The shockwave generated by the cylindrical coil and membrane
arrangement is reflected and focused by the paraboloid of revolution so that the
shockwaves converge at a focus. The apparatus is arranged so that the focus
coincides with a region of a patient to be treated with shockwave therapy, such as
a calculus. The coil is wound in the shape of a cylindrical helix, and the membrane
is in the form of a thin-walled, smooth tube. To align the shockwave relative to the
body of a patient an ultrasound applicator is provided.

The apparatus in accordance with US505856 uses a different shockwave
generator from that described in CZ291158. If an ultrasound applicator is used as
proposed by US505856, the ultrasound applicator would get destroyed by the
action of electric discharges produced by the shockwave generator according to
CZ291158.

The goal of the invention is to design such an apparatus that would make it
possible to focus shockwaves to an exactly specified place in the patient’s body.

Disclosure of the Invention

The above mentioned goal is achieved with a shockwave applicator, especially for
clinical use in oncology, that comprises a first electrode having the shape of a
hollow cylinder, which is covered with a porous insulating layer on its outer
surface. The first electrode is surrounded by a second electrode of a reflector
shape. Between the first electrode and the second electrode a high-voltage
impulse source and an isolator are arranged. The space between the electrodes is
filled with liquid with defined conductivity. In the cavity inside the first electrode an
ultrasonic probe is mounted in a sliding way. The ultrasonic probe has a defined
end position inside the first electrode defined by a stop and the cavity inside the
first electrode is protected from liquid penetration with a membrane of an
acoustically transparent material.
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Thanks to the defined end position of the ulirasonic probe the shockwave
applicator in accordance with the invention enables exact determination of the
distance between the ultrasonic probe and the focus of the applicator. The position
of the ultrasonic probe inside the first electrode and the use of a membrane of an
acoustically transparent material guarantee that during the generation of
shockwaves the ultrasonic probe will not be damaged by electricity or pressure.

In a convenient embodiment the inner surface of the first electrode is coated with a
plastic layer on which metallic foil is arranged.

In another convenient embodiment a third electrode is arranged around the first
electrade having the shape of a hollow cylinder {o generate a tandem shackwave.

The above mentioned goal is also achieved with a shockwave application system,
especially for clinical use in oncology, comprising a bed for placing the patient
while the patient surface of the bed is provided with an opening under which the
shockwave applicator according to the invention is attached in a liquid-proof and
adjustable manner.

Brief Description of Drawings

The shockwave applicator in accordance with the invention is schematically shown
in Fig. 1. The shockwave application system for clinical use in oncology is shown
in Fig. 2.

Description of preferred embodiments

The shockwave applicator 15 according to Fig. 1 for clinical use in oncology
comprises a first electrode 1 having the shape of a metallic cylinder that is covered

on its outer surface with a ceramic porous insulating layer 3 with the thickness of
0.3 mm with the open porosity of 4%.

The first electrode 1 is surrounded by a metallic reflector, which forms a second
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electrode 2. In this embodiment the reflector has the shape of a paraboloid and at
the same time forms a vessel for liquid 11 with defined conductivity higher than 5
mSicm, which fills the space between the electrodes 1, 2. In the described
embodiment example the liquid 11 is water.

The first electrode 1 and the second electrode 2 are electrically separated with an
insulator 4.

Between the first electrode 1 and the second electrode 2 a high-voltage impulse
source 6 is installed.

Inside the first electrode 1 an ultrasonic probe 5 is mounted in a sliding way, which
can also rotate around its longitudinal axis. Inside the first electrode 1 the
ultrasonic probe 5 has an end position that is exactly defined by a stop 7.

The cavity inside the first electrode 1 is closed against penetration of the liquid 11

with @ membrane 8 made of an acoustically transparent material.

The inner surface of the first electrode 1 is fitted with a plastic layer on which
metaliic foil is arranged.

The top part of the reflector is covered with a metallic net 10 to ensure electrical
safety of the equipment. The use of a net enables free passage of gas bubbles

produced during the generation of the shockwave if the equipment is arranged
vertically.

After supplying of the impulse voltage of 15-30 kV to the electrodes 1, 2 from the
impulse source 6 pre-discharge currents may only close through individual open
pores of the porous insulation layer 3. This uneven distribution of pre-discharge
currents causes local increasing of the electric field intensity in the pores to a
value sufficient for initiation of multi-channe! electric discharge.
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The current in individual channels is limited by the resistance of the transitional
layer between the discharge plasma and undisturbed fiquid 11. which prevents
occurrence of spark discharge and on the other hand enables simultaneocus
existence of many discharge channels. If the electric conductivity of water is higher
than 5 mS/cm, discharges only burn in the immediate vicinity of individual pores of
the porous insulating layer 3. Quick heating of water around a pore causes
occurrence of many guasi-spherical pressure waves and their superposition
results in a cylindrical pressure wave propagating radially from the first (high-
voltage) electrode 1 towards the wall of the reflector, which forms the second
electrode 2. By refiection from the reflector wall the energy of the cylindrical
pressure wave is concentrated in the focus 14 of the reflector of the applicator 15.
During the focusing the pressure wave is transformed to a shockwave 16.

If positive voltage is used on the first high-voltage electrode 1, the efficiency of
pressure wave generation is higher than if the opposite voitage polarity is used.

The shockwave applicator 15 in accordance with Fig. 1 and 2 additionally has a
third electrode 9 arranged around the foot of the first electrode 1. Such a design
allows you {o generate a tandem shockwave.

Fig. 2 schematically shows a system for shockwave application for clinical use in
oncology. The system comprises a bed 12 for positioning the treated patient. The
patient surface of the bed 12 is fitted with an opening 13 under which the above
mentioned shockwave applicator 15 is mounted in a liquid-proof way. The
shockwave applicator 15 is installed adjustably with the use of a known
mechanism, so it can be moved and tilted in any way so that the focus 14 of the
reflector of the applicator 15 can be placed exactly on the treated place in the
patient’s body. Leaking of the liquid 11 is prevented with an elastic sleeve (not
shown) between the second electrode 2 and the bed 12.

The liquid 11 of the applicator 15 reaches up to the body of the treated patient
through the open opening 13. To increase the patient’s comfort the patient may be
separated from the liquid 11 of the applicator with a plastic bag according to an
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embodiment that is not shown here.

The ulirasonic probe 5 has an end position inside the first electrode 1 that is
defined by the stop 7, precisely defining the distance between the ultrasonic probe
5 and the focus 14 of the reflector of the applicator 15. Having placed the patient
on the bed 12 the physician switches on the ultrasonic probe 5 and finds the
tumour deposit that is to be treated on the screen. As the physician knows the
fixed distance between the ultrasonic probe 5 and the focus 14 of the reflector of
the applicator 15, hefshe can use the on-screen scale to set the applicator 15 in
such a way to make the focus 14 coincide with the treated tumour deposit. Then,
the applicator 15 is put in operation, which generates shockwaves 16 in the above
mentioned manner that act upon the treated tissue.
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CLAIMS

1. A shockwave applicator (15), especially for clinical use in oncology, that
comprises a first electrode (1) having the shape of a hollow cylinder, which is
covered with a porous insulating layer (3) on its outer surface while the first
electrode (1) is surrounded by a second electrode (2) of a reflector shape and
between the first electrode (1) and the second electrode (2) a high-voltage impulse
source (6) and an isolator (4) are arranged while the space between the
electrodes (1, 2) is filled with liquid (11) with defined conductivity and in the hollow
space inside the first electrode (1) an ultrasonic probe (5) is mounted in a sliding
way, characterized in that the ultrasonic probe (5) has a defined end position
inside the first electrode (1) defined by a stop (7) and the cavity inside the first
electrode (1) is protected from liquid (11) penetration with a membrane (8) of an
acoustically transparent material.

2. The shockwave applicator (15) in accordance with claim 1, characterized
in that the inner surface of the first electrode (1) is fitted with a plastic layer on
which a metallic foil is arranged.

3 The shockwave applicator (15) in accordance with claim 1 or 2,
characterized in that around the first electrode (1) having the shape of a hollow
cylinder a third electrode (9) is arranged for generation of a tandem shockwave.

4, A shockwave application system, especially for clinical use in oncology,
comprising a bed (12) for placing the patient, characterized in that the patient
surface of the bed is fitted with an opening (13) under which the shockwave
applicator (15) in accordance with any of claims 1 ta 3 is attached in a liquid-proof
and adjustable manner.
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5 Diskuse

Razova vina se v mediciné vyuziva jiz vice jak 30 let. Na zacCatku stala
extrakorporalni litotrypse razovou vinou. Jeji uspéch vedl krozvoji dalSich
medicinskych aplikaci razovych vin. Také u nas byl v osmdesatych letech vyvinut
litotryptor pro desintegraci konkrementu, ktery je do dnesSni doby pouzivan na fadé

pracovist.

Razova vina se v dnesni dobé bézné pouziva v revmatologii, zde se da fici, Ze
poCet indikaci je vétSi nez v samotné urologii. Razova vina nachazi vyuziti také
v ortopedii pro IéEbu Spatné se hojicich zlomenin. Experimetalné se potom pouZziva
pro lé€bu ischemické choroby srdecni a Ié€bu erektilnich disfunkci. V neposledni fadé

je mozné RV vyuzit také k doruc€eni riznych molekul do buriky.

Zajem o razovou vinu je i v oblasti onkologie, kde by bylo mnozné zpuUsobit

poskozeni nadorové tkané a také napomoci uc¢inku chemoterapeutik.

Tato prace je zaméfena na moznosti vyuziti jednoduchych a tandemovych
razovych vin v klinické praxi. Razové viny jsou zde generovany novym typem
generatoru, ktery je zalozen na principu mnohokanalového vyboje na povrchu
kompozitni anody. Kompozitni anoda maze byt rozdélena na dvé Casti a je tak mozné

generovat vinu tandemovou.

V této praci je jako vysledek predlozeno nékolik odbornych €lankl a patentova

pfihlaska, jejichz hlavnim autorem, nebo spoluautorem je autor této prace.

Experimentalné jsme ovérovali vyuziti jednoduché razové viny v ortopedii pro
naruseni spojeni kostniho cementu a kosti, coz by bylo mozné vyuzit pfi reoperacich
kloubnich nahrad. Bylo pouzito femurl miniprasete a méfena byla maximaini sila
nutna k vytlaCeni cementu z kosti. Ukazalo se, Ze u experimentalni skupiny je sila
statisticky vyznamné nizsi nez u skupiny kontrolni coz potvrzuje zaveéry jinych autort
[37-39].

Otazkou zustava uc€innost této metody pfi uvolfiovani celého cementového
plasté diiku endoprotézy, zvlasté pak v distalni ¢asti, kde je vyznamné zastoupen i

kontakt cementu s Kkortikalni kosti. Cementovy plast dfiku ma téz vétsinou
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makroskopické nerovnosti, které mohou mechanicky branit extrakci celého bloku
cementu. Mechanické poskozeni samotného cementu je v tomto pfipadé spise
vyhodou, literatura uvadi nevelké snizeni pevnosti cementu po expozici razovych vin
[37,60]. Problém ucinku razové viny na komplex implantat-cement-kost, jehoz
vlastnosti se nepochybné liSi od nami zkoumanych vzorkd, je patrny ze snadnych
extrakci a nejspiSe bude jesté vyraznéjSi nez v nami zvoleném modelu skladajiciho se
pouze z kosti a cementu. V této souvislosti je nutno téz brat v uvahu pfitomnost
vazivové mezivrstvy, ktera se kolem cementu postupné vytvari a mize téz pasobit jako

akustickeé rozhrani. Tuto vrstvu naSe vzorky samozfejmé neobsahovaly.

DalSim vyuzitim jednoduché razove viny, které zkouma tato prace, je poskozeni
nadorové tkané in vivo. Vysledky ukazaly, Ze jednoducha RV je schopna zpUsobit
poskozeni nadoroveé tkané. Misto poSkozeni koresponduje s tvarem ohniska a je ostfe
oddéleno od neposkozené tkané. Princip, kterym dochazi k poskozeni nadorové
tkané, je odliSny nez u tandemovych razovych vin. Zde hraje nejvétsi roli mechanické
poskozeni zpusobené pozitivnim tlakem, ktery dosahuje 372 MPa. Amplituda razové
viny je uvniti tkané pravdépodobné nizsi, méfeni ukazuji, ze dochazi k 20 — 30%
snizeni amplitudy oproti méfeni ve vodé [61,62]. Jak velkou roli zde hraji kavitace je
obtizné urcit. Jejich ucinek je totiz obtizné odliSit od uc€inku, ktery je zpusoben
mechanickym namahanim.

U tandemovych razovych vin jsme zkoumali mozné vyuZiti pro onkologické
aplikace. Nejprve jsme provadéli experimenty s burikami, kde bylo cilem zjistit, jestli
tandemova razova vina dokaze interagovat s objekty bunéénych rozmérd. Ukazalo se,
Ze zpusobuje hemolyzu a také poSkozeni bunék melanomu B 16. Dale jsme zkoumali,
jestli tandemova razova vina dokaze zpusobit poskozeni v akusticky homogennim
prostfedi v hloubce in vivo. Ukazalo se, Ze ve stehennim svalu krélika i v jaterni tkani
potkana dokaze tandemova RV zpusobit poSkozeni. To je ostfe ohrani¢eno a oddéleno
od zdravé tkané a tvarem odpovida prachodu RV. Struktury, které lezi nad ohniskem,
jsou bez poskozeni. V neposledni fadé jsme se zabyvali mozZnosti kombinovat aplikaci
tandemovych RV se sou€asnym podavanim chemoterapeutik a fotosenzitizeru. Zde
se prokazalo, ze dochazi ke snizeni ristu nadorové tkané oproti kontrole i oproti

samotné tandemové RV i samotnému chemoterapeutiku Ci fotosenzitizeru.
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Bylo zjisténo, Ze nejvétsSiho ucinku dosahuji tandemové RV, pokud je zpozdéni
mezi jednotlivymi vinami 8-15 ps. Druha vina pak dosahuje negativniho tlaku pod

-80 MPa a dochazi tak k velké produkci kavitaci.

Tandemové razové viny principialné funguji tak, Zze v akusticky homogennim
prostiedi vytvofi nehomogenitu v podobé kavitaci a na této nehomogenité mize druha
vina disipovat. Vyznamnou roli zde hraji také kavitace, které jsou schopné
permeabilizovat membranu bunék a usnadnit tak prostup nékterych latek
(chemoterapeutik a fotosenzitizeru) a také vytvareji sekundarni razové viny, které

zpusobuji poskozeni tkané.

Podafilo se také sestrojit funkéni vzorek klinicky pouzitelného aplikatoru
razovych vin (jednoduchych i tandemovych) s novym zdrojem RV. Tento aplikator

muze byt vyuZzit v nékolika oblastech mediciny.
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6 Zaver

V disertaCni praci jsem navazal na svou bakalarskou a diplomovou praci.
V teoretické Casti byl shrnut dosavadni vyvoj a uplatnéni razovych vin v mediciné u
nas i v zahraniCi a byly popsany dosud publikované biologické ucinky razoveé viny.

V uvodu jsou také uvedeny popisy konstrukce pfistrojl pro aplikaci razovych vin.

Vysledky zkouSek zcela nového generatoru razové viny jsou prezentovany
v publikacich, které jsou soucasti prace. K témto publikacim je na zaCatku vzdy kratky
komentar. Vysledkem prace je experimentalni ovéfeni moznosti rizného klinického
vyuZziti jednoduché a tandemové razové viny. Pro jednoduchou razovou vinu je to
oblast ortopedie, kde bylo experimentalné ovéfena schopnost RV narusit spojeni kosti
a kostniho cementu. Tento ucinek by byl vhodny pro reoperace kloubnich nahrad, kdy
je problémem extrakce cementu z kostni dutiny. Aplikace razovych vin by usnadnila
extrakci cementu a snizilo by se tak riziko, které pacientidm pfi tomto druhu vykonu
hrozi. Aplikace razové viny je neinvazivni metoda, pacienta by tedy zbyteéné
nezatézovala. V praci jsou prezentovany vysledky predbéznych experimentl, proto

bude tfeba provést dalSi experimenty, nez bude mozné tuto metodu pouzit v praxi.

Déle je to oblast onkologie a to jak pro jednoduchou tak pro tandemovou
razovou vinu. Z experimentu je patrné, Zze RV je schopna zpUsobit poSkozeni in vitro i
in vivo. DokaZe poskodit a zni€it nadorovou tkan v misté ohniska. Okolni mékké tkané
jsou bez poskozeni. V kombinaci s chemoterapeutiky €i fotosenzitizérem zpomaluje
rist nadorové tkané. Zde se uplathuje schopnost permeabilizovat bunéénou

membranu, coz je dalSi mozna oblast uplatnéni.

Je tedy mozné vyuzit razovych vin v oblasti onkologie a to bud samotné viny,
nebo jejich kombinaci s jinymi chemickymi latkami. Za prvni vhodnou indikaci této
Ié€by je povazovano plusobeni na neoperabilni metastazy jater u karcinomu pankreatu.
Jednalo by se o podporu podavané chemoterapie. Na zakladé vysledkd bude

navrzeno pouziti i u dalSich indikaci.

Pro tyto aplikace byl zhotoven funk&ni vzorek klinicky pouzitelného aplikatoru

razovych vin s novym zdrojem.
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