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ABKURZUNGSVERZEICHNIS

BCLC Barcelona Clinic Liver Cancer Classification
Bzw. Beziehungsweise

°C Grad Celsius

CT Computertomographie

EM Elektromagnetisch

EWS Philips Extended Work Space

HCC Hepatozellulares Karzinom

HFO High Field Open (offenes Hochfeld-MRT)
IR Inversionsumkehr (MRT)

kHz Kilo-Hertz

LITT Laser-induzierte Thermotherapie

MHz Mega-Hertz

Min Minuten

MPR Multiplanare Rekonstruktion

MRT / MRI Magnetresonanztomographie

Ms Millisekunden

MWA Mikrowellenablation

NADPH Nicotinsdureamid-Adenin-Dinukleotid-Hydridion-Phosphat
PD Protonendichte gewichtete Sequenz
RFA Radiofrequenzablation

S, sec Sekunden

Sog. So genannt

SPSS Statistical Package for Social Sciences
T Tesla

TACE Transarterielle Chemoembolisation
TE Time of Echo (MRT)

TR Time of Repetition (MRT)

TSE Turbo Spin Echo (MRT)

TZ Transitionalzone

U.a. Unter anderem

UsS Ultraschall

w Watt



ZUSAMMENFASSUNG

Einflhrung:

Thermoablationsverfahren wie die Radiofrequenzablation und Mikrowellenablation werden in
der Therapie von Primartumoren und Metastasen in Organen und Knochen eingesetzt. Die initial
vollstdndige Tumorablation ist fir die weitere Prognose der Erkrankung von besonderer
Bedeutung. Hierflr ist die moglichst friihzeitige Kenntnis wichtig, ob die Ablation vollstandig ist
oder ob Teile des zu therapierenden Areals einer weiteren Intervention bedurfen. In dieser Arbeit
wurde u.a. untersucht, wie die Ausdehnung des Ablationsareals direkt nach der Intervention in
einem offenen 1 T MRT ersichtlich war und insbesondere ob der Randbereich der Ablationszone
beurteilt werden konnte.

Bei der Mikrowellenablation kdnnen mit einer einzelnen Elektrode auf Grund der Reichweite der
elektromagnetischen Wellen im Gewebe nur kleinere Tumorherde therapiert werden. Diverse
Studien mit der RFA haben gezeigt, dass sich das Ablationsvolumen mittels
Flussigkeitsinjektion vergroRern liel3. Ein Studienziel dieser Arbeit bestand in der Evaluation, ob
Flussigkeitsinjektionen vor der MWA mit unterschiedlichen Natrium-lonenkonzentrationen

ahnlich zu einer Vergroierung des Ablationsareals fiihren konnten wie mit der RFA.

Methodik:

In dieser Rahmenschrift wurden zwei Originalarbeiten fir die Radiofrequenzablation sowie eine
Originalarbeit zur Mikrowellenablation zusammengefasst. Zuerst wurden die Arbeiten zur RFA
gemeinsam vorgestellt und anschlieRend die Arbeit zur MWA.

Ergebnisse:

Fur die Arbeiten der RFA zeigte sich, dass alle Systeme das Zielvolumen der 3 cm-Lé&sionen von
14,14 c¢m?® Ubertrafen. Die Ergebnisse fur die 5 cm-L&sionen mit einem Zielvolumen von 65,45
cm® zeigten ein gemischtes Bild: Die Systeme von Boston Scientific und Celon tbertrafen das
Zielvolumen, die Systeme von Radionics und AngioDynamics blieben unterhalb des

Zielvolumens.

Im MRT zeigten sich bei allen LdsionsgroBen und Serien kleinere Volumina als in der
makroskopischen Messung. Gemittelt (ber alle vier RFA-Systeme und Ldsionsgrofien waren

etwa 60 % des Ablationsvolumens im MRT mit den untersuchten Sequenzen nicht sichtbar.



In den Versuchen zur Mikrowellenablation zeigte sich kein signifikanter Unterschied zwischen
den Versuchsreihen mit iso- oder hypertoner NaCl-Ldsung im Vergleich zu der Versuchsreihe

mit Wasser oder der Versuchsreihe ohne Flussigkeitsinjektion.

Diskussion:

Im Vergleich der beiden verschiedenen Sequenzen zeigten sich sowohl fir die RFA als auch die
MWA groRer visualisierte Ablationsvolumina mit der T1-Sequenz im Vergleich zur PD-
Sequenz. Allerdings konnte mit den gewdéhlten Sequenzen der Ubergang von Transitionalzone zu
gesundem Gewebe nicht abschlieRend beurteilt werden. Somit konnte unmittelbar nach der
Intervention keine abschlieRende Aussage Uber die Vollstandigkeit der Ablation allein aus der

MR-Visualisierung getroffen werden.

Mit den Versuchen der Mikrowellenablation zeigte sich, dass, im Gegensatz zu entsprechenden
RFA-Versuchen, eine Flussigkeitsinjektion vor der Intervention in das Gewebe, gleich welcher
Natrium-Konzentration, nicht zu einer VergroRerung des Ablationsareals flihrte. Zu einer
VergroRerung des Ablationsareals musste die MW-Antenne entweder repositioniert oder mit

mehreren Elektroden gleichzeitig therapiert werden.

ABSTRACT

Introduction:

Thermal ablation techniques like RFA and MWA became a therapy option for primary and
secondary malignancies in organs and bones. An entire tumor ablation directly after intervention
is crucial for the further course of the disease. Therefore, an image validation right after
intervention should ratify whether the ablation was sufficient or further therapy is mandatory.
One aim of this thesis was to evaluate if the entire thermal ablation necrosis, especially the
border from ablated to healthy tissue, was visible directly after intervention in an open 1 T MRI
system.

For the MWA using a single antenna, only smaller necroses can be produced because of the
limited range of microwaves in tissue. Several RFA-studies reported possible enlargement of
necroses by installing sodium solutions into tissue previous to RFA. One aim of this thesis was
to investigate whether preinterventional fluid injection before MWA might enlarge the necrosis
similarly to fluid injection performing RFA.



Methods:
In this thesis, two original scientific articles for RFA and one original scientific article on MWA
were summarized. Therefore, the articles related to RFA were presented together. Subsequently

the MWA article was presented.

Results:

For the 3 cm ablation all tested RF systems exceeded the target volume of 14.14 cm®. For the 5
cm lesion only the Boston Scientific and the Celon system exceeded the target volume of 65.45
cm®. The Radionics and AngioDynamics system achieved smaller ablation volumes and

remained below the target volume.

For the MR-volumetry all volumes for every test series and lesion size were smaller than the
macroscopically measured and calculated volumes. Averaged over all four RFA-systems, lesion

sizes and sequences, 60 % of the necrosis zone after Intervention was not visible.

For MWA no significant differences were detected between the test series including fluid
preinjection of iso- or hypertonic saline solutions in comparison to the trials without preinjection

or only water-injection.

Discussion:

After evaluation of the two MR sequences, in both RFA and MWA-trials the T1-sequence
detected larger ablation-volumes than the PD-sequence. However, the border from the
transitional zone to healthy tissue was not detectable by MRI with the respective sequences
directly after intervention. Therefore, no accurate statement about the completeness of the
thermal ablation by MR-imaging could be given.

For MWA, fluid preinjection did not enlarge the necrosis in contrast to RFA, irrespective of
sodium concentration in water. Therefore larger ablations volumes needed a repositioning of the

MW-antenna or the simultaneous use of more than one MW-system.



EINFUHRUNG

Das hepatozelluldare Karzinom (HCC) ist der hdufigste Leber-Primértumor; etwa 80 bis 85 % der
priméren Lebertumoren weltweit werden dieser Tumorentitat zugeschrieben (1). Auf Grund der
hohen Letalitat ist das HCC die zweithdufigste tumorassoziierte Todesursache weltweit (2).
Insbesondere in Entwicklungsldndern kommt es zu einer erhdhten Fallzahl: 83 % der neu
aufgetretenen HCC-Félle, geschatzt 782.000 Neuerkrankungen im Jahr 2012, wurden in weniger
entwickelten Landern diagnostiziert (1).

In der Europdischen Union zeigte sich ein inhomogenes Bild mit einer berechneten Inzidenz in
Nordeuropa mit 4,6/100.000 (Niederlande) im Vergleich zu 11,3/100.000 in Frankreich fir die
mannliche Bevodlkerung flr das Jahr 2012. Das HCC weist eine Geschlechtstendenz auf. Die
berechnete Inzidenz flr Frauen liegt deutlich unterhalb der fiir Manner (exemplarisch hierfir die
Niederlande mit einer berechneten Inzidenz fur Frauen von 0,4/100.000) (1, 2). Die typische
Prékanzerose ist die Leberzirrhose, die bei 80-90 % der HCC-Félle diagnostiziert wird (3).

In-vivo-Thermoablationsverfahren wie die RFA und die MWA werden in der Therapie von
Priméartumoren und Metastasen in Organen und Knochen eingesetzt. Ein besonders weit

verbreitetes Einsatzgebiet dieser Therapiemodalititen sind Leber-Malignome (4-6).

Bei klinischer Indikation und anasthesiologischer Tauglichkeit wird haufig bei kleinen oder lokal
begrenzten Tumorsituationen eine chirurgische Intervention bevorzugt. Allerdings sind nur 20
bis 30 Prozent aller HCC-Patienten fur eine Leberteilresektion oder Transplantation geeignet (7).
Daher wird fur die weit groere Patientenzahl eine weitere Therapieoption und —strategie
benétigt. Entsprechend der Barcelona Clinic Liver Cancer (BCLC) Kilassifikation kdnnen
interventionelle Therapieverfahren wie die RFA bereits in einem relativ frihen Stadium der

Erkrankung zum Einsatz kommen. (8, 9)

Hocquelet et al. haben in einer Studie mit dem Vergleich zwischen der chirurgischen Resektion
eines HCC und der Therapie mittels RFA bei 281 Patienten gezeigt, dass sich keine wesentlichen
Unterschiede bei Gesamtiiberleben und krankheitsfreier Uberlebenszeit darstellen lieRen (5). Im
RFA-Therapiearm waren sowohl Hospitalisationsdauer als auch die Komplikationsrate niedriger
(5). Eine Kombination der RFA mit anderen interventionellen Therapieverfahren wie der LITT,

TACE oder Immuntherapie kann den positiven Effekt mdglicherweise noch verstarken (10).



Ziel der Thermoablation ist die mikroinvasive, vollstandige Zerstdrung des Tumorgewebes
zuzuglich eines zirkumferenten Sicherheitssaumes von 0,5 cm. Dieser Sicherheitssaum dient der
Zerstorung moglicher befallener Zellen auferhalb des erkennbaren Tumorherdes. Kim et al.
zeigten in einer retrospektiven Studie, dass bereits ein Abstand von 3 mm ausreichen wiirde, um
einen lokalen Tumorprogress zu minimieren (11). Die initial vollstandige Tumorablation nach

einer Intervention ist ein entscheidender Parameter fur den weiteren Krankheitsverlauf (12).

Patientenindividuelle Risikofaktoren wie die Lagebeziehung zu grolRen Gefallen sowie
Gewebeeigenschaften missen fur die Auswahl der jeweiligen Therapiemodalitat mit
entsprechenden Elektroden fur die Ablation mit einbezogen werden. Herstellerspezifische
Ablationsprotokolle bieten einen Anhaltspunkt fir die Wahl der Elektrode sowie fir die
Ablationsdauer. Die nahe Lagebeziehung eines Tumors zu groRen Gefdlen kann zu einer
geringeren Erwdrmung des Gewebes (Kuhlung des Gewebes durch den Blutfluss = Heat-Sink-
Effekt) und somit zu einer inkompletten Ablation fiihren (13, 14). Gewebeeigenschaften wie eine
erhdhte Impedanz (Widerstand bei Wechselstrom), beispielsweise im Rahmen einer
Leberzirrhose mit einer moglicherweise daraus resultierenden geringeren Energieabgabe in das

Gewebe, mussen ebenfalls berlcksichtigt werden (4).

Daher wird die Intervention mittels bildgebender Verfahren wie Ultraschall,
Computertomographie und Magnetresonanztomographie durchgefiihrt und das Ablationsareal
vor, wéhrend und nach der Intervention anhand von GroRe, Form und zeitlicher Dynamik
(insbesondere GroRenprogredienz /-regredienz im Verlauf) beurteilt (15). Nach einer
therapeutischen Intervention ist es in der Regel nicht mdglich, das abladierte Leberparenchym

makroskopisch oder histologisch bezlglich des tumorfreien Sicherheitssaums zu untersuchen.

Die fruhzeitige Aussage uber die Vollstandigkeit der Ablation unter Schonung des tumorfreien
Leberparenchyms kann somit helfen, die Tumorablation moéglichst valide beurteilen zu kénnen

und weitere Eingriffe nach Mdglichkeit zu verhindern (16).



METHODIK

ZIELSTELLUNG
In dieser Rahmenschrift wurden zuerst zwei Originalarbeiten zur RFA (Publikationen I und I1)

und anschlieBend eine Originalarbeit zur MWA (Publikation 111) zusammengefiihrt. Die
weiteren Arbeiten wurden in der kompletten Publikationsliste aufgefthrt.

Ein Ziel dieser Dissertation war der Vergleich von Ablationsverfahren wie der RFA und der
MWA in einem offenen 1 T MRT. Hierfir wurden die Ziele in verschiedene Teil-
Fragestellungen gegliedert. Ein Ziel war ein standardisierter Vergleich zwischen vier frei
verkéuflichen RFA-Systemen. Zwei verschiedene Zielvolumina wurden fur alle vier Systeme
definiert und die entstandenen Lé&sionen sowohl makroskopisch als auch MR-volumetrisch
evaluiert. Eine weitere Zielstellung war die Beurteilung des Randbereichs der Ablationszone im
offenen MRT direkt nach der Intervention beziglich ihrer jeweiligen Abgrenzbarkeit zum

umliegenden gesunden Gewebe im Vergleich zum makroskopisch gemessenen Volumen.

Radiofrequenzablation

n =64
3 cm Lasion 5 cm Lasion
n=32 n=32
3cm,n=8 3cmn=38 5cmn=8 5cmn=8
Radionics AngioDynamics Radionics AngioDynamics

3cm,n=8
Boston Scientific

3cmn=28
Celon

5cmn=8
Boston Scientific

5cmn=8
Celon

MR-Bildgebung
T1 IR Sequenz vs. PD TSE Sequenz

Semiautomatische MR-Volumetrie

Zusatzlich: Makroskopische Messung der Ablationszone und exemplarisch
durchgeflihrte histologische Untersuchung der Nekrosezonen

Abbildung 1 — Organigramm Radiofrequenzablation: Jeweils 32 Proben wurden fir die zwei verschiedenen Lésionsgrdfien
verwendet. Fir jeden/jedes Hersteller/System wurden bei der entsprechenden Lé&sion n = 8 Versuche durchgefiihrt. Nach der
Ablation wurden die Proben im offenen MRT mit zwei verschiedenen Sequenzen gescannt. Anschliefend erfolgten die
makroskopische Messung des Ablationsareals und die Berechnung des Ablationsvolumens. Der MR-Datensatz wurde anhand
der zwei Sequenzen mittels semiautomatischer VVolumetrie bearbeitet und die entsprechenden Volumina von der EWS-Software
berechnet. Exemplarisch erfolgte an einer Probe eine histopathologische Aufarbeitung.



In der Publikation I » Comparison of four radiofrequency ablation systems at two target
volumes in an ex vivo bovine liver model. Diagn Interv Radiol. 2014;20(3):251-8 « wurden vier
verschiedene RFA-Systeme unter den gleichen, standardisierten Ausgangsbedingungen getestet.
Da zum Zeitpunkt der Versuchsdurchfuhrung lediglich zwei von vier Herstellern MR-
kompatible Elektroden zur Verfugung stellten, wurden sémtliche Ablationen fiir die 3 cm und
die 5 cm Ziell&sionen der jeweiligen vier Ablationssysteme im MRT-Vorraum durchgefihrt,

dann gescannt und anschlieend auch per makroskopischer Schnitte evaluiert.

Nach erfolgter Ablation wurden die Proben im offenen 1 T MRT mittels zweier angepasster
Sequenzen untersucht. Es wurde der Frage nachgegangen, welche Sequenz fir die Beurteilung
des Lebergewebes besser geeignet war und welche Anteile der Nekrose im Gewebe mittels MR-
Bildgebung sichtbar waren. Die Ergebnisse wurden in der Publikation 11 » Volume comparison
of radiofrequency ablation at 3- and 5-cm target volumes for four different radiofrequency
generators: MR volumetry in an open 1-T MRI system versus macroscopic measurement. Biomed
Tech (Berl). 2015;60(6):521-31. « vertffentlicht.

Im Anschluss erfolgten die Aufbereitung der Leberproben und deren makroskopische Messung
in drei Achsen. Daraufhin sollte eine Untersuchung des Ablationsareals mit Hilfe der NADPH-
Diaphorase durchgefiihrt werden, um die Vitalitat des Lebergewebes in der Transitionalzone zu
untersuchen (17). Auf Grund von mdglichen Storeinfllissen (ex-vivo-Gewebe) wurde dies nicht
durchgefihrt und anstelle dessen eine Probe in Zusammenarbeit mit dem Institut fur Pathologie
aufgearbeitet, indem die drei verschiedenen Nekrosezonen innerhalb des Ablationsareals
exemplarisch histopathologisch untersucht wurden. Ziel dieser Untersuchung war es eine
Aussage Uber die Vitalitat beziehungsweise Zelldestruktion im AuRenbereich der Nekrosezone
zu erhalten und bei einer Diskrepanz zwischen MR-Volumen und makroskopischen VVolumen
eine Aussage iiber die Zugehorigkeit zu ,,gesundem® oder ,,abladiertem* Gewebe treffen zu

konnen. Die Ergebnisse wurden ebenfalls in der Publikation 11 veroffentlicht.

Die Mikrowellenablation (MWA) im MRT stellte ein im Vergleich zur RFA neueres
Ablationsverfahren dar. Da die maximalen Ablationsvolumina des verwendeten MWA-Systems
zum Zeitpunkt der Versuchsdurchfilhrung etwa 8 cm® betrugen, war eine weitere Zielstellung
dieser Dissertation, eine Mdglichkeit zur VergroRerung der Mikrowellenablation zu suchen und

zu evaluieren.
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Mikrowellenablation

n =50
n=10 n=10 n=10 n=10 n=10
Referenzgruppe 10 ml H,0 10 ml 0,9% NaCl 6% NaCl 12% NacCl

MR-Bildgebung
T1 IR Sequenz vs. PD TSE Sequenz

Semiautomatische MR-Volumetrie

Abbildung 2 - Organigramm Mikrowellenablation: Insgesamt wurden n = 50 Proben fiir den Versuch verwendet.
Verschiedene Ldsungen mit unterschiedlicher NaCl-Konzentrationen bzw. H,O wurden in das Gewebe injiziert. Als
Referenzgruppe diente eine Probenreihe ohne Flissigkeitsinjektion vor der Ablation. Die Proben wurden anschlieRend im MRT
untersucht und mittels semiautomatischer Volumenberechnung analysiert.

In der Publikation I11 » Fluid preinjection for microwave ablation in an ex vivo bovine liver
model assessed with volumetry in an open MRI system. Diagn Interv Radiol. 2013;19(5):427-
32.« wurde der Frage nachgegangen, ob das MWA-Ablationsvolumen vergréRert werden kann,
indem, entsprechend bereits in der Fachliteratur publizierter RFA-Versuche, vor der Intervention
Flussigkeiten verschiedener Natrium-lonenkonzentrationen im Zielgewebe injiziert wurden (18).
Fur diese Versuchsreihen wurden verschiedene Konzentrationen von NaCl-Ldsungen mit einer
Probenreihe mit lediglich Wasserinjektion (Aqua ad iniectabilia, B. Braun, Melsungen,
Deutschland) sowie einer Referenzgruppe ohne vorherige Flussigkeitsinjektion miteinander
verglichen. Das MRT-Protokoll wurde entsprechend der Versuche der RFA (siehe Publikation
I1) durchgefuhrt.

RADIOFREQUENZABLATION

VERSUCHSAUFBAU
In den Publikationen 1 und Il wurden 64 Versuche in frischer ex-vivo Rinderleber mit Proben

von etwa 10x10x10 cm durchgefuhrt (siehe Abbildung 1). Die Proben wurden eine Stunde vor
Untersuchungsbeginn langsam auf 37 °C erwarmt. Die Ablationen wurden in einem Wasserbad
bei 37 °C in 0,9 % physiologischer Kochsalzlésung durchgefiihrt. Nach der Ablation wurde die
Probe fiir etwa 10 min bei Raumtemperatur aufbewahrt. Anschlielend erfolgte die Untersuchung
im 1 T offenen MRT mit zwei verschiedenen Sequenzen, gefolgt von der makroskopischen

Praparation und Aufarbeitung der Leberproben.
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GERATEEIGENSCHAFTEN
Unter Radiofrequenzablation versteht man die lokale, in das Zielgewebe abgegebene

Hochfrequenzenergie im Bereich von 365 bis 480 kHz (siehe Abbildung 3) (19). Uber eine
Elektrode, die in der Regel perkutan unter Ultraschall-, CT- oder MRT-Kontrolle eingebracht
wird, erfolgt die Applikation des Hochfrequenzstroms. Fur die Funktion benétigt man einen
geschlossenen elektrischen Kreis zwischen dem Applikator (= Elektrode) und der
Gegenelektrode (= Ableitungspad) beim monopolaren System oder zwischen zwei oder
mehreren Elektroden beim bipolaren System. Da beim bipolaren System der Strom zwischen den

jeweiligen Elektroden flieR3t, bendtigt man hier keine Gegenelektrode.

Na*
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~
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Abbildung 3 - Grundlagen der Radiofrequenzablation: Die Elektrode (grau) liegt im Parenchym. Der Stromkreis wird
entweder Uber die Gegenelektrode auf dem Oberschenkel oder bei bipolaren Elektroden ohne Gegenelektrode geschlossen. Auf
Grund von Reibung (Friktionswarme) zwischen Natrium-lonen kommt es zur Erwarmung des Gewebes. Die Gewebetemperatur
liegt an der Elektrode bei etwa 100 °C. Die Temperatur nimmt nach auen konzentrisch ab.

RADIONICS CooL Tip VON CoVIDIEN (MANSFIELD, MA, USA)
Die Ablationszeiten fur das Radionics System betrugen fur beide LasionsgroRen jeweils 12 min.

Fur die 3 cm-Lé&sionen wurde die Radionics Cool-Tip-Elektrode verwendet. Fur die 5 cm-
Lasionen wurde die Radionics Cluster-Elektrode, bestehend aus drei einzelnen Elektroden
verwendet. Hierbei ist anzumerken, dass die Cluster-Elektrode von Radionics zum Zeitpunkt der
Versuche nicht mehr fir einen Ablationsdurchmesser von 5 cm zugelassen war. Die maximale,
vom Hersteller angegebene AblationsgroRe betrug 4,2 x 4,6 cm. Da die Cluster-Elektrode
allerdings eine h&ufige klinische Anwendung fir diese LasionsgroRe fand, wurde sie fur die 5

cm-La&sionsgrole mit aufgefiihrt.
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1500X RF vON ANGIODYNAMICS (LATHAM, NY, USA)
Das 1500X RF System von AngioDynamics arbeitete im Gegensatz zu den drei anderen

Herstellern mit einer temperaturgesteuerten Energiezufuhr. Dem System wurde die gewinschte
Zieltemperatur im Gewebe vorgegeben und Temperatursonden, die in die Elektrodennadeln
integriert waren, steuerten die Energieabgabe.

Entsprechend der Hersteller-Protokolle wurden fur die 3 cm-Lé&sionen eine Leistung von 150 W,
eine Zieltemperatur von 105 °C und eine Ablationszeit von 9 Minuten voreingestellt. Fir die 5
cm-Lé&sionen wurden eine Leistung von 150 W, eine Zieltemperatur von 105 °C und eine
Ablationsdauer von 15 Minuten vorgegeben.

RF 3000 vON BOSTON SCIENTIFIC (MARLBOROUGH, MA, USA)
Fur die 3 cm-Lasionen wurde entsprechend des Herstellerprotokolls mit einer Ausgangsleistung

von 40 W begonnen. Diese wurde alle 30 s um 10 W bis zu einer maximalen Ausgabeleistung
von 90 W erhoht. Kam es vor Erreichen der 90 W zu einem Anstieg der Impedanz mit einer
Verminderung der Energieabgabe in das Gewebe (sog. Roll-Off), wurde die Stromzufuhr fur 30
s pausiert und danach bei der halben Ausgabeleistung, bei der es zum Roll-Off kam, erneut
gestartet.

Bei den 5 cm-Lé&sionen betrug die Ausgangsleistung initial 90 W. Sie wurde alle 30 s um 10 W
erhoht, bis die Maximalleistung von 150 W erreicht wurde. Im Falle eines Roll-Off wurde
analog zu den 3 cm-Lasionen nach 30 s Pause die Ablation erneut bei 50 % der Ausgabeleistung

gestartet.

CELON POWER LAB VON CELON (OLYMPUS, SHINJUKU, TOKYO, JAPAN)
Das Celon System arbeitet als einziges hier verwendetes System bipolar beziehungsweise

multipolar.

Bei den 3 cm-Lasionen wurden zwei Elektroden im Abstand von 1 cm zueinander in der Leber
platziert. Die aktive, das hei8t unisolierte, Elektrodenlédnge betrug 3 cm (Celon ProSurge T30).
Die maximale Ausgabeleistung betrug 60 W (ber eine Zeit von 20 min.

Bei den 5 cm-Léasionen wurden drei Elektroden in einem Dreieck mit einem Abstand von 2,5 cm
zueinander in der Leber platziert. Es wurden drei gleiche Elektroden mit einer aktiven
Elektrodenspitze von 4 cm verwendet (Celon ProSurge T40). Die maximale Ausgabeleistung

betrug 120 W Uber eine Zeit von 40 min.
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MIKROWELLENABLATION

VERSUCHSAUFBAU
In Publikation 111 wurden 50 Versuche in ex-vivo Rinderlebern in Proben von mindestens

8x8x8 cm durchgefiihrt (siehe Abbildung 2). Fir die Versuche wurden die Proben in einem
Wasserbad auf 37°C erwérmt und fur die Ablation in einer Nierenschale platziert. Insgesamt
wurden flnf Serien mit jeweils 10 Leberproben durchgefuhrt. Nach der Ablation erfolgte die

Untersuchung der Proben im 1 T offenen MRT.

GERATEEIGENSCHAFTEN
Das System Evident von Covidien (Mansfield, MA, USA) bestand aus einem Generator und

einer Antenne (= Ablationsnadel) sowie einer Pumpe zur Kiihlung der Elektrode. Die Antenne
transportiert die Energie in Form von elektromagnetischen Wellen bei einer Frequenz bis 915
MHz in das Gewebe (siehe Abbildung 4). Die Leistung des Generators wurde flr die Versuche
entsprechend der Herstellervorgaben auf 45 W bei einer Ablationsdauer von 7 min eingestelit.

Verwendet wurde eine 2,0 cm Antenne, um ein Ablationsareal von 8 cm®zu produzieren.

N. ...
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Abbildung 4 — Grundlagen der Mikrowellenablation: Bei der Mikrowellenablation kommt es zur direkten Erwdrmung von
Wasser mittels Oszillation durch Mikrowellen bei einer Frequenz bis 915 MHz. Wenn die Wassermolekdile (elektrischer Dipol)
aus der Phase geraten, wird ein Teil der elektromagnetischen Energie in Wé&rme umgewandelt.

MAGNETRESONANZTOMOGRAPHIE
Die Leberproben wurden etwa 10 bis 15 min nach der Ablation untersucht, um eine relative

Homogenitdt der Temperatur zwischen Ablationsgewebe und unbehandeltem, umgebenem
Gewebe herzustellen. Als Scanner diente ein 1 T offener MRT (Panorama HFO, Best,
Niederlande) mit zwei verschiedenen Sequenzen: Eine T1-gewichtete TSE Sequenz mit einer
Inversionsumkehr (IR). Die Inversionsumkehr wurde verwendet, um den Kontrast von langen

und kurzen T1-Signalen umzukehren — lange T1-Signale erscheinen dementsprechend in den
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Bildern hell. Als zweite Sequenz diente eine angepasste ,,pseudo® Protonen-Dichte (PD)
gewichtete TSE-Sequenz. Die Bezeichnung ,pseudo” erfolgte auf Grund der fiir das
Rinderlebergewebe angepassten langen Relaxationszeit (TR) von 1800 ms, welche (formal) in
Richtung einer T2-Sequenz tendierte (Details siehe Table 1 in Publikation I1). Alle Proben
wurden in einer Kniespule ,,knee-coil* zentral im Scanner platziert.

Die MR-Datensatze wurden an der Extended-MR-Workspace (EWS) nach der multiplanaren
Rekonstruktion (MPR) fiir die semiautomatische volumetrische Berechnung beziehungsweise
Diametermessungen bearbeitet. Als Software diente die EWS Software Version 2.6.3.2 (Philips
Medical Systems, Best, Niederlande, 2009).

MAKROSKOPISCHE MESSUNG DES ABLATIONSVOLUMENS

Abbildung 5 — Auswertung der makroskopischen Messung: Die Leberproben wurde entlang der Elektrodeneinstichstelle
aufgeschnitten und entsprechend der Dimensionen (weies Schema, Bildmitte) in den entsprechenden Achsen gemessen. Die
Nekrosezone wurde unterteilt in Zone | (Karbonisationszone), Zone Il (Koagulationszone) und Zone Il (Transitionalzone =
TZ). Nach auRen schliefit sich das nichtabladierte Lebergewebe an. Abbildung aus Publikation I1 (20)

STATISTIK
Die Rohdatensammlung erfolgte mittels Software Microsoft Excel Version 2007 (Microsoft,

Redmond, WA, USA). Die statistische Analyse wurde mit der Software IBM Statistical Package
for Social Sciences (SPSS) Version 19.0.0.1 (IBM, Armonk, NY, USA) durchgefihrt.

Eine vorherige Berechnung der Fallgruppenzahlen wurde gemeinsam mit dem Institut fur
Biometrie der Charité durchgefiihrt, ebenso die Beratung Uber die statistischen Testverfahren.
Die statistischen Testverfahren wurden in den jeweiligen Publikationen einzeln und detailliert
aufgefiihrt. Die Daten wurden als Mittelwert + Standardabweichung prasentiert. Das statistische

Signifikanzniveau lag bei p < 0,05.
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ERGEBNISSE

RADIOFREQUENZABLATION
Die hier vorgestellten Ergebnisse wurden in den Publikationen I und 11 (20, 21) veroffentlicht.

In dieser Rahmenschrift konnten auf Grund des vorgegebenen Umfangs lediglich Auszilige aus

den jeweiligen Publikationen vorgestellt werden.

In Publikation I wurde in einem standardisierten Testaufbau die GroRe und Geometrie der
produzierten Lé&sionen untersucht. In den makroskopischen Messungen der 3 cm-Lasionen
erreichten alle verwendeten Systeme die Zielvorgabe vom 14,14 cm?®. Das AngioDynamics-
System war mit einer Abweichung von + 21 % dem vorgegebenen Zielvolumen von 14,14 cm®
am néachsten. Die drei anderen Systeme Ubertrafen das Zielvolumen mit + 101 % (Radionics)
bzw. + 103 % (Celon) und + 110 % (Boston Scientific).

In den Versuchsreihen der 5 cm-Lé&sionen (Publikation 1) erreichten im beschriebenen
Versuchsaufbau nicht alle Gerate die Zielvorgabe von 65,45 cm®. Wahrend mit dem Celon-
System das Zielvolumen mit +40 % weit Ubertroffen hat, war das Boston Scientific-System mit
+10% Abweichung am néchsten am Zielvolumen. Die Systeme von Radionics- und dem
AngioDynamics-System blieben mit -26 % (Radionics) und -40 % (AngioDynamics) unterhalb

der Zielvorgaben.

In Publikation Il wurden die Ergebnisse der MR-Volumetrie vorgestellt. Die Leberproben
wurden vor der makroskopischen Aufarbeitung untersucht um mdogliche Storeinflisse durch die
Préparation zu vermeiden. Gemittelt Uber alle vier RFA-Systeme und beide verwendeten
Sequenzen bei den 3-cm Lé&sionen waren etwa 58 % des Ablationsvolumens im MRT nicht
sichtbar (56,7 % in der T1 und 58,6 % in der PD-Sequenz). Die Versuchsreihen der 5 cm-
Lasionen ergaben, dass gemittelt tber alle vier RFA-Systeme und beide verwendeten Sequenzen
circa 61 % des Ablationsvolumens im MRT nicht sichtbar waren (59,2 % in der T1 und 62,8 %
in der PD-Sequenz).

Exemplarisch wurde eine Probe nach der RFA histopathologisch aufgearbeitet, um eine
Zuordnung insbesondere der AuBenzone der Ablation bezuglich vitalen Gewebes oder
irreversibler Zelldestruktion treffen zu kénnen (siehe Publikation I1). In Abbildung 6 sind die

makroskopisch und histologischen Veranderungen im Gewebe dargestellt.
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Abbildung 6 — Histopathologische Korrelation der Nekrosezonen: [A] Querschnitt einer Leberprobe nach RFA mit zwei
Celon ProSurge-Elektroden. Enthalten sind die Zonen I-111 (siehe Abbildung 5). [B] 40-fache VergréRerung der Zone | mit
Kauterisationsartefakten (Artefakte im Gewebe durch sehr hohe Temperaturen) entlang der Elektrode. [C] 200-fache
VergroRerung der Zone | mit pseudozystischen Zellen (= Vakuolen im Gewebe, die durch die Ausdehnung von Wasser
entstanden sind (schwarze Pfeilspitzen)) und Verlust von Zellkernen (weile Pfeilspitzen). [D] 40-fache VergréRerung von Zone
Il mit partiellem Gewebestrukturverlust und pseudozystischen Zellen. [E] 40-fache VergréRerung von Zone Il mit Gerinnung
innerhalb von BlutgefaBen (weie Pfeilspitzen). [F] 200-fache VergréRerung der Zone Il mit noch vereinzelten
pseudozystischen Zellen (schwarze Pfeilspitzen). [B-F] Hadmatoxylin-Eosin-Féarbung. Abbildung aus Publikation 11 (20).

MIKROWELLENABLATION
In Publikation 111 (22) zeigten sich mit der T1-Sequenz in den verschiedenen Versuchsreihen

der MWA im MRT Volumina von 7,0 + 1,2 cm® (H,O-Injektion) bis 7,8 + 1,3 cm® (12 % NaCl-
Injektion). Im Vergleich dazu betrugen die Volumina in der Kontrollgruppe ohne
Flussigkeitsinjektion 7,3 + 2,1 cm®. Unter Verwendung der T1-Sequenz konnten keine
signifikanten Unterschiede der MWA-Volumina mit Flissigkeitsinjektion im Vergleich zur
Kontrollgruppe ohne Flissigkeitsinjektion festgestellt werden (siehe Table 3 in Publikation I11).
Unter Verwendung der PD-Sequenz zeigten sich ebenfalls keine signifikanten Unterschiede
zwischen den jeweiligen Untersuchungsgruppen. Die Ergebnisse reichten von 4,9 + 1.4 cm?® fur
die Untersuchungsreihe mit 12 % NaCl bis 5,5 + 1,9 cm® fiir die 0,9 % NaCl-Ldsung. Im
Vergleich dazu zeigten sich in der Kontrollgruppe ohne Flissigkeitsinjektion VVolumina von 4,7
+1,6 cm’.

Ein statistisch signifikanter Unterschied (p < 0,05) wurde zwischen den beiden verwendeten
Sequenzen und allen Versuchsreihen (p < 0,001) sowie zwischen den korrespondierenden
Gruppen der verwendeten Sequenzen festgestellt (siehe Table 4 in Publikation 111). Die
Volumina, die mit der T1-Sequenz gemessen wurden, entsprachen eher dem Zielvolumen von 8
cm?® als die mittels PD-Sequenz gemessenen Volumina.
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DISKUSSION
RADIOFREQUENZABLATION

KONSTANZPRUFUNG ZUR BERECHNUNG DES MAKROSKOPISCHEN VOLUMEN VS. MRT-VOLUMEN
Diverse Autoren haben verschiedene Verfahren zur Berechnung eines makroskopisch messbaren

Volumens ausgearbeitet (21, 23). Um einen systematischen Fehler der Volumenberechnung mit
der in den Publikationen I und Il genannten Formel auszuschlieBen, wurden die mittels EWS-
Software semiautomatisch aus den MR-Sequenzen gewonnenen Volumina mit berechneten
Volumina, deren Rohdaten der x-,y- und z-Achse ebenfalls aus dem gleichen MR-Datensatz
gewonnen und per Formel berechnet wurden, gegeneinander verglichen (siehe Publikation I1I).
Hierbei zeigte sich eine hoch signifikante Korrelation (p < 0,01) mit einem
Korrelationskoeffizienten von 0,888 fur die T1-gewichtete Sequenz und von 0,875 fur die PD-
Sequenz. Den Ergebnissen zufolge kann angenommen werden, dass die verwendete Formel eine
statistisch hinreichende Genauigkeit erwarten lasst und somit fir weitere Versuche Verwendung

finden kann.

GRORE UND GESTALT DER MAKROSKOPISCHEN ABLATIONSAREALE
Alle vier Systeme Ubertrafen das vorgegebene Zielvolumen der 3 cm-Lasionen von 14,14 cm®.

Die Systeme von Boston Scientific und Celon ubertrafen ebenfalls das Zielvolumen der 5 cm-
Lasionen von 65,45 cm?®. Hier sei auf die Diskussionen in Publikation | und I verwiesen.

Das Radionics-System blieb unter Verwendung der Cluster-Elektrode unterhalb der ZielgroRe
zurlick.  Wie bereits erwahnt, war die Cluster-Elektrode zum  Zeitpunkt der
Versuchsdurchfiihrung nicht mehr fir eine 5 cm-Ldasion zugelassen. Die vom Hersteller
zugelassene Maximalgrélie betrug 4,2 x 4,5 cm fir eine Einzelablation. Fur grofiere Lasionen
hatte die Elektrode repositioniert werden muissen. Da eine Repositionierung in den
durchgefuhrten Versuchen eine unkalkulierbare Fehlerquelle bedeutet hatte, die Elektrode jedoch
haufig im klinischen Alltag auch fir gréRere Tumoren Verwendung fand, wurden die Ergebnisse
fur diese Elektrode unter der Vorkenntnis, dass es sich bei der 5 cm-L&sion um ein

ambitioniertes Ziel handelt, in dieser Arbeit mit aufgefihrt.

Das temperaturkontrollierte System von AngioDynamics blieb bei der 5 cm-Lasionsgrofie
signifikant unterhalb des erwarteten Zielvolumens zurtick. In der Analyse der Rohdaten zeigte
sich eine Spanne des x-Achsen-Querdurchmessers in den einzelnen Versuchen von 3,5 bis 6,3

cm. Somit musste von einem zufélligen Ereignis bei der geringen Fallzahl der Versuche oder
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einem bisher nicht identifizierten Fehler ausgegangen werden, da in der Literatur ein solches
Abweichen der Ablationsareale mit diesem System nicht beschrieben ist. Eine mdgliche
Storquelle in diesem Versuchsaufbau stellte die Temperatursteuerung des AngioDynamics-
Systems dar. Hierbei wurde wéhrend der Ablation konstant vom System die Temperatur im
Gewebe Uber Sensoren in den Elektrodenspitzen gemessen und bei Erreichen der Zieltemperatur
die Stromzufuhr gestoppt. Da in diesem Versuchsaufbau keine Perfusion und dadurch, &hnlich
des Heat-Sink-Effekts (13, 14), keine Abkuhlung des Parenchyms simuliert werden konnte, ist es
mdoglich, dass die Energiezufuhr bei konstanter Temperatur an der Elektrode zu gering war, um

ein Ablationsvolumen von 65,45 cm® oder gréRer herzustellen.

HISTOPATHOLOGISCHE AUFARBEITUNG DER RFA-LASION
In Publikation Il wurde die histopathologische Aufarbeitung der drei Zonen nach der RFA an

einer Probe aufgefuhrt (siehe Abbildung 6). Das histopathologische Bild der ex-vivo
durchgefihrten Versuche entspricht den Abbildungen und Beschreibungen aus der Arbeit von
Lee. et al., welche RFA-Versuche in-vivo in Kaninchen mit einem 7-Wochen-Follow-Up
durchgefuhrt haben (24). In dieser Studie zeigte sich in der Transitionalzone (TZ) unmittelbar
nach der Intervention ebenfalls nur eine leichte Gewebsdestruktion, die jedoch nach 7 Wochen
auf Grund der initialen thermischen Einwirkung nekrotisch war.

Aus diesen Ergebnissen kann die Schlussfolgerung gezogen werden, dass die makroskopische
Messung die tatsdchliche Ausdehnung des Nekroseareals darstellt und die Transitionalzone

ebenfalls zur Gesamtnekrosezone hinzuzuzahlen ist (24).

VISUALISIERUNG DER TRANSITIONALZONE IM MRT
Die Transitionalzone als &uflerer Anteil des Ablationsareals ist im offenen MRT mit den

gewahlten Sequenzen nicht eindeutig beurteilbar. In vorangegangenen Studien wurde
beschrieben, dass Temperaturen von etwa 50 °C Uber zwei Minuten zu einer irreversiblen
Denaturierung der Zellen im Gewebe fiihrten (25, 26). Dieser ,Niedertemperatur-
Denaturierungseffekt entsprach in unseren Versuchen eher den Temperaturen im Randbereich
der TZ als nahe an der Elektrode, wo hohe Temperaturen vorlagen und es zu einer sichtbaren
Strukturveranderung bis hin zur Verkohlung des Gewebes kam (siehe Abbildung 5). Die in Zone
I11 eher auf Zellebene stattfindenden Veranderungen waren in Summe nicht so stark ausgepragt,

als dass es direkt nach der Intervention zu einer im MRT visualisierbaren Anderung der
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Protonenkonzentration beispielsweise durch Verdampfung des Gewebewassers wie in Zone |
und Il gekommen wére (siehe abnehmende Zahl pseudozystischer Zellen in Abbildung 6).
Eine moglichst frilhe Aussage uber die Vollstandigkeit der Ablation treffen zu kdnnen kann

somit mit den gewahlten Sequenzen nicht abschlieend bzw. endgiltig getroffen werden.

MAKROSKOPISCHE DARSTELLUNG DER TRANSITIONALZONE
In der makroskopischen Messung zeigte sich, dass sich der Anteil der Transitionalzone je nach

gewéhltem RF-System unterschiedlich verhielt: Im Vergleich zu den 3 cm-Ldsionen nahm der
Anteil der TZ am Gesamtvolumen mit dem AngioDynamics- und dem Boston-Scientific-System
bei der 5 cm-Lé&sion zu, wohingegen der Anteil der TZ mit den Systemen von Radionics und
Celon abnahm.

Eine mdgliche Erklarung fir die Verkleinerung der TZ waren thermische Synergie-Effekte durch
die Anderung der Elektrodenkonfiguration (14). Bei den Systemen von Radionics und Celon
wurden im Vergleich von der 3 cm zur 5 cm-Lé&sion entweder unterschiedliche Elektroden
verwendet (Radionics Cluster-Elektrode) oder die Anordnung der Elektroden zueinander wurde
geédndert (Celon-System). Beim Radionics-System wurde der aus einer Elektrode bestehende
Applikator durch die Cluster-Elektrode mit drei in den Applikator integrierten Elektroden
ersetzt. Beim Celon-System wurden anstatt von zwei Elektroden (3 cm-La&sionen), die in einer
Linie zueinander positioniert waren, drei Elektroden (5 cm-L&sionen) in einer trianguldren
Position zueinander gesetzt. Diese Anderung resultiert in einem héheren Warmeeintrag in das
Gewebe und somit einem verbesserten Ablationsverhalten (27).

In der Literatur wurde bereits das Heat-trapping als Eigenschaft von bi- und multipolaren
Elektroden und der daraus resultierenden, hoheren Temperatur im Gewebe beschrieben (14, 28).
Diese hoheren Temperaturen fiihrten zu Veranderungen, wie sie in Zone | und 1l typisch sind

und diese Zonen somit vergroRerten.

MIKROWELLENABLATION
In  Publikation 11l wurde der Einfluss von NaCl-Flussigkeitsinjektionen bei der

Mikrowellenablation auf das Gesamtablationsvolumen untersucht. Die verwendeten MRT-
Sequenzen zeigten keine signifikanten Unterschiede zwischen den Volumina mit NaCl-
Flussigkeitsinjektion vor der Ablation im Vergleich zur Gruppe mit H,O-Injektion sowie zur

Kontrollgruppe ohne vorherige Flissigkeitsinjektion. Somit scheint hier eine Unabhangigkeit
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von normo- und hypertonen Natrium-Chlorid-Lésungen beziehungsweise zuséatzlicher Wasser-
Injektion zu bestehen.

Eine Erhdhung der Flissigkeits- und/oder Natrium-lonenkonzentration im Gewebe flihrte —
anders als im Vergleich zur Methode der Radiofrequenzablation — nicht zu einer VergroRerung
des Ablationsareals. Die hier vorgestellten Ergebnisse sind konstant zu der in etwa zeitgleich

veroffentlichten Studie von Ji et al. (29).

In den Versuchen zeigte sich eine signifikant eindeutigere Darstellung der Lasionen mit der T1-
Sequenz im Vergleich zur PD-Sequenz. Diesbeziglich l&sst sich jedoch feststellen, dass beide
Darstellungsarten nicht zufriedenstellend sind und ein Fokus auf der Suche nach geeigneteren

Sequenzen liegen sollte.

Eine Limitierung des Ablationsareals ist die mogliche Reichweite der Mikrowellen im Gewebe.
Mehrere Studien haben zwischenzeitlich gezeigt, dass durch die gleichzeitige Verwendung
mehrerer MW-Antennen bzw. Systeme im Gewebe auch groRere Ablationsvolumina erzielt

werden konnen als mit den Systemen der RFA (6, 30).

FazIT
Die Publikationen I-111 zeigten, dass mit Hilfe der RFA und der MWA insbesondere kleinere

Lasionen von allen géangigen Systemen abladiert werden koénnen. Wie in Publikation |
aufgefiihrt, entsprach das produzierte Volumen selbst unter Bedingungen ohne Perfusion nur
selten einer Kugel oder einem Ellipsoid. Im patientenindividuellen Behandlungskonzept ist das
Wissen um die Gerateeigenschaften und das Ablationsverhalten der jeweiligen Systeme von
grolRer Bedeutung, um einen initialen Therapieerfolg im Sinne einer vollstandigen Ablation zu
gewahrleisten.

Die Publikationen Il und 111 zeigten, dass die Visualisierung des Ablationsareals von den
gewdhlten Sequenzen abhing und im Vergleich zum makroskopisch gemessenen Volumen die
visualisierten MR-Volumina grundsétzlich kleiner waren. In unseren Versuchen konnte mit den
gewdhlten MR-Sequenzen das abladierte Gewebe im Randbereich nur unzureichend vom
gesunden Gewebe abgegrenzt werden. Der in Publikation Il beschriebene Korrekturfaktor fir
MR-Volumina stellt eine Berechnungsgrundlage dar, um unter ex-vivo-Bedingungen auf das

maogliche Zielvolumen schliel3en zu kénnen. Jedoch lassen diese Daten nur bedingt Ruckschlisse
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auf  in-vivo-Therapien zu. Mdoglicherweise erdffnet  die  MR-Thermometrie, die
diffusionsgewichtete MR-Bildgebung oder MR-Hybridbildgebung Wege zur eindeutigeren
Beurteilung von Thermoablationsarealen. Wie die hier vorgestellten Versuche in Publikation I
und 11 zeigten, stellen Lasionen von 5 cm Durchmesser erhdhte Anforderungen sowohl an den
Bediener, als auch an das System, insbesondere fur die akkurate Ablationsvolumenerreichung.

Wie in Publikation 111 aufgefiihrt, konnte unter Verwendung der Mikrowellen-Technik das
Ablationsvolumen mit vorherigen Flissigkeitsinjektionen nicht vergroRert werden. Somit muss
nach aktuellem Stand mit mehreren Antennen und Systemen gearbeitet werden, um groRere
Tumorherde therapieren zu konnen. Auf Grund der Unabhangigkeit der MWA vom
Flussigkeitsanteil im Gewebe kann dieses Verfahren einen Vorteil gegenliber der RFA bei

Patienten mit bindegewebigen Parenchymveranderungen wie einer Leberzirrhose haben.
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Comparison of four radiofrequency ablation systems at two target
volumes in an ex vivo bovine liver model

Hendrik Rathke, Bernd Hamm, Felix Gttler, Joern Rathke, Jens Rump, Ulf Teichgraber,

Maximilian de Bucourt

PURPOSE

We aimed to validate actually achieved macroscopic ablation
volumes in relation to calculated target volumes using four
different radiofrequency ablation (RFA) systems operated
with default settings and protocols for 3 cm and 5 cm target
volumes in ex vivo bovine liver.

MATERIALS AND METHODS

Sixty-four cuboid liver specimens were ablated with four com-
mercially available RFA systems (Radionics Cool-tip, AngioDy-
namic 1500X, Boston Scientific RF 3000, Celon CelonPower
LAB): 16 specimens for each system; eight for 3 cm, and eight
for 5 cm. Ablation diameters were measured, volumes were
calculated, and RFA times were recorded.

RESULTS

For the 3 cm target ablation volume, all tested RFA systems
exceeded the mathematically calculated volume of 14.14
cm?. For the 3 cm target ablation volume, mean ablation
volume and mean ablation time for each RFA system were
as follows: 28.5+6.5 cm?, 12.0£0.0 min for Radionics Cool-
tip; 17.1+4.9 cm?, 9.36+0.63 min for AngioDynamic 1500X;
29.7£11.7 cm?, 4.60+0.50 min for Boston Scientific RF
3000; and 28.8+7.0 cm®, 20.85+0.86 min for Celon Celon-
Power LAB. For the 5 cm target ablation volume, Radionics
Cool-tip (48.3+£9.9 cm?®, 12.0+0.0 min) and AngioDynamic
1500X (39.4£16.2 cm?, 19.5941.13 min) did not reach the
mathematically calculated target ablation volume (65.45
cm?®), whereas Boston Scientific RF 3000 (71.8£14.5 cm?,
9.15£2.93 min) and Celon CelonPower LAB (93.9+£28.1 cm?,
40.2141.78 min) exceeded it.

CONCLUSION

While all systems reached the 3 c¢m target ablation volume,
results were variable for the 5 cm target ablation volume.
Only Boston Scientific RF 3000 and Celon CelonPower LAB
created volumes above the target, whereas Radionics Cool-
tip and AngioDynamic 1500X remained below the target
volume. For the 3 cm target ablation volume, AngioDynamic
1500X with 21% deviation was closest to the target volume.
For the 5 cm target volume Boston Scientific RF 3000 with
10% deviation was closest.
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adiofrequency ablation (RFA) is a minimally invasive technique

for eliminating both primary tumors and metastases. It may be

particularly useful for treating patients with inoperable lesions or
contraindications to open surgery. Since its introduction, percutaneous
ablation has been established as an effective and safe treatment (1, 2),
especially in patients with primary and secondary malignancies of the
liver (3, 4), the kidney (5, 6), the lung (7, 8), and the breast (9, 10).

As radiofrequency (RF) energy can only be deployed in a closed elec-
trical circuit, monopolar RFA devices may require up to four neutral
electrodes (grounding pads), commonly placed on the thighs. The large
surface of the grounding pads (manufacturer-specific, up to 200 cm?) is
intended to prevent excessive heating at the skin level; the surface of
the active part(s) of the RF electrode(s) is about 100 times smaller (man-
ufacturer-specific, usually 1-5 cm?) than the grounding pad surface area.

Instead of monopolar systems with grounding pads, a different tech-
nique to apply RF energy is to use bipolar or multipolar devices (3, 11, 12).
In bipolar devices, both the cathode and the anode are positioned within
the active tip of the electrode, separated by an insulator. The current is
applied between the electrodes; no grounding pads are needed. Multipo-
lar systems induce synergetic heat effects by using a switching algorithm
between two or more electrodes to induce synergetic heat effects (3).

The volume and shape of the coagulation necrosis (due to possibly dif-
ferent diameter extensions in the three spatial dimensions) achievable
with standard clinical RF generators (apart from the generators’ monopo-
lar, bipolar or multipolar nature) depend especially on the impact of the
energy applied, probe geometry, duration of heat exposure, fluid content
of the target tissue, organ perfusion, and blood vessel density (13). Addi-
tionally, in in vivo settings, the so-called heat-sink effect has to be taken
into account. The fluid content and perfusion of the tissue and blood
vessel density in the target organ have been described as the main factors
dissipating heat from the target site and thereby resulting in a smaller
ablation volume (6).

For hepatocellular carcinoma for example, based on commonly ac-
cepted patient selection criteria, only some patients are suited for con-
ventional surgery, mainly because patients present with poor Child-
Pugh status and/or metastases in both hepatic lobes at diagnosis. Delis
and Dervenis (14) report that less than 30% of hepatocellular carcinoma
patients are eligible for liver resection; thus, approximately 70% require
different treatment approaches.

RFA may be regarded as the most commonly used interventional modal-
ity in clinical practice, either for sole intervention or in combination with
other methods, such as transarterial chemoembolization.
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In a patient, the actual volume of
an induced RFA can usually not be
dissected and assessed macroscopical-
ly after the procedure. Interventional-
ists have to rely on imaging to assess
the ablation volume and geometry of
the induced coagulation necrosis after
ablation, and hence therapeutic suc-
cess. With the different RFA systems
available on the market, it is valuable
to have a sound understanding of the
systems’ behavior, especially in terms
of ablation volume and geometry the
specific RFA system creates, that one
intends to clinically use.

The objective of this study was to
validate the measured size of actual
ablation volumes in relation to mathe-
matically calculated expected ablation
volumes of four different RFA systems
using default settings and protocols for
3 cm and 5 cm target ablation volumes
in bovine ex vivo liver.

Materials and methods
Study design

The study was designed to test four
different RFA systems (three monop-
olar and one bipolar/multipolar) in
terms of their ability to consistently
achieve two different target ablation
volumes (3 ¢cm and 5 ¢m) in bovine
ex vivo livers. RFA volumes were creat-
ed in a total of 64 cuboid liver speci-
mens (n=16 for each generator; n=8 for
3 cm and n=8 for 5 cm). For every test
series, cuboids of the same liver (pre-
viously warmed to physiological body
temperature of 37°C) were used for
all four generators to most accurately
ensure comparable tissue conditions
(including impedance). All ablations
were performed according to the man-
ufacturers’ protocols and/or on the ba-
sis of personal consultation with the
manufacturers (details are provided
in the sections on the individual RF
generators below). To ensure that the
entire coagulation volume could be
measured, the electrodes were placed
in the center of the specimen in order
to provide sufficient liver tissue for the
coagulation necrosis. The samples were
comfortably larger than the expected
lesion size. All trials were performed
without repositioning the electrodes.
The liver specimens were transected
and inspected after RFA. Ablation di-
ameters were recorded and volumes

calculated. Temperatures inside the ab-
lation volume during intervention and
RF times were recorded.

RFA systems

The following four RFA systems,
three monopolar and one bipolar/mul-
tipolar (Fig. 1, Table 1), were used as
follows:

1) Cool-Tip by Radionics/Valleylab/
Covidien, Mansfield, Massachu-
setts, USA ;

2) 1500X RF by AngioDynamics,
Latham, New York, USA ;

3) RE 3000 by Boston Scientific,
Natick, Massachusetts, USA ;

4) CelonPower LAB by Celon, Tel-
tow, Germany.

The three monopolar generators
have one (Radionics), two (AngioDy-
namics), and four (Boston Scientific)
input plugs for the grounding pads.
For all monopolar devices, a current
balancer provided by Boston Scientific
was used to evenly distribute the cur-
rent to all input plugs in order to avoid
unequal resistance caused by unequal
distribution of current (Fig. 2). For the
bipolar Celon system, the use of the
balancer was not necessary.

Cool-Tip

The Cool-Tip generator yields a
maximum output of 200 W and can
be operated in a multipolar mode in
combination with an optional switch-
ing controller, which was not used in

Figure 1. a-d. Photographs of the four RFA generators used. Cool-Tip by Radionics/Valleylab/
Covidien (a), 1500X RF by AngioDynamics (b), RF 3000 by Boston Scientific (c), and
CelonPower LAB by Celon (d).

Table 1. Overview of the four RFA systems used

Cool-Tip 1500X RF RF 3000 CelonPower LAB
Manufacturer Radionics AngioDynamics Boston Scientific Celon
Energy transmission Monopolar® Monopolar Monopolar Bi-, multipolar
Frequency 480 kHz 460 kHz 480 kHz 470 kHz
Maximum power 200 W 250 W 200 W 250 W
Applicators e 1 il 1-3
MR-compatible electrode® - + - +
Active tip* 3/2.5cm 3/5cm 3/5cm 3/4 cm
Induced energy control Impedance- Temperature- Impedance- Impedance-
mechanism controlled controlled controlled controlled
“The cluster electrode contains three electrodes in one applicator.
“The RF generators must under any circumstance remain outside the scanner room.
<For the 3/5 cm target ablation volumes, respectively.
RFA, radiofrequency ablation.
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Figure 2. Schematic diagram for the mode of operation of the current balancer provided by
Boston Scientific. The current balancer was used to evenly distribute the current to all input
plugs, irrespective of the monopolar RF device used.

our study. The system uses an imped-
ance-controlled algorithm. For abla-
tion, it is important to use chilled sa-
line in order to avoid carbonization at
the electrode. Hence, the temperature
at the measurable tip of the electrode
should not exceed 12°C, whereas the
temperature that induces coagulation
necrosis in the RFA volume is, of course,
much higher. If the impedance rises,
the system automatically stops further
delivery of energy and starts again auto-
matically after an internally predefined
decrease in impedance. For the 3 cm
ablation volume, a single Cool-Tip RF
electrode was used, and for the 5 cm
ablation volume, the Cool-Tip cluster
electrode was used. To create the lat-
ter volume, three electrodes were posi-
tioned in a prefabricated triangle with
an interelectrode distance of 0.5 cm. In
both cases, the ablation time was set to
12 min.

1500X RF

The monopolar generator 1500X RF has
a maximum output of 250 W. Unlike
the Radionics Cool-Tip, this model is
temperature controlled. Every second
tine of the electrode serves as a tem-
perature probe for monitoring the in-
ner temperature of the parenchyma
during the RFA procedure. According
to the protocol of AngioDynamics, a
power of 150 W and a target tempera-
ture of 105°C were used for all lesions;
RF time was set to 9 min to create the
3 cm ablation volume and to 15 min

to create the 5 cm ablation volume.
Based on the temperature-controlled
mechanism, the generator only started
to count off the time once the target
temperature was actually reached. The
RFA procedure may thus take longer
than the target RF time (Tables 2 and 3).
The StarBurst XL RF electrode was used
for the creation of both 3 cm and 5 cm
ablation volumes. This electrode can
be adjusted/expanded from 2 to 5 cm.
The electrode has a nine-tine Christmas
tree configuration, with the option of
introducing fluids, such as saline, into
the tissue via an open perfusion system.

RF 3000

The impedance-controlled RF 3000
yields a maximum output of 200 W.
To create a 3 cm ablation volume, ac-
cording to the protocol provided, the
initial output was set to 40 W and in-
creased every 30 s by 10 W, up to a final
output of 90 W. In case of an imped-
ance increase ahead of schedule (before
reaching the 90 W level, the so-called
roll-off), power delivery was automati-
cally discontinued for 30 s and started
again with 50% of the roll-off power. To
create a 5 cm ablation volume, accord-
ing to the protocol provided, the initial
output was set to 100 W and increased
every 30 s by 10 W, up to a final output
of 150 W. As for the 3 cm ablation vol-
ume, in case of an impedance increase
ahead of schedule (before reaching the
150 W level), power delivery was au-
tomatically discontinued for 30 s and

started again with 50% of the roll-off
power. To create the respective ablation
volumes, the umbrella-shaped twelve-
tine expandable LeVeen electrode was
expanded according to the manufactur-
er’s ablation protocol to a diameter of 3
cm for the 3 cm or to a diameter of 5 cm
for the 5 cm ablation volume.

CelonPower LAB

The CelonPower LAB yields a maxi-
mum output of 250 W and can be used
as a bipolar and multipolar device. Up
to three electrodes can be connected
to one generator. The electrode con-
tains the electric plus and minus poles
at an uninsulated active tip, divided
by an insulator. Hence, no dispersive
pad is needed. To avoid an imped-
ance rise, 15 current flows among the
three electrodes are possible through
permutations of the respective plus
and minus poles. If the impedance
increases between the two active tips,
the generator stops power delivery to
these active parts (with an automatic
algorithm switching to other current
pathways), preventing the use of this
constellation until local impedance
has decreased sufficiently. For the 3
cm lesion, two internally cooled Celon
ProSurge electrodes (T30) with a 3 cm
active tip were used. According to the
protocol, the distance between the two
electrodes was set to 1 cm. The power
was set to 60 W, and the time was set
to 20 min. For the 5 cm lesion, three
internally cooled Celon ProSurge elec-
trodes (T40) with a 4 cm active tip were
used. According to the protocol, the
distance between the three electrodes
was set to 2.5 cm in an equilateral tri-
angular configuration. In this case, the
power was set to 120 W. The time was
set to 40 min.

Liver specimen storage and preparation
The ex vivo trials were performed with
fresh bovine livers provided overnight
from the local slaughterhouse. A total
of 16 fresh livers with peritonea were
used, eight livers for the 3 cm target ab-
lation volume and eight livers for the
5 cm target ablation volume. Approx-
imately 10x10x8 cm or larger cuboids
of the livers were prepared to ensure
that the whole coagulation necrosis af-
ter RFA would easily be located inside
the parenchyma. Before the specimen

RFA systems in an ex vivo bovine liver model « 253
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Figure 3. Diagram of 60 L water plastic tub equipped with a heating rod and recirculation
pump used to warm the liver specimen to physiological body temperature of 37°C before RFA.

Figure 4. RFA setup: metal bowl filled with 0.9% saline, heated to 37°C to simulate
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physiological body temperature, current flow and heat conduction, cuboid liver specimen,

and RF electrode (white arrow). To further validate the temperature inside the parenchyma, a
fiberoptic measuring system (Neoptix, Québec, Canada; black arrow) was positioned inside the
parenchyma 1 cm from the expected center of each lesion.

preparation for RFA, all liver speci-
mens remained in a closed cold chain
of <4°C from the time of slaughter in
order to prevent premature denatur-
ation and dehydration. Before RFA, the
still-sealed <4°C liver specimens were
placed in a plastic tub containing 60 L
of water equipped with a heating rod
(Eheim Jaeger, Finsterrot, Germany)
with maximum power of 200 W and
a recirculation pump (Fig. 3). The tem-
perature in the recirculating water was

set to 37°C to simulate the physiologi-
cal body temperature just before RFA.
After reaching physiological body
temperature, the specimens were
transferred into a metal bowl (filled
with 37°C 0.9% saline to simulate
physiological current flow and heat
conduction) for RFA. The metal bowl,
connected to the generators input
plugs, served as the counter electrode
for the current and replaced the disper-
sive pads used in patients. The shape of

254 . May-June 2014 « Diagnostic and Interventional Radiology

the bowl guaranteed a current flow to
all sides of the specimen. For each RFA,
the electrode(s) was/were maneuvered
into the center of the specimen and se-
curely fixed (Fig. 4).

Lesion size measurement

After each RFA, the specimen was cut
along its electrode track. This longitu-
dinal axis of the necrosis was defined
as the x-axis. The axis perpendicular
to the plane created in this way was
defined as y-axis. To more accurately
characterize the shape and volume of
the coagulation necrosis, each created
plane was again cut orthogonally to
the x-y plane at the midpoint of the
Xx-axis; the resultant cut was measured
and summed to obtain the z-axis as a
further measure.

Targeted spherical ablation volume
is calculated as nxd?*/6, so that targeted
pheica=14-14 cm? for d=3 cm and tar-
geted V_ ,,=65.45 cm® for d=5 cm.
Actual ablation volume is calculated as
axXxyxz/6, in order to account for the
possibility of ellipsoid ablation volumes.

All diameters of the ablations were
measured, including the transitional
zone (Fig. 5). The tissue up to the mac-
roscopically visible hemorrhagic rim
has repeatedly been postulated in the
literature to correspond to a transition-
al zone from inner coagulation necro-
sis to outer normal hepatic tissue (15).
Other previous studies likewise includ-
ed the transitional zone of necrosis
in the calculation of necrotic lesion
volumes because the histopathologi-
cal correlation with NADH dehydro-
genase, as the vitality marker revealed
irreversible cell damage at the necrotic
margins and the histological assess-
ment of in vivo specimens revealed
irreversibly damaged cells within the
hemorrhagic margins (16).

Statistical analysis

Descriptive statistical data are pre-
sented as meantstandard deviation
and included data on diameters in the
X-, y-, and z-axes of the RFA as well as
the calculated volumes, average tem-
perature measured 1 cm from the RFA
center, and duration of RFA.

Differences in each group and between
groups of the diameter measurement
and volume calculation were evaluated
by means of one-way analysis of vari-
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Figure 5. RFA performed under ex vivo conditions: (I) Necrosis/carbonization zone; (lI)
coagulation zone; (lll) transitional zone. The upper right aspect depicts the three spatial
dimensions according to the defined ablation volume alignment in the x-, y-, and z-axes. Note
the central indentation of the RF electrode.

Table 2. Performance parameters of the four RFA systems for 3 cm target ablation volume

Cool-Tip 1500X RF RF 3000 CelonPower LAB
Manufacturer Radionics AngioDynamics  Boston Scientific Celon
x-axis® (cm) 4.0+0.5 3.310.3 3.71£0.6 4.0+0.5
y-axis® (cm) 3.7+0.4 3.0+0.6¢ 3.8+0.7¢ 3.5+0.4
x/y quotient? 1.09+0.14 1.14£0.23 0.98+0.18 1.1740.16
z-axis® (cm) 3.80.5 3.2+0.4 3.940.5 3.9+0.6
Volume (cm?) 28.5+6.5 17.1+4.9" 29.7+11.7 28.8+7.0
Ablation time? (min) 12.0+£0.0 9.36+0.63 4.60+0.50 20.85+0.86
Temperature? (°C) 72.5+14.9 60.8+10.9 61.6+22.0 54.2415.0
ph < 0.001 0.135 0.007 0.001
Deviation' (%) 101 21 110 103

Overall P values for ANOVA are significant (P < 0.043): i.e., x-, y-, and z-axis, and volume.

“Diameter in the longitudinal axis along the electrode track.

“Diameter in the perpendicular axis in the plane created by cutting along the electrode track.

P = 0.04 for AngioDynamics vs. Boston Scientific.

“Degree of sphericity: the more spherical, the more the ratio approaches 1.

*Diameter in the axis orthogonal to the x-y plane, at the midpoint of the x-axis on both sides, summat-
ed.

P = 0.03 for AngioDynamics vs. Boston Scientific.

9Values for ablation time and temperature have descriptive character and were not used for ANOVA.
"Double t test for paired samples: a value P < 0.05 implies a significant difference between the actual
and the mathematically calculated volume.

iPercent deviation of the actual volume from the mathematically calculated volume (14.14 cm?).
Data are presented as meanzstandard deviation for the 3 cm RF-induced coagulation necrosis.

nois, USA) was used. To compare the
test settings, ANOVA, followed by post-
hoc tests with Scheffé’s method, was
performed. A double t-test for paired
samples was performed to compare
actual vs. mathematically calculated
volumes Statistical level of significance
was set to P < 0.0S.

Results

The induced coagulation necroses
were homogeneous and continuous for
both 3 cm and 5 cm target lesion vol-
umes and for all four generators. Six-
ty-four thermal ablation volumes were
created in 16 livers. For each generator,
16 ablation volumes were produced
(eight for 3 cm ablation volumes, and
eight for 5 cm ablation volumes).

The performance parameters for the
four RFA systems are presented in Ta-
ble 2 for the 3 cm target ablation vol-
ume and in Table 3 for the 5 cm target
ablation volume.

3 c¢m target ablation volume

As indicated in Table 2, all of the RFA
systems exceeded 3 cm in diameter in
the x-, y-, and z-axes and achieved the
expected target volume for 3 cm abla-
tion volume.

The AngioDynamics system was
closest to the target volume, with a
percentage deviation of 21%. The Ra-
dionics (101%), Celon (103%), and
Boston Scientific (110%) systems had a
greater percentage deviation from the
prescribed target volume.

Considering ablation sphericity, the
most spherical 3 cm lesion, as indicated
by the x/y quotient, was produced with
the Boston Scientific system (0.98+0.18
[reciprocal equivalent to 1.02+0.21]).
The longest mean ablation diameters
of each RFA system in the three spatial
dimensions (dominant ablation axis)
were reached along the x-axis with the
single Cool-Tip electrode for the Radi-
onics, with the nine-tine expandable
electrode for the AngioDynamics, and
with the Celon ProSurge electrodes for
the Celon systems (4.0+0.5, 3.3+0.3,
and 4.0£0.5 cm, respectively); along
the z-axis as the dominant ablation
axis, the twelve-tine expandable elec-
trode for the Boston Scientific system
was longest (3.9+0.5 cm). The most

ance (ANOVA). RFA time and tempera-
ture measurement were excluded from
calculations in the analysis of variance.

For the analysis, a computer software
(Statistical Package for Social Sciences,
Version 19.01, SPSS Inc., Chicago, Illi-

ellipsoid ablation volumes in the x-y
plane were created by the Celon sys-
tem (x/y, 1.17+0.16), followed by the
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Table 3. Performance parameters of the four RFA systems for 5 cm target ablation volume

Cool-Tip 1500X RF RF 3000 CelonPower LAB
Manufacturer Radionics AngioDynamics  Boston Scientific Celon
x-axis® (cm) 4.4+0.5" 4.5+0.6" 4.1+0.5° 5.4+0.5"
y-axis® (cm) 4.6+0.4¢ 4.2+1.0¢ 5.941.0¢ 5.3£0.7
Mean x/y quotient® 0.96+0.13 1.11+0.24 0.73+0.23 1.02+0.14
z-axis' (cm) 4.6+0,59" 3.9+0.59 5.840.5" 6.1£1.19
Volume (cm?) 48.31£9.9' 39.4+16.2 71.8+14.5 93.9+28.11
Ablation time* (min) 12.0£0.0 19.5941.13 9.15£2.93 40.21£1.78
Temperature* (°C) 60.0+23.2 57.6+23.0 84.5+7.7 79.6+18.6
P! 0.002 0.003 0.25 0.024
Deviation™ (%) 26 40 10 43

Overall P values for ANGVA are significant (P < 0.004): i.e., x-, y-, z-axis, x/y quotient, and volume.
*Diameter in the longitudinal axis along the electrode track.
°P = 0.01 for Radionics vs. Celon; P = 0.001 for AngioDynamics vs. Celon; P < 0.001 for Boston Scientific

vs. Celon.

‘Diameter in the perpendicular axis in the plane created by cutting along the electrode track.

4P = 0.03 for Radionics vs. Boston Scientific; P = 0.003 for AngioDynamics vs. Boston Scientific.
*Degree of sphericity: the more spherical, the more the ratio approaches 1.

‘Diameter in the axis orthogonal to the x-y plane, at the midpoint of the x-axis on both sides, summated.
9P = 0.002 for Radionics vs. Celon; P < 0.001 for AngioDynamics vs. Celon.

"P = 0.02 for Radionics vs. Boston Scientific; P < 0.001 for AngioDynamics vs. Boston Scientific.

'P < 0.001 for Radionics vs. Celon; P < 0.001 for AngioDynamics vs. Celon.

IP = 0.02 for AngioDynamics vs. Boston Scientific.

“alues for ablation time and temperature measurement have descriptive character and were not used

for ANOVA.

'Double t test for paired samples: a value P < 0.05 implies a significant difference between the actual and

the mathematically calculated volume.

"Percentage deviation of the actual volume from the mathematically calculated volume (65.45 cm?).
Data are presented as meantstandard deviation for the 5 cm RF-induced coagulation necrosis.

AngioDynamics and Radionics systems
(x/y, 1.14£0.23 and 1.09+0.14).

The largest mean ablation volume
was produced with the monopolar Bos-
ton Scientific system with expandable
electrodes (29.7+£11.7 cm? mean abla-
tion time, 4.6+0.50 min), followed by
the bipolar Celon (28.8+7.0 cm?* mean
ablation time, 20.85+0.86 min) and the
Radionics systems (28.5+£6.5 cm?; mean
ablation time, 12+0.00 min; used in
monopolar mode). The smallest mean
ablation volume was reached with the
AngioDynamics system (17.1+4.9 cm?;
mean ablation time, 9.36+0.63 min).
There was a significant difference in
volume between the Boston Scientific
and AngioDynamics systems (P = 0.03).

Accounting for the possibility of el-
lipsoid volumes (V,, _ =1*x*y*z/6;
with x, y, and z being the mean abla-
tion diameters of the respective spatial
axes), all of the tested RFA systems ex-
ceeded the mathematically calculated
target ablation volume of 14.14 cm?.

5 cm target ablation volume
As indicated in Table 3, only the Ce-
lon system achieved at least 5 cm di-

ameters in the x-, y-, and z-axes. The
Radionics, Boston Scientific and An-
gioDynamics systems did not achieve
the preset diameters in all three axes.

With a percentage deviation of 10%
the Boston Scientific system was clos-
est to the set volume. The Radionics
(26%) the AngioDynamics (40%), and
the Celon system (43%) had greater
percentage deviations from the pre-
scribed target volume.

In terms of ablation sphericity, the
most spherical 5 cm lesion, as indicat-
ed by the x/y quotient, was produced
with the Celon system, using three
electrodes in a triangular configuration
(x/y, 1.02+0.14). The longest mean ab-
lation diameters within each RFA sys-
tem in the three spatial dimensions
(dominant ablation axis) were reached
along the x-axis with the expandable
nine-tine electrode for the AngioDy-
namics system (4.5+0.6 cm), along the
y-axis with the Cool-Tip cluster elec-
trode for the Radionics system or with
the 12-tine expandable electrode for
the Boston Scientific system (4.6+0.4
cm; 5.941.0 cm), and along the z-ax-
is with the Celon ProSurge electrodes
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for the Celon system (6.1+1.1 cm). The
most ellipsoid ablation volumes in the
x/y plane were created by the Boston
Scientific system (x/y, 0.73+0.23 [re-
ciprocal equivalent to 1.37+0.33]).

The largest mean ablation volume
was produced with the Celon sys-
tem (93.9+28.1 cm? mean ablation
time, 40.21+1.78 min), followed by
the Boston Scientific (71.8£14.5 cm?;
mean ablation time, 9.15+2.93 min)
and the Radionics systems (48.3+9.9
cm? mean ablation time, 12.0+0.0
min; used in monopolar mode). The
smallest mean ablation volume was
reached with the AngioDynamics sys-
tem (39.4+16.2 cm® mean ablation
time, 19.59+1.13 min). There was a sig-
nificant difference in the volumes be-
tween the Celon system and both the
Radionics and AngioDynamics systems
(each P < 0.001), as well as between the
AngioDynamics and Boston Scientific
systems (P = 0.02).

Accounting for the possibility of el-
lipsoid volumes, the Radionics system
(V=48.3+9.9 c¢m®) and the AngioDy-
namics system (V=39.4+16.2 cm?) did
not reach the mathematically calculat-
ed target ablation volume of 65.45 cm?,
whereas the Celon system (V=93.9+28.1
cm?) and the Boston scientific system
(V=71.8%14.5 cm?) exceeded it.

Discussion

The aim of this study was to validate
the agreement of mathematically cal-
culated ablation volumes with the ac-
tual ablation volumes produced with
four RFA systems using the default set-
tings. This was achieved by evaluating
how accurately the four systems test-
ed achieved the predefined ablation
diameters of 3 cm and 5 cm and the
associated volumes of 14.14 and 65.45
cm®. Mathematical volumes of 3 cm
and 5 cm were tested to challenge the
four RFA systems with a common le-
sion size, as well as with the maximum
comparable lesion sizes.

Achieving an adequate predefined
ablation volume may be regarded as an
important prerequisite for the safe and
successful RFA of a tumor. It is there-
fore essential to most accurately obtain
this desired ablation volume without
overly exceeding it (and thereby pos-
sibly damaging too much healthy tis-
sue or important nearby structures),
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as well as to be able to reproduce the
results with little variability.

Having a sound understanding, not
only of the three-dimensional shape
but also of the orientation of the (pos-
sibly ellipscid) ablation volume to be
induced by the RF device inside the
organ is crucial for preventing tumor
progression and achieving therapeu-
tic success, Im a 5 am target ablation
volume, for instance, it is crucial to
be aware that the 12-tine expandable
electrode of the Boston Scientific sys-
tem creates its longest ablation di-
ameter along the y-axis, whereas the
ablation diameter along the x-axis is
considerably shorter.

For all REA systemns, a homogeneous
and continuous target ablation volume
with 3 ¢m in diameter {equivalent to
14.14 cm?®) was comfortably achieved.
A rather spherical ablation zone was
observed with the Boston Scientific
system. The other three devices created
more ellipsoid ablation volumes.

For the 3 cm ablation, the AngioDy-
narmics system was closest to the math-
ematically calculated volume, with
a deviation of 21% (actual volume of
17.1 cm® in comparison to the math-
ematically calculated volume of 14.14
cm?). The other three systems deviated
from the target volume by over 100%:
Radionics, 1G1% (actual volume, 28.5
cm?), Celon, 1039 (28.8 cm?), and Bos-
ton Scientific, 110% (29.7 cm?®).

In contrast, the 5 cm diameter target
ablation volume (equivalent to 65.45
cm®y was still comfortably exceeded
with the Celon system and the Boston
Scientific system, whereas the Radi-
onics and the AngioDynamics systems
failed to achieve the target volume.

in this regard, several factors have
to be taken into account. The Cool-
Tip cluster electrode for the Radionics
system recently received a modified
approval for ablations of up to 4.2x4.5
cm in diameter (tested by the manu-
facturer in 20°C bovine livers without
repositioning of the electrode; manu-
facturer’s data). For larger target abla-
tion volumes, the use of a switching
controller in combination with the RF
genterator and three separate monop-
olar electrodes is recommended. An
alternative option is to reposition the
clectrode after the first ablation to ex-
pand the target volume,.

To obtain an impression of which
maximum diameters and volumes the
Radionics system in combination with
the cluster electrode is able to create in
our standardized test set-up, the trials
were performed without switching the
controilers.

With the temperature-controlied An-
gioDynamics system, the achieved abia-
tion diameters for the 5 am target abla-
tion volume ranged from 3.5 to 6.3 cm.
In this RF series, the first two and again
the last two ablation diameters exceed-
ed 5 cm. We assumed that this is a coin-
cidence or an unidentified malfunction
of the generator, as no other explana-
tion is apparent for this variation.

The large target ablation volume
achieved with the Celon system
(93.9+28.1 cm®) may be favored by
the long ablation time of 40 min in
comparison to 20, 12, and 9 min for
the other generators (AngioDynarnics,
Radionics, Boston Scientific, respec-
tively). The long ablation time has the
potential to smoothen and to more
consistently secure a higher energy de-
posit in the parenchyma. In any case,
the tendency to create large volumes
with this RFA system in 5 cm target
diameter ablations should be taken
into account in order to most accurate-
ly obtain the desired ablation volume
without exceeding. With the 12-tine
monopolar LeVeen electrode of the
Boston. Scientific system, the ablation
volume (71.8414.5 cmr’) was still above
the target volume of 65.45 cm?. For the
5 cm target volume, the Boston Scien-
tific system created a doughnut-like
outer ablation shape (no central area
of sparing inside the produced lesion).
The Radionics systemn created a spher-
ical coagulation, while the AngioDy-
namics and Celon systems created
ellipsoid coagulations. One factor con-
tributing to the dimensions of the pro-
duced ablation volumes may also be
heat trapping between the electrodes
{17, 18).

For the 5 cm ablation, the Boston
Scientific system, with a 10% deviation
and an actual volume of 71.8 cm?, was
closest to the mathematically calculat-
ed volume of 65.45 cm® The Radionics
system (26%, 48.3 cm®) and the An-
gioDynamics system (40%, 39.4 cm?)
remained below the target volume,
The Celon system created a volume

93.9 cm?, corzesponding to a 43% devi-
ation from the target volume.

Increased vascularization, large ves-
sels in the vicinity (heat sink effect),
or changes in the parenchymal con-
sistency (e.g., cirrhosis or chemother-
apy) may have different effects on the
ablation volumes achieved in patients
that were not accounted for in this ex
vive study design. Additionally, the ab-
lations were performed in disease- and
tumor-free parenchyma, which may
render different volumes compared to
the RFA of a lesion.

A comparison of the energy deposit-
ed in the tissue by the four generators
investigated was not possible, as the
Celon and the AngioDynamics sys-
tems do, but the Radionics and Boston
Scientific systems do not, feature the
required software. Calculating the elec-
tricity consumption was not consid-
ered appropriate, as the generators (as
well as possible supplemnents such as sa-
line pumps) require different amounts
of power, precluding a straightforward
comparisen of the energy delivered to
the tissue from an electricity consump-
tion approach.

A possible limitation of the RF tech-
nique in general, concerning its heat
conduction in a clinical setting, is the
heat-mediated dehydration of a tissue,
which is followed by carbonization
and an increase in impedance that
may reduce the RF output into the tar-
get volume.

The wide range of achieved ablation
diameters and volumes (Tables 2, 3)
and the standard deviations for each
of the four devices, despite the high-
ly controlled environment, requires
some explanation. In an ex vive setting,
a consistent ablation volume is only
achieved if the tissue conditions are
identical, especially if the impedance
remains constant. Small differences
int hydration or tissue properties (e.g.,
fatty liver, animal age) are sufficient
to cause differences in impedance and
hence to result in deviations from the
target diameter and volume. In the de-
vices used in our study, a marked rise
in impedance shuts down the pow-
er supply to avert the carbonization
caused by the dehydration of the sur-
rounding tissue (11). This power fluc-
tuation may resulf in lower or higher
ablation volumes, explaining the wide
range of volumes measured.
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In vivo studies have shown that the
RFA volumes achieved in cirrhotic liv-
ers or after chemotherapy may vary
due to changes in the liver impedance
(19). Therefore, the assessment of abla-
tion-induced tissue lesions by validat-
ed imaging techniques is essential.

However, although the experiments
were conducted under near physiolog-
ical conditions, the heat sink effect, a
main cause of inadequate ablation (3),
was absent in our experimental setup.
Therefore, a larger necrosis volume
should not necessarily be considered
a disadvantage of each respective sys-
tem; rather, this may provide the re-
serve necessary to compensate for a
high vessel density in tumor tissues.

When using one of the tested RFA
systems, it is important to keep in
mind that our results are ex vivo results
and may differ from ablation diame-
ters in vivo.

In conclusion, it is neither intended
nor possible to make a straightforward
recommendation in favor of one of the
RFA systems tested in this study. The
RFA systems available on the market
differ. Interventionalists need to keep
this in mind and gain a sound under-
standing, especially of the ablation vol-
ume and geometry of their specific RFA
system in order to achieve therapeutic
success. Other factors must also be
taken into account, ranging from the
patient group to be treated (tumor en-
tity, location, configuration, volume,
shape, and disease progression) to the
integration into a hospital’s workflow
(subjective ease of handling, accep-
tance by other staff working with the
RFA system in daily clinical routine, RF
time, and economic efficiency).

Conflict of interest disclosure
The authors declared no conflicts of interest.

References

1. Tacke ]. Percutaneous radiofrequency
ablation-clinical indications and results.
Rofo 2003; 175:156-168. [CrossRef]

2. Gazelle GS, Goldberg SN, Solbiati L, Livra-
ghi T. Tumor ablation with radiofrequen-
cy energy. Radiology 2000; 217:633-646.
[CrossRef]

3. Brace CL, Sampson LA, Hinshaw JL, Sand-
hu N, Lee FT Jr. Radiofrequency ablation:
simultaneous application of multiple
electrodes via switching creates larger,
more confluent ablations than sequen-
tial application in a large animal model.
J Vasc Interv Radiol 2009; 20:118-124.
[CrossRef]

4. Lee DH, Lee JM, Lee JY, Kim SH, Han JK,
Choi BI. Radiofrequency ablation for in-
trahepatic recurrent hepatocellular carci-
noma: long-term results and prognostic
factors in 168 patients with cirrhosis.
Cardiovasc Intervent Radiol 2013 Aug 3.
[Epub ahead of print] [CrossRef]

5. Tacke ], Mahnken AH, Gunther RW.
Percutaneous thermal ablation of renal
neoplasms. Rofo 2005; 177:1631-1640.
[CrossRef]

6. Mahnken AH, Rohde D, Brkovic D, Gun-
ther RW, Tacke JA. Percutaneous radiofre-
quency ablation of renal cell carcinoma:
preliminary results. Acta Radiol 2005;
46:208-214. [CrossRef]

7. Lee H, Jin GY, Han YM, et al. Comparison
of survival rate in primary non-small-cell
lung cancer among elderly patients treat-
ed with radiofrequency ablation, surgery,
or chemotherapy. Cardiovasc Intervent
Radiol 2012; 35:343-350. [CrossRef]

8. Kim SR, Han HJ, Park S], et al. Compari-
son between surgery and radiofrequency
ablation for stage I non-small cell lung
cancer. Eur J Radiol 2012; 81:395-399.
[CrossRef]

9. Ohtani S, Kochi M, Ito M, et al. Radiof-
requency ablation of early breast cancer
followed by delayed surgical resection--a
promising alternative to breast-conserv-
ing surgery. Breast 2011; 20:431-436.
[CrossRef]

258 - May-June 2014 - Diagnostic and Interventional Radiology

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Meloni MF, Andreano A, Laeseke PF,
Livraghi T, Sironi S, Lee FT Jr. Breast
cancer liver metastases: US-guided per-
cutaneous radiofrequency ablation--in-
termediate and long-term survival rates.
Radiology 2009; 253:861-869. [CrossRef]
Clasen S, Rempp H, Schmidt D, et al. Mul-
tipolar radiofrequency ablation using inter-
nally cooled electrodes in ex vivo bovine
liver: correlation between volume of coag-
ulation and amount of applied energy. Eur
J Radiol 2012; 81:111-113. [CrossRef]
Bruners P, Schmitz-Rode T, Gunther RW,
Mahnken A. Multipolar hepatic radiof-
requency ablation using up to six appli-
cators: preliminary results. Rofo 2008;
180:216-222. [CrossRef]

Desinger K, Stein T, Tschepe J. Investiga-
tions on radiofrequency current applica-
tion in bipolar technique for interstitial
thermotherapy (RF-ITT). Minimal Inva-
sive Medizin 1996; 7:92-97.

Delis SG, Dervenis C. Selection criteria for
liver resection in patients with hepatocel-
lular carcinoma and chronic liver disease.
World ] Gastroenterol 2008; 14:3452-
3460. [CrossRef]

Lee JD, Lee JM, Kim SW, Kim CS, Mun
WS. MR imaging-histopathologic correla-
tion of radiofrequency thermal ablation
lesion in a rabbit liver model: observation
during acute and chronic stages. Korean ]
Radiol 2001; 2:151-158. [CrossRef]
Streitparth F, Knobloch G, Balmert D, et
al. Laser-induced thermotherapy (LIT-
T)--evaluation of a miniaturised applica-
tor and implementation in a 1.0-T high-
field open MRI applying a porcine liver
model. Eur Radiol 2010; 20:2671-2678.
[CrossRef]

Frericks BB, Ritz JP, Roggan A, Wolf K], Al-
brecht T. Multipolar radiofrequency abla-
tion of hepatic tumors: initial experience.
Radiology 2005; 237:1056-1062. [CrossRef]
Pereira PL, Trubenbach ], Schenk M, et al.
Radiofrequency ablation: in vivo compar-
ison of four commercially available devic-
es in pig livers. Radiology 2004; 232:482—
490. [CrossRef]

Glaiberman CB, Pilgram TK, Brown DB.
Patient factors affecting thermal lesion
size with an impedance-based radiofre-
quency ablation system. ] Vasc Interv Ra-
diol 2005; 16:1341-1348. [CrossRef]

Rathke et al.

35



PUBLIKATION Il por: 10.1515/8MT-2014-0174. Die Verlagsversffentlichung ist verfigbar unter www.degruyter.com.

DE GRUYTER

Biomed. Eng.-Biomed. Tech. 2015; 60(6): 521-531

Hendrik Rathke, Bernd Hamm, Felix Guettler, Philipp Lohneis, Andrea Stroux,
Britta Suttmeyer, Martin Jonczyk, Ulf Teichgraber and Maximilian de Bucourt*

Volume comparison of radiofrequency ablation
at 3- and 5-cm target volumes for four different
radiofrequency generators: MR volumetry in
an open 1-T MRI system versus macroscopic

measurement

DOI 10.1515/bmt-2014-0174
Received November 26, 2014; accepted May 7, 2015; online first June
9, 2015

Abstract

Introduction: In a patient, it is usually not macro-
scopically possible to estimate the non-viable volume
induced by radiofrequency ablation (RFA) after the pro-
cedure. The purpose of this study was to use an ex vivo
bovine liver model to perform magnetic resonance (MR)
volumetry of the visible tissue signal change induced
by RFA and to correlate the MR measurement with the
actual macroscopic volume measured in the dissected
specimens.

Materials and methods: Sixty-four liver specimens
cut from 16 bovine livers were ablated under constant
simulated, close physiological conditions with target
volumes set to 14.14 ml (3-cm lesion) and 65.45 ml (5-cm
lesion). Four commercially available radiofrequency (RF)
systems were tested (n=16 for each system; n=8 for 3 cm
and n=8 for 5 cm). A Tl-weighted turbo spin echo (TSE)
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sequence with inversion recovery and a proton-density
(PD)-weighted TSE sequence were acquired in a 1.0-T
open magnetic resonance imaging (MRI) system. After
manual dissection, actual macroscopic ablation diame-
ters were measured and volumes calculated. MR volume-
try was performed using a semiautomatic software tool.
To validate the correctness and feasibility of the volume
formula in macroscopic measurements, MR multiplanar
reformation diameter measurements with subsequent
volume calculation and semiautomatic MR volumes were
correlated.

Results: Semiautomatic MR volumetry yielded smaller
volumes than manual measurement after dissection,
irrespective of RF system used, target lesion size, and MR
sequence. For the 3-cm lesion, only 43.3% (T1) and 41.5%
(PD) of the entire necrosis are detectable. For the 5-cm
lesion, only 40.8% (T1) and 37.2% (PD) are visualized in
MRI directly after intervention. The correlation between
semiautomatic MR volumes and calculated MR volumes
was 0.888 for the T1-weighted sequence and 0.875 for the
PD sequence.

Conclusion: After correlation of semiautomatic MR vol-
umes and calculated MR volumes, it seems reasonable to
use the respective volume formula for macroscopic volume
calculation. Hyperacute MRI after ex vivo intervention
may result in the underestimation of the real expansion
of the produced necrosis zone. This must be kept in mind
when using MRI for validating ablation success directly
after RFA. One reason for the discrepancy between macro-
scopic and MRI appearance immediately after RFA may be
that the transitional zone shows no or only partially vis-
ible MR signal change.

Keywords: interventional radiology; liver; magnetic reso-
nance (MR) volumetry; open magnetic resonance imaging
(MRI); radiofrequency ablation.
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Introduction

Several studies have shown radiofrequency ablation (RFA)
to be a safe and reliable interventional procedure for treat-
ing both primary and secondary malignancies [16]. Liver
neoplasms are common, and hepatocellular carcinoma
(HCC) is among the six most common neoplasms, with an
age-adjusted worldwide incidence of 16 cases per 100,000
inhabitants [7]. HCC has poor prognosis and is the third
leading cause of cancer-related mortality, accounting for
about 600,000 deaths annually [23, 31]. Therefore, RFA
has evolved into a first-line treatment option for HCC
under certain conditions [9].

According to the Barcelona Clinic Liver Cancer (BCLC)
classification, only 20-30% of patients with HCC are con-
sidered for liver resection and transplantation [6] due to
various patient-related factors such as performance status
and Child-Pugh class, disease stage, and size and distribu-
tion of liver lesions [9]. The BCLC HCC staging and treat-
ment guidelines recommend RFA for early stage A cancer
in patients with either a single nodule <5 cm or three or
fewer nodules <3 cm who have Child A-B liver disease
and comorbidity, e.g., portal hypertension, splenomegaly,
or abnormal bilirubin levels. For very early stage 0 HCC
patients, RFA can be regarded as equivalent to liver resec-
tion [10]. Interventional procedures aim at complete tumor
ablation while preserving healthy liver tissue. Kim et al. [12]
recommend a minimum safety margin of 0.3 cm around
the actual tumor to reduce local tumor progression.

The outcome of RFA can be evaluated by compar-
ing the imaging appearance before and after ablation.
Imaging modalities such as computed tomography (CT),
magnetic resonance imaging (MRI), and ultrasound (US)
have been used for this purpose [15, 27].

The ablative margin at the transition from ablated
tissue to healthy parenchyma is conventionally assessed by
comparing CT or MR images obtained before and after inter-
vention [13]. Several investigators have pointed out that
the primary tumor is often surrounded by microsatellite
nodules, which have to be eliminated as well to ensure suc-
cessful outcome [13, 22]. In clinical routine, it is not possible
to dissect and inspect the liver for histological confirmation
of complete tumor ablation. Instead, imaging procedures
are used to assess the ablative margin and volume by com-
paring tumor size and shape with the ablated volume. For
the evaluation of the ablative margin, MRI has been shown
to be more sensitive for evaluating the ablative margin in
the early period after ablation [1, 2, 28].

We conducted an experimental study comparing four
different RFA generators at two different preset volumes in
an open MRI system. As in real patients, it is not possible
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to evaluate the real macroscopic extent of the ablation
volume after the procedure, and the aim of this study was to
evaluate the feasibility of MR volumetry directly after RFA
and to assess its capability of defining the dimensions of
the necrosis produced by RFA in comparison to the actual
macroscopically dissected specimen. Second, as the RFA-
induced necrosis consists of three distinct zones, we aimed
to evaluate whether the outer necrosis zone is detectable
by MRI as well and whether there are differences with
respect to lesion size and the generator type used for RFA.

Materials and methods
Procedure

Four different RFA systems (three monopolar and one bipolar/
multipolar electrode) were used to create ablation diameters of 3 and
5 cm in ex vivo bovine liver. A total of 64 liver specimens cut from 16
livers were used to perform 16 ablations with each of the four RFA
generators (3-cm lesion, n=8; 5-cm lesion, n=8). To ensure identi-
cal baseline conditions (e.g., impedance, tissue moisture), cuboids
cut from the same liver were tested with all four generators. All
specimens were heated to the physiological body temperature of
37°C. A detailed description of the experimental setup, generators
including respective specifications, and ablation protocols used has
recently been published [25].

After ablation, the liver specimens were examined by MRI in an
open 1.0-T system (Philips Panorama 1.0T, Philips Medical Systems,
Best, the Netherlands) using an inversion-recovery Tl-weighted and
a proton-density (PD)-weighted sequence (see Table 1 for details).
After MRI, the specimen was transected and inspected. Lesion diam-
eters were measured and volumes calculated. MR volumetry was per-
formed using a software tool provided by the manufacturer [Extended
MR WorkSpace 2.6.3.2 (2009) (hardware: Dell, Round Rock, TX, USA;
software: Philips Medical Systems, Best, the Netherlands)].

Radiofrequency (RF) systems

For all monopolar devices, a current halancer was used to equally
distribute energy to the grounding pad input plugs, thereby avoid-
ing increased resistance due to unequal distribution of current. This
system was not in use for the bipolar generator.

Radionics Cool Tip (Cool Tip; Covidien, Mansfield, MA, USA): The
Cool Tip RF electrode was used for the 3-cm-target ablation. For the
5-cm ablation, the customary Cool Tip cluster electrode was used. In
both cases, the ablation time was set to 12 min, and the internally
cooled electrodes were cooled by 4°C NaCl fluid.

Note that the Radionics/Valleylab cluster electrode used to be
approved for ablation of lesions up to 5 cm without the need for
repositioning. It is now marketed for ablating lesions up to 4.2 cm.
However, because of its frequent use in clinical routine and to ensure
comparabhility to the other devices tested, it was included to assess
the capability to create a 5-cm-ablation volume as well.
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Table 1: MR sequence parameters.
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TR (ms) TE(ms) TI(ms) FOV

Voxelsize Flip angle Slice thickness (mm) Slice gap (mm)

RL(mm) AP(mm) FH(mm) RL(mm) FH(mm)

200
230

T1TSEIR®
PD TSE®

800 12 50
1800 30 -

118 51
148.9 31

0.6
0.8

0.5 - 4 -3
0.6 90 3 -2

Inversion-prepared T1-weighted TSE sequence.
"Pseudo-PD-weighted TSE sequence.

PD, proton-density-weighted; TSE, turbo spin echo; IR, inversion repeat; TR, repetition time; TE, echo time; Tl, inversion time; FOV, field of

view; RL, right-left; AP, anterior-posterior; FH, feet-head.

1500X RF by AngioDynamics (1500X RF; AngioDynamics, Latham, NY,
USA): For this generator, the StarBurst XL RF electrode was used for
both the 3- and the 5-cm target ablation. This electrode has a 9-tine
Christmas tree-shape configuration and can be expanded from 2to 5 cm
for adjustment to the target lesion during the intervention according to
the manufacturer’s protocol. This generator type features temperature-
controlled current delivery to the electrode. After reaching a preset tem-
perature level, the current delivery stops by manufacturer default.

The preset ablation times were 9 min for the 3-cm lesion and 15 min
for the 5-cm lesion. Different time values in Tables 2 and 3 occurred
because of the time delay due to heating up from 37°C to the preset tem-
perature of 105°C for both lesion sizes. The ablation time started when
the preset temperature inside the parenchyma was reached.

Table 2: Three-centimeter target ablation volume: results.

RF 3000 by Boston Scientific (RF 3000; Boston Scientific, Marlborough,
MA, USA): For this generator, an umbrella-like 12-tine expandable
electrode (LeVeen) was used and expanded to its 3-cm setting for 3-cm
ablation and to its 5-cm maximum for the 5-cm target lesion.

According to the manufacturer’s protocol, for a 3-cm lesion size,
the initial power output was set to 40 W and incremented in steps of
10 W after every 30 s until the final output of 90 W was reached. For the
5-cm target ablation, the initial output was set to 100 W and increased
in identical steps until maximum output of 150 W was reached.

In case of an early increase in resistance (so-called roll-off by
the manufacturer), energy delivery was paused for 30 s and the pro-
cedure started again at half the energy output reached before the roll-
off, according to the manufacturer’s protocol.

Radionics Cool Tip AngioDynamics Boston Scientific Celon
model 1500X RF 3000 CelonPower LAB
Macroscopic measurement and calculation
Mean ablation time (min) 12£0.00 9.36+0.63 4.6+0.50 20.85+0.86
Volume including TZ (ml) 28.2+6.5 17.1+4.9 29.7+11.7 28.7£7.0
Volume excluding TZ (ml) 9.8+3.7 5.5+3.5 13.1+12.2 9.7+3.6
Volume of the TZ (ml) 18.4+2.1 11.6+1.0 16.6+0.3 19.1+2.4
Percentage portion® 65.2 67.8 55.9 66.6
T1 IR sequence
MR volume (ml) 15.2+£2.3 6.3+2.3 12.946.5 11.3£5.2
Percentage deviation T1 vs. 46.0 63.4 56.8 60.6
volume including TZ (%)<
Correction factor 1.85 2.73 2.31 2.54
PD TSE sequence
MR volume (ml) 13.4+3.0 6.1+1.6 11.546.0 12.8+2.7
Percentage deviation PD TSE vs. 52.4 64.5 61.4 55.5
volume including TZ (%)
Correction factor 2.10 2.82 2.59 2.25

Data are presented as mean+SD for the 3-cm RF-induced coagulation necrosis. Correlation of MR volumes using T1 sequence vs. volumes
including TZ, 0.592 (p<0.01), T1 sequence vs. volumes excluding TZ, 0.548 (p<0.01), PD sequence vs. volumes including TZ, 0.621 (p<0.01),
and PD sequence vs. volumes excluding TZ, 0.519 (p<0.01). Statistically significant differences were detected for the volume including T2
vs. MR volume: T1, p<0.01; PD, p<0.01. No significant differences were detected for the volume excluding TZ vs. MR volume: T1, p=0.076;
PD, p=0.069. The difference between volume including TZ vs. volume excluding TZ was significant, p<0.001. TZ, transitional zone; PD,

proton-density-weighted; TSE, turbo spin echo; IR, inversion repeat.
?Portion of the TZ in relation to the entire necrosis volume.

"The value of the percentage deviation implies the non-visible amount of the necrosis in MRI. The visible part results by calculating

100%-(percentage deviation).
‘Average value, 56.7%.
dAverage value, 58.6%.

38



524 = H.Rathke et al.: RF ablation volume validation

Table 3: Five-centimeter target ablation volume: results.
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Radionics AngioDynamics Boston Scientific Celon CelonPower
Cool Tip model 1500X RF 3000 LAB
Macroscopic measurement and calculation
Mean ablation time (min) 1240.00 19.59+1.13 9.15%2.93 40.21+1.78
Volume including TZ (ml) 48.34£9.9 39.3+16.1 71.8+14.5 93.9428.1
Volume excluding TZ (ml) 19.317.5 11.546.9 26.618.4 42.7424.5
Volume of the TZ (ml) 28.9+1.7 27.816.6 45.214.3 51.2+2.6
Percentage portion® 59.8 70.1 63.0 54.5
T1 IR sequence
MR volume (ml) 16.413.4 16.746.2 29.616.9 42.6120.4
Percentage deviation T1 vs. volume 66.0 57.4 58.8 54.6
including TZ (%)°<
Correction factor 2.94 2.35 2.43 2.20
PD TSE sequence
MR volume (ml) 15.613.6 15.246.3 27.4£7.2 37.5+£15.0
Percentage deviation PD vs. volume 67.7 61.5 61.8 60.1
including TZ (%)~*
Correction factor 3.09 2.59 2.62 2.51

Data are presented as mean+SD for the 5-cm RF-induced coagulation necrosis. Correlation of MR volumes using T1 sequence vs. volumes
including TZ, 0.903 (p<0.01), T1 sequence vs. volumes excluding TZ, 0.706 (p<0.01), PD sequence vs. volumes including TZ, 0.893
(p<0.01), and PD sequence vs. volumes excluding TZ, 0.744 (p<0.01). Statistically significant differences were detected for the volume
including TZ vs. MR volume: T1, p<0.01; PD, p<0.01. No significant differences were detected for the volume excluding TZ vs. MR volume:
T1, p=0.102; PD, p=0.905. The difference between volume including TZ vs. volume excluding TZ was significant, p<0.001. TZ, transitional
zone; PD, proton-density-weighted; TSE, turbo spin echo; IR, inversion repeat.

2Portion of the TZ in relation to the entire necrosis volume.

®The value of the percentage deviation implies the non-visible amount of the necrosis in MRI. The visible part results by calculating

100%-(percentage deviation).
‘Average value, 59.2%.
dAverage value, 62.8%.

Celon Power Lab (Celon; Olympus, Shinjuku, Tokyo, Japan): With
the Celon generator, up to three electrodes were connected to cre-
ate a specific ablation volume. Two internally cooled electrodes
(Celon ProSurge T30) with a 3-cm active tip placed in a line with
an inter-electrode distance of 1 cm were used for the 3-cm lesion.
The maximum preset power output for this system was 60 W for
20 min.

For the 5-cm lesion, three internally cooled electrodes (Celon
ProSurge T40) with a 4-cm active tip were used. According to the
manufacturer’s protocol, the electrodes were positioned in a triangle
configuration with an inter-electrode distance of 2.5 cm. A template
provided by the manufacturer was used to keep the exact distance.
The maximum power output was set to 120 W for 40 min.

Experimental procedure

Bovine liver specimens with a size of approximately 10x10x10 cm were
prepared to ensure that the resulting ablation lesions were completely
surrounded by liver parenchyma plus a margin to all sides even for the
larger ablation volumes and inhomogeneous ablation shapes.

The specimens were stored at a temperature below 4°C until
warmed to physiological body temperature to avoid premature dena-
turation and dehydration of the parenchyma before the test series.

For the test series, the specimens were first slowly heated to
37°C in a water tub and then transferred into a bowl filled with 0.9%

saline to ensure physiological current flow and heat conduction.
The grounding pad cables were connected to the metal howl, which
served as surface for the grounding pads.

The electrode(s) were placed in the center of the specimen, tak-
ing care that the active tip or the tines of specially configured elec-
trodes were in the center of the specimen to create an ablation zone
completely surrounded by tissue [25].

Histopathological examination was performed exemplarily in
one randomly selected case after ablation and dissection.

Sequences, MR protocol, and MR volumetry

After ablation, the specimen was scanned in an open 1.0-T MRI
system. The MR pulse sequence parameters are summarized in
Table 1.

Two sequences were tested. First, a Tl-weighted turbo spin echo
(TSE) echo sequence with an inversion recovery (IR) was used. IR was
selected to invert the contrast of long and short T1 signals; thus, long
T1 signals appeared bright. Second, an improved PD-weighted TSE
sequence was used. Both sequences were adjusted for bovine liver
tissue, i.e., diffusion weighted imaging sequences as well as contrast
agents were not performed in this ex vivo study.

Images were assessed with the Extended WorkSpace for
a volumetric calculation, using the Extended MR WorkSpace
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software version 2.6.3.2 (2009). With this system, it was possible to
evaluate the dimension, shape, and volume of the resulting abla-
tion lesion on multiplanar reformations (MPRs) and volumetric
evaluation using a semiautomatic software tool (MR Systems Pan-
orama HFO Release 2.6.5.0 2009-09-30; Philips Medical Systems,
Best, the Netherlands).

To validate the correctness of the volume calculated by the semi-
automatic software, diameters of the lesion identified by MRI were
additionally measured virtually with the software using the same for-
mula as for manual macroscopic measurement (formula explained in
the Calculation section). Semiautomatic MR volume measurement and
volume calculation by MR MPR diameter measurement were corre-
lated. MR diameter measurement and subsequent volume calculation
was only used for validation purposes; all other calculations were per-
formed with the semiautomatically detected volumes. Figure 1 illus-
trate how MR volumetry was performed for a 3-cm lesion by applying
the semiautomatic software tool to the MPRs generated from data sets
acquired with the T1- and PD-weighted TSE sequence.

Lesion size measurement

After MR measurement, each specimen was cut along its electrode
track. This axis of the induced RF necrosis was defined as the x-axis.
The diameter perpendicular to the cutting plane was defined as the
y-axis. The z-axis was defined perpendicular to the x- and y-axes.

To validate the MR-based measurement and to determine which
of the three histological ablation zones are visualized by MRI, actual
diameters of the necrosis zone were measured for the carbonization

H. Rathke et al.: RF ablation volume validation = 525

zone plus the coagulation zone (zones [ and I1) and for all three zones
(zones I-1II) (see Figure 2 for the different ablation zones).

As several studies [21, 30] investigated the tissue condition
between the coagulation zone next to the RF needle and the pink
rim around the lesion detected irreversible cell death and hepatocyte
atrophy, we included the transitional zone (TZ) in calculating the
ablated volume.

Calculation

For manual calculation of the volume in MRI and macroscopic sec-

tions, the following formula was used: 61,1 (xyz).

The percentage deviation of the MRI volumes from the macro-
actual volume- MR volume

scopic volumes was calculated as
actual volume

From correlation of MRI-based and macroscopic measurement,
a correction factor (CF) was calculated for estimating actual necrosis
actualvolume

volume by MRI: =
MR volume

Statistical analysis

Descriptive statistical data are presented as meantstandard devia-
tion (SD) and include diameters in the x-, y-, and z-axes. RFA volumes
were measured by MRI and macroscopically. For volume calculation,
the above-mentioned formula was used.

Figure 1: MR volumetry of a 3-cm lesion using semiautomatic software after MPR.
(Top) Diameter measurement (A) and MR volumetry (B) on the MPRs of the data set acquired by T1-weighted sequence. (Bottom) Diameter
measurement (C) and MR volumetry (D) of the same lesion on the MPRs of the data set acquired by PD TSE sequence.
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Figure 2: Lesion size measurement and necrosis zones:

(1) necrosis/carbonization zone, (Il) coagulation zone, and (I11)
transitional zone. The coordinate system in the upper right aspect
indicates the three spatial dimensions for volume calculation.

Spearman’s correlation coefficient for association between
quantitative variables was used. For paired samples, a Wilcoxon test
was performed. p-Values <0.05 (two-sided) are considered signifi-
cant. No Bonferroni correction has been performed.

IBM SPSS® Statistics software, version 19.01 (IBM, Armonk, NY,
USA), was used for all statistical analysis.

Results

The coagulation necroses were homogenous for all gen-
erators and probes. The results obtained with the four

Figure 3: Macroscopic image validation after RFA with MR correlates.
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systems are summarized in Table 2 for the 3-cm target
lesion size and in Table 3 for the 5-cm target lesion size.

Figure 3 depicts macroscopic image validation after
RFA with MR correlates.

Radionics

With the Radionics system for the 3-cm lesion, a
mean manually measured volume including the TZ of
28.2+6.5 ml was calculated. The volume excluding the TZ
was 9.843.7 ml. With the T1-weighted sequence, an average
volume of 15.2+2.3 ml was detected. This corresponds to a
percentage deviation between MR volumetry and manual
measurement of 46.1%. Therefore, a correction factor of
1.88 was calculated. With the PD sequence, an average
volume of 13.443.0 ml was detected. The percentage devia-
tion between MR volume calculation and manual meas-
urement was 52.5%, resulting in a correction factor of 2.13.

For the 5-cm lesion, the manually measured macro-
scopic volume including the TZ was 48.3£9.9 ml. The cal-
culated volume excluding the TZ was 19.3£7.5 ml. With the
T1-weighted sequence, an average volume of 16.443.4 ml
was detected. In comparison to the manually measured
volume including the TZ, a percentage deviation of 66.0%
was calculated, resulting in a correction factor of 2.95.
With the PD sequence, an average volume of 15.6+3.6 ml

C P

w210
L -8

v R Bl-purg RIS

(A) For illustration, a quarter of a 1-cm slice of liver sample including the ablation area is shown. For orientation, cannulas are placed at the
macroscopically visible borders of the zones: cannula 1 marks the outer border of the carbonization zone; cannula 2, the outer border of

the coagulation zone; cannula 3, the outer border of the transitional zone. (B) MPR of T1-weighted MR image for semiautomatic diameter
measurement. (C) MPR of PD-weighted TSE MR image for semiautomatic diameter measurement. M1 and M4 represent the width of the
transitional zone (T1, 10.6 mm; PD, 10.7 mm); M2 and M5, the distance from the center of the necrosis to the inner circumference of the tran-
sitional zone (T1, 11.8 mm; PD, 11.8 mm); M3 and M6, the distance from center of the necrosis to the outer circumference of the transitional

zone (T1, 22.4 mm; PD, 22.5 mm).
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was detected, with a percentage deviation (MR vs. manual
measurement) of 67.7% and a correction factor of 3.10.

AngioDynamics

For the 3-cm lesion, an average manually measured and
calculated volume including the TZ of 17.1+4.9 ml was iden-
tified. The volume excluding the TZ was 5.5+3.5 ml. With
the T1-weighted sequence, an average volume of 6.3+2.3 ml
was detected. The percentage deviation between MRI and
the manual measurement including the TZ was 63.2%,
resulting in a correction factor of 2.71. Using the PD
sequence, an average volume of 6.1+1.6 ml was detected.
The percentage deviation was 64.6%, and a correction
factor of 2.80 was calculated.

For the 5-cm lesion, the macroscopically calculated
volume including the TZ was 39.4+16.2 ml; the volume
excluding the TZ was 11.546.9 ml. Using the Tl-weighted
sequence, an average volume of 16.7+6.2 ml was detected,
whereas the volume using the PD sequence was 15.2+6.3ml.
The percentage deviation for the Tl-weighted sequence
was 57.5% versus 61.3% for the PD sequence. The correc-
tion factors were 2.36 (T1) and 2.60 (PD).

Boston Scientific

For the 3-cm lesion, the calculated volume including the
TZ was 29.7£11.7 ml. The volume excluding the TZ was
17.5+10.8 ml. Using the T1-weighted sequence, an average
volume of 12.94+6.5 ml was detected. The percentage devia-
tion (volume including TZ vs. MR) was 56.6%, resulting
in a correction factor of 2.30. With the PD sequence, an
average volume of 11.5£6.0 ml was detected, with a per-
centage deviation of 61.3% and a correction factor of 2.58.

For the 5-cm lesion, the volume including the TZ was
71.8+14.5 ml. The calculated volume excluding the TZ was
26.6+8.4 ml. Using the Tl-weighted sequence, an average
volume of 29.6+6.9 ml was detected. In comparison to the
manually measured volume including the TZ, a percent-
age deviation of 58.8% was calculated, resulting in a cor-
rection factor of 2.43. With the PD sequence, an average
volume of 274+7.2 ml was detected with a percentage devi-
ation of 61.8% and a correction factor of 2.61.

Celon

The average volume for the 3-cm lesion including the TZ
with the Celon System was 28.8+7.0 ml, whereas the volume
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excluding the TZ was 9.7£3.6 ml. Using the Tl-weighted
sequence, an average volume of 11.3+5.2 ml was detected.
In comparison to the manual measurement, the percent-
age deviation was 60.6%, resulting in a correction factor of
2.55. For the PD sequence, an average volume of 12.842.7 ml
with a percentage deviation of 55.4% and therefore a cor-
rection factor of 2.25 was detected and calculated.

For the 5-cm lesion, an average volume for the lesion
including the TZ was 93.3+28.1 versus 42.7+24.5 ml for the
lesion excluding the TZ. In comparison to the manual
measurement, the average volume using the T1-weighted
sequence was 42.6+20.4 ml with a percentage deviation
of 54.6% and a correction factor of 2.20. Using the PD
sequence, the average volume was 37.5£15.0 ml, resulting
in a percentage deviation of 60.1% and a correction factor
of 2.50.

Statistical findings

The MRI-derived ablation volumes correlated highly sig-
nificantly with the volume including the TZ and did not
correlate significantly with the volume excluding the TZ.
Also, parts of the TZ were detectable by MRI directly after
RFA but not consistent for all generators and sizes. For
the 3-cm lesion, the correlation of the MR-derived volume
with the volume including the TZ was higher than with
the volume excluding the TZ. However, the coefficient of
correlation was unsatisfactory at 0.621 (PD sequence) and
0.592 (T1-weighted sequence) (p<0.01 for both values). For
the 5-cm lesion, correlation of the MR-derived volume with
the volumes including TZ was 0.903 for the Tl-weighted
sequence and 0.893 for the PD sequence (p<0.01 for both
values).

The MR volumes corresponded better with the values
of the manually measured volume excluding the TZ (see
Tables 2 and 3). Especially for the 5-cm lesion, the PD
sequence seems to match with the volume excluding TZ
better than the T1 sequence.

Statistically significant differences between MR
volumes and manually measured volumes including TZ
were detected (p<0.001 for all sizes and sequences).

To prove the correctness of our macroscopic volume
calculations, the same formula for volume calculation
was used for a volume calculation by diameters of the x-,
y-, and z-axes in MR. We found a highly significant cor-
relation (p<0.01) between the MR volume estimated by
semiautomatic software and the volume calculated from
diameters measured on MR MPRs. For the Tl-weighted
sequence, the correlation was 0.888, and for the PD
sequence, 0.875.
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Figure 4: Histopathological correlation of the necrosis zone after ablation.

(A) Transected liver specimen after RFA using two bipolar electrodes (Celon ProSurge). Macroscopic image including zones I-Il1: (B) micro-
scopic image of zone | (carbonization zone), 40x magnification, showing cauterization artifacts around the electrode track; (C) 200x mag-
nification of zone | (see loss of nuclei, marked by white arrowheads, and pseudocystic cells, marked by black arrowheads); (D) microscopic
image of zone Il (coagulation zone), 40x magnification, with partial tissue loss and pseudocystic cells; (E) microscopic image of zone Ill
(transitional zone), 40x magnification, with congested blood vessels (white arrowheads); (F) 200x magnification of zone Ill with scattered
pseudocystic cells (black arrowheads); (B—F) hematoxylin and eosin stain (HE).

Histopathological findings

Histopathological workup of one specimen after ablation
revealed cautery artifacts around the electrode track with
a loss of nucleoli. Furthermore, as shown in Figure 4, a
pseudocystic pattern, surrounded by cells with extended
nuclei, is apparent. With increasing distance from the
necrosis center and decreasing temperature, the number
of pseudocystic cells, resulting from strong heat exposure,
decreases. In the TZ (Figure 4E), congestion in hepatic
blood vessels is detectable.

Discussion

In the clinical setting, when patients are treated by RFA, it
is not possible to evaluate treatment outcome by histologi-
cal examination of the necrosis zone. Therefore, imaging
modalities such as CT, MRI, or US are used to evaluate the
size and shape of the necrosis in comparison to the pre-
ablation images and to determine whether RFA has been
successful.

MR volumetry vs. manual measurement

In our experiments, each liver specimen was imaged
approximately 10 min after RFA down-cooling. Following
MRI, the specimen was dissected for macroscopic valida-
tion of the necrosis zone and its shape visualized by MRI.
As the correlation between the semiautomatic acquired
MR volume and calculated MR MPR diameter volume is
highly significant, it seems reasonable to use the above-
mentioned formula for volume calculation after macro-
scopic diameter measurement.

As shown in Tables 2 and 3, MR volumetry consist-
ently yielded smaller ablation volumes than manual
measurement after dissection, irrespective of the RF
system used, the target lesion size, and the MR sequence.
Our data suggest that using the Tl-weighted sequence,
only about 43.3% of the 3-cm lesion (100-56.7%; see foot-
note b in Tables 2 and 3) and 40.8% of the 5-cm lesion
are visualized. With the PD sequence, about 41.5% of the
3-cm lesion and 37.2% of the 5-cm necrosis volume are
detected. Possible explanations for this discrepancy may
be a lower temperature in the outer part of the necrosis
zone, thereby leading to a lower loss of intracellular and
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intraparenchymal water. This may lead to an only partial
or a missing signal change in MRI in the outer part of
the RF necrosis zone. Also, the relatively low magnetic
strength of the MRI system may impede a more accurate
evaluation of tissue change.

Several investigators performed MRI using liver-
specific contrast agents such as ferucarbotran and gadox-
etic acid to differentiate healthy liver from pathological
or ablated tissue [13]. The use of liver-specific contrast
agents allows an assessment of the outer parts of the
necrosis zone in an open 1.0-T MRI system [8]. As the
infrastructure to create an accurate perfusion model was
not given in our setting, we opted that the use of contrast
agents without the guarantee of uniform contrast agent
distribution would rather distort imaging than be value
adding.

MR sequences and visibility of the TZ

Evaluation of the TZ of ablation after interventional RFA
is an ambitious and error-prone task using a 1.0-T open
MRI system. The challenge is to visualize and identify
the entire TZ after RFA with the MR pulse sequences
used for post-interventional imaging. In the outer part
of the necrosis zone, the temperature during RFA is not
as high as in the coagulation zone. The local tempera-
ture is around 100°C at the needle tip of the electrode
and decreases with the distance from the electrode.
Exposure of tissue to 50°C for 2 min is expected to
produce irreversible cellular damage [20, 24]. This cor-
responds to the outer part of the TZ, which extends to
the hemorrhagic rim.

Compared to the visible cellular damage (i.e., loss of
core structure), at least in parts of the histological sample,
in the carbonization and coagulation zone, it seems to
take longer for tissue conversion or connective tissue
remodeling to occur in the TZ.

Similar to the study of Lee et al. [14], the TZ remains
iso-intense in a hyperacute phase of MRI. Therefore, these
changes may not be detectable when MRI is performed
immediately after the intervention (compare Figure 3).
One reason might be the lack of significant changes in
the tissue water content and therefore, caused by the field
strength of the MRI, non-visibility of the entire TZ.

With the sequences used in our experiments, the pink
rim (i.e., the outer border of the TZ) is not itself visible;
however, its extension can be estimated under certain
restrictions. We obtained more accurate results in rela-
tion to the manually measured volume for the T1-weighted
sequence than for the PD sequence. Using correction

H. Rathke et al.: RF ablation volume validation = 529

factors mathematically calculated for specific MR pulse
sequences and RF systems and different target ablation
volumes may improve the assessment of true ablation
volumes for experimental ex vivo studies.

It seems reasonable to assume that it is not (yet)
possible to see the necrosis shape and diameter in its
entirety with the respective MR sequences used. Hence,
because ablation volumes were also assessed macro-
scopically (and its three ablation zones were assessed
histopathologically), we are proposing a correction
factor as a “workaround” method to approximate the
actual size of the ablation volume: i.e., by multiplying
the respective ablation volume detected in the respec-
tive MRI sequence with the respective correction factor.
Also, if the ablation volume after multiplication with the
correction factor does not achieve the expected extent,
this may serve as an indicator that RFA was insufficient.
However, it seems necessary to state that it may not be
legitimate to simply transfer this result to an in vivo
sefting, as the correction factor was derived from an ex
vivo trial.

Volume and size variation of the TZ

As expected, the proportion of the TZ tends to increase
with the size of the target ablation volume. In a 3-cm abla-
tion volume, the TZ accounts for an average of 63.9% of
the coagulation necrosis (range, 55.9-67.8% for the four
RF systems used). For the 5-cm lesion, the TZ makes up an
average of 61.9% of the entire coagulation necrosis (range,
54.5-70.1%).

For the AngioDynamics and Boston Scientific system,
the proportion of the TZ increases with the ablation
volume, unlike for the Radionics and the Celon system,
where the TZ shrinks. For the Celon generator, the TZ
shrinks from 66.6% (3-cm ablation) to 54.5% (5-cm abla-
tion); for the Radionics system, the TZ shrinks from 65.2
to 59.8%. This might be due to the higher energy output
by the cluster electrode during intervention because three
electrodes are in use. Also, differences in electrode posi-
tioning for the Celon System may result in an expansion of
the coagulation zone (see Figure 1): as explained ahove, to
create the 5-cm lesion, three electrodes were positioned in
a triangular configuration compared to two electrodes in
a line for the 3-cm lesion. Synergistic effects of heat trap-
ping between electrodes have already been described [3].
Current flow between the electrodes as well as a longer
ablation time in comparison to the other generators might
cause a greater coagulation necrosis zone and therefore a
smaller TZ.
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Histopathological assessment

It must be noted that even with the histopathological
assessment performed here, definitive evidence of com-
plete cell death is difficult to obtain directly after RFA.
This is partially attributable to the fact that we used a
non-perfused ex vivo model without accounting for cellu-
lar rebuilding, tissue remodeling, or apoptotic processes.
Also, there exist many other more elaborate methods to
histopathologically validate cell death, such as nicotina-
mide adenine dinucleotide (NADH) diaphorase staining
kits aimed at validating enzyme activity [18, 19].

Our observations are consistent with published
studies. Lee et al. [14] described a similar cellular situation
directly after RFA in in vivo rabbit liver. They studied the
histological effects on liver tissue over time, confirming
complete necrosis in the TZ during the follow-up period
of 7 weeks after RFA. As the technique of RFA we used is
the same as the one used by Lee et al. and former studies
confirmed its therapeutic effectiveness, we assume that
irreversible cellular damage has been induced in the abla-
tion zone measured in our experiments.

Limitations

Several limitations of this study have to be mentioned.
Qur experimental data do not reflect ablation volumes
in patients. For instance, the heat sink effect of flowing
blood results in smaller ablation diameters and volumes
after RFA [11, 17]. This was not simulated in our study
design, and the lack of heat sink may result in a greater
necrosis volume in an ex vivo study, as would expected
under in vivo conditions. Also, RFA was performed in
healthy liver tissue and not in tumor tissue. Tumors may
contain necrotic areas, and tissue conditions may differ
(e.g., tissue effects due to cirrhosis, chemotherapy, dehy-
dration), which may result in lower energy deposition and
higher impedance during interventions. All these factors
might contribute to smaller ablation volumes in vivo than
might be expected from our experimental results.
Whereas Breen et al. [4, 5] stated the possibility of total
ablation detectability after hyperacute MRI (lesions were
induced in rabbit thigh muscle with an optimized macro-
scopic measurement and data evaluation system), our data
suggest that in our non-perfused model, it is not possible
to detect the entire necrosis volume directly after interven-
tion. Differences in perfusion (i.e., the absence of perfusion
in our model with the consecutive absence of parenchymal
heat sink due to blood flow) and differences in tissue condi-
tions (i.e., healthy tissue in contrast to tissue of a real patient
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with, e.g., cirrhosis and fibrotic restructuration) may result in
greater ablation volumes than expected under in vivo thera-
peutic conditions: For example, Stippel et al. [29] argue that
the parenchymal restructuring in cirrhotic liver may also
induce a heat trapping effect and hence a greater ablation
zone than might have been expected. A potential reason for
the non-visibility of the TZ after intervention under ex vivo
conditions in our model may be the absence of a reactive
edema and consecutive proton excess in the TZ by means of
an inflammation reaction to the thermal injury [32].

Our tests were performed in an open MRI system at 1.0
T, evaluating two different MR sequences. The results in
terms of visualization of ablation may be different when MRI
is performed on different MR systems with different mag-
netic strengths and with various sequences; however, as
Schraml et al. [26] assessed, there seem to be no significant
differences in volumes and shapes between RFAs performed
outside and inside the static magnetic field environment.
The rationale for using an open MRI system was that MR-
guided RFA with near-real-time image guidance (possibly
with MR thermometry) may become feasible in the future.

Conclusion

MR volumetry yielded smaller volumes than manual meas-
urement after dissection, irrespective of the RF system
used, the target lesion size, and the pulse sequences used.

The full extent of the RF-induced necrosis may not
become visible on MR images until full tissue remodeling
after the heat-based apoptotic process has occurred for in vivo
RFA - tissue remodeling is absent in ex vivo tissue anyway.
This must be kept in mind when using MRI for evaluating
outcome directly after RFA without using contrast agents.

We recommend further research for this imaging
modality, especially an in vivo animal trial or the usage of
a tumor model to eliminate interferences. By processing
these data, a more accurate statement of expected ablated
liver tissue might be possible, also taking into account
factors like perfusion and tumor consistency. The per-
formance and processing of near-real-time thermometry
during intervention may be able to give a clear statement
about the induced necrosis of the TZ directly after abla-
tion, if the use of contrast agents is contraindicated.
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Fluid preinjection for microwave ablation in an ex vivo bovine liver
model assessed with volumetry in an open MRI system
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PURPOSE

We aimed to detect possible differences in microwave abla-
tion (MWA) volumes after different fluid preinjections using
magnetic resonance imaging (MRI).

MATERIALS AND METHODS

MWA volumes were created in 50 cuboid ex vivo bovine liver
specimens (five series: control [no injection], 10 mL water,
10 mL 0.9% NaCl, 10 mL 6% NaCl, and 10 mL 12% NaCl
preinjections; n=10 for each series). The operating frequency
(915 megahertz), ablation time (7 min), and energy supply
(45 watts) were constant. Following MWA, two MR sequenc-
es were acquired, and MR volumetry was performed for each
sequence.

RESULTS

For both sequences, fluid preinjection did not lead to sig-
nificant differences in MWA ablation volumes compared
to the respective control group (sequence 1: mean MWA
volumes ranged from 7.0+1.2 mm [water] to 7.841.3 mm
[12% NaCl] vs. 7.3x2.1 mm in the control group; sequence
2: mean MWA volumes ranged from 4.9£1.4 mm [12%
NaCl] to 5.5£1.9 mm [0.9% NaCl] vs. 4.7£1.6 mm in the
control group). The ablation volumes visualized with the two
sequences differed significantly in general (P < 0.001) and
between the respective groups (control, P < 0.001; water,
P < 0.001; 0.9% NacCl, P < 0.001; 6% NaCl, P < 0.001; 12%
NaCl, P < 0.001). The volumes determined with sequence 1
were closer to the expected ablation volume of 8 mL com-
pared to those determined with sequence 2.

CONCLUSION

For the fluid qualities and concentrations assessed, there is
no evidence that fluid preinjection results in larger coagu-
lation volumes after MWA. Because ablation volumes deter-
mined by MRI vary with the sequence used, interventionalists
should gain experience in how to interpret postintervention-
al imaging findings (with the MR scanner, sequences, and
parameters used) to accurately estimate the outcome of the
interventions they perform.
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hermal ablation techniques are increasingly used in the treat-

ment of various primary and metastatic tumors at different

sites, including the liver (1), kidneys (2), and lungs (3). Lo-
cal ablation is most commonly performed using thermal ablation
techniques such as radiofrequency ablation (RFA). Other techniques
include laser-induced thermotherapy, cryoablation, high-intensity
focused ultrasonography, and microwave ablation (MWA). Local ab-
lation treatment is particularly appealing in combination with im-
age guidance such as ultrasonography, computed tomography, and
magnetic resonance imaging (MRI) to allow a minimally invasive
approach to therapy (4-8).

Several studies have demonstrated that combining RFA with pre-
injection of a fluid such as saline (different authors tested a range
of concentrations) (9-14) or with diluted hydrochloric acid (15) can
yield larger ablation volumes than RFA alone. In addition, both low-
field and high-field MRI can be used to monitor the effectiveness of
RFA within NaCl-pretreated tissues, and the findings correlate well
with pathologic results (9).

Since the advent of MWA, several studies have introduced, test-
ed, and compared this system (16-22), and the legitimate question
arose as to whether, with MWA, saline preinjection would also lead
to an enlargement of the ablation volume.

Interestingly, to the best of our knowledge, only one study has
tested this hypothesis, concluding that preinjected fluids do not en-
large coagulation volumes in MWA (23). That study compared MWA
to RFA using default protocols and settings, injecting either 5 mL
ethanol, distilled water, 0.9% NaCl solution, or 10% NaCl solution
(n=6 each) into ex vivo porcine liver (ablations without fluid injec-
tion served as the control). Although preinjection of ethanol or 10%
NaCl solutions created smaller coagulation volumes, distilled water
and 0.9% NacCl solution had no impact.

Hence, initial results indicate that fluid preinjection may not en-
large the ablation volume in MWA, but to the best of our knowl-
edge, it remains unknown whether fluid preinjection in MWA (us-
ing different saline concentrations) may affect the appearance of the
ablation volume in MRL

Because a sound understanding of the extent of ablation volumes
and ablation margins is imperative for assessing interventional suc-
cess and successful treatment with MWA, we analyzed whether dif-
ferences may arise regarding the visualization of MWA volumes with

427

47



fluid preinjection using MRI, and in
this context, retested whether pre-
injected fluids enlarge the visualiza-
tion of coagulation volume in MWA,
using our own experimental setup.

Materials and methods
Study design

Our institutional review board
approved the present study. MWA
ablation volumes were created in
50 cuboid ex vivo bovine liver spec-
imens. Five series of 10 repetitions
each were conducted as follows: se-
ries 1 (n=10, no previous fluid in-
jection as the control group), series
2 (n=10, injection with 10 mL wa-
ter), series 3 (n=10, injection with
10 mL 0.9% NaCl), series 4 (n=10,
injection with 10 mL 6% NaCl), and
series 5 (n=10, injection with 10 mL
12% NacCl). After MWA, each spec-
imen was examined with two MRI
sequences, and semiautomatic MR
volumetry was performed for each
sequence (Fig. 1).

Liver specimens, storage, and
preparation

The ex vivo trials were performed
with fresh bovine liver provided
overnight from a local slaughter-
house. Ten fresh livers including the
peritoneum were used. Cuboids of
about 8x8x8 cm or larger were cre-
ated to ensure that the entire coag-
ulation necrosis after each MWA
would easily be located inside the
parenchyma. Before MWA, all liv-
er specimens were kept in a closed
cold chain at <4°C from the time
of slaughter to prevent premature
denaturation and dehydration. Still-
sealed <4°C liver specimens were
placed in a plastic tub containing 60
L water and equipped with a heating
rod (Eheim Jdger, Deizisau, Germa-
ny) with a maximum power of 200
watts (W) and a recirculation pump.
The temperature of the recirculating
water was set to 37°C to simulate
physiological body temperature just
before MWA. After reaching physio-
logical body temperature, the speci-
mens were transferred into a kidney
basin, and the MWA antenna was
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Figure 1. Study design. MRI, magnetic resonance imaging; MWA, microwave ablation.

Figure 2. Example of an ex vivo bovine liver specimen in a kidney basin with a microwave
ablation antenna positioned in the center before microwave ablation.

maneuvered into the center of the
specimen (Fig. 2) and securely fixed.
Cuboids of the same bovine liver
were used for each run (series 1 to 5)
to most accurately ensure compara-
ble tissue conditions of the series.

MWA system, procedure, and
semiautomatic volume calculation

The MWA system used consisted
of a generator, a pump, and a cart
(Evident™ MWA, Covidien, Mans-
field, Massachusetts, USA), as well as
a percutaneous antenna and pump
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tubing (Evident™ MWA percutane-
ous antenna, Covidien). At the op-
erating frequency, the percutaneous
antenna delivers electromagnetic
waves at 915 megahertz (MHz).

To create ablations, 45 W of power
were applied with one antenna for
7 min. All ablations were performed
according to the manufacturer’s
protocol (expected ablation vol-
ume with one antenna, 8 mL) and
planned with safety margins inside
the cuboid liver specimens to ensure
that the entire radiating section of
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the MWA antenna and the entire
consecutive ablation volume would
be clearly positioned and measur-
able inside the cuboid parenchyma.
Energy was delivered only when the
device was inside the parenchyma.
After the preset ablation time was
reached, the system shut off auto-
matically.

Immediately after MWA, each liver
specimen was scanned in a 1.0 Tes-
la (T) open MRI system (Panorama
HFO, Philips Medical Systems, Best,
The Netherlands) with two sequenc-
es each (sequence 1: inversion-pre-
pared T1-weighted turbo spin echo
|TSE] with inversion prepulse to in-
vert the contrast between the short
and long T1 signal, T1-weighted TSE/
inversion recovery [IR] [i.e., long T1
appears bright]; sequence 2: pseudo
proton-density-weighted TSE; Table
1). Each liver specimen was posi-
tioned in a conventional knee coil
to obtain a suitable MR signal of the
cuboid specimen.

One hundred semiautomatic vol-
umetries were performed (for all 50
MWA ablations and for both MRI se-
quences) using a semiautomatic vol-
umetric software tool (MR Systems
Panorama HFO, Release 2.6.5.0 2009-
09-30, Philips Medical Systems).

Statistical analysis

Statistical analysis was performed
with paired t tests (with and without
Bonferroni adjustment), comparing
all MR ablation volumes of sequence
1 with the respective MR ablation
volume in sequence 2, individual-
ly comparing the respective groups
(control, 10 mL water, 10 mL 0.9%
NaCl, 10 mL 6% NaCl, and 10 mL
12% NaCl) of the two sequences as
well as comparing the respective pre-
injection groups (10 mL water, 10
mL 0.9% NacCl, 10 mL 6% NacCl, and
10 mL 12% NacCl) in each sequence
with its respective control group. For
group comparison the dataset was in
advance ratified to comply with nor-
mality distribution using Kolmogor-
ov-Smirnov test. Statistical analysis
was executed using a commercially
available software (Statistical Pack-
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Figure 3. Example of an MR volumetry in coronal, sagittal, and axial views performed for
sequence 1 (T1-weighted TSE/IR) with preinjection of 10 mL 6% NaCl. Software tool is MR
Systems Panorama HFO (Release 2.6.5.0 2009-09-30, Philips Medical Systems, Best, The
Netherlands). Note the filiform signal loss (left) inside the volume, indicating the previous
antenna position.

Table 1. MR sequence parameters applied

Sequence 1 Sequence 2
T1-weighted TSE/IR? PDW TSE®
Echo time (ms) 12 30
Repetition time (ms) 800 1800
Inversion time (ms) 50 -
Voxel size (mm) Foot-head 0.5 0.6
Right-left 0.6 0.8
Slice thickness (mm) 4 3

“Inversion-prepared T1-weighted turbo spin echo sequence with inversion prepulse to invert the contrast

between the short and long T1 signal.

“Pseudo proton-density-weighted turbo spin echo sequence.

age for Social Sciences for IBM, ver-
sion 19, release 19.0.0.1, SPSS Inc.,
Armonk, New York, USA).

Results

All MW ablations were performed
successfully according to the man-
ufacturer’s protocol with sufficient
safety margins inside the cuboid liv-
er specimens, and all MW ablations
were included in the semiautomatic
volumetry for both MR scans.

Fig. 3 depicts an example of an MR
volumetry performed for sequence
1 (T1-weighted TSE/IR) with prein-
jection of 10 mL 6% NaCl. Within
sequence 1, the fluid preinjection
yielded no significant difference in
the visualization of the MW abla-
tion volumes compared to the con-

trol group without fluid preinjection
(Tables 2 and 3). The mean MWA
volumes ranged from 7.0+1.2 mm
(water) to 7.8+1.3 mm (12% NaCl)
vs. 7.3£2.1 mm in the control group.
In addition, within sequence 2,
fluid preinjection demonstrated no
significant difference in the visual-
ization of the MW ablation volumes
compared to the control group (Ta-
bles 2 and 3). The mean MWA vol-
umes ranged from 4.9+1.4 mm (12%
NaCl) to 5.5+1.9 mm (0.9% NaCl) vs.
4.7+1.6 mm in the control group.
There was, however, a significant
difference in ablation volume visu-
alization between the two sequenc-
es in general (P < 0.001), as well as
between corresponding groups be-
tween the two sequences (Table 4;
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control, P < 0.001; 10 mL water, P <
0.001; 10 mL 0.9% NacCl, P < 0.001;
10 mL 6% NaCl, P < 0.001; 10 mL
12% NaCl, P < 0.001). The volumes
determined with sequence 1 approx-
imated the expected ablation volume
of 8 mL (at 45 W, 7 min, and one an-
tenna, according to manufacturer’s
protocol) closer than sequence 2.
After Bonferroni adjustment, all
significant multiple comparisons re-
mained statistically significant.

Discussion

Comparisons of two MRI sequenc-
es revealed no significant differences
in the visualization of MWA volumes
with fluid preinjection compared to
the respective control group without
preinjection. Hence, for the tested
fluid qualities and concentrations
assessed by an open MRI system at
1.0 T, our experiments provide no
evidence for enlargement of coagula-
tion volumes in MWA with fluid pre-
injection, and thus confirm those by
Ji et al. (23) in that preinjected fluids
do not seem to enlarge coagulation
volumes created by MWA.

The two MRI sequences and param-
eters were initially chosen because
they had been found before MR vol-
umetry was performed, to clearly de-
lineate the MWA volume from the
surrounding tissue in the open 1.0 T
MR scanner we used. However, com-
parison of the semiautomatic MR vol-
umetry results obtained with the two
pulse sequences in the present study
revealed that sequence 1 approximat-
ed the expected ablation volume of 8
mL significantly better than sequence
2. As different MR sequences may vi-
sualize the extent of the same ablation
volume differently, the difference
may be even greater when imaging is
performed on different MR scanners.
Hence, it may always be helpful for
interventionalists to gain experience
regarding how to interpret postinter-
ventional imaging results (with the
individual MR scanner, sequences,
and parameters used) to accurately
estimate the outcome of the interven-
tions they perform.

Table 2. MR volumetry of microwave ablation volumes in the different fluid preinjection
groups vs. the control group for sequences 1 and 2

Fluid None (control)  H,0  0.9% NaCl 6% NaCl 12% NaCl
Preinjection volume (mL) 0 10 10 10 10
Microwave ablation volume (ccm)
Sequence 1 7.3x2.1 7.0£1.2  7.741.8 7.4£19  7.8%1.3
Sequence 2 4.741.6 5.3t1.4 5.5%1.9 5.241.3 4.941.4

Data are presented as meantstandard deviation.

Table 3. Paired-samples test of MR volumetry of microwave ablation volumes in the different
fluid preinjection groups vs. the control group for sequences 1 and 2

Paired differences

Standard ~ 95% Confidence interval
Standard error of the of the difference
Mean  deviation mean Lower Upper P

Sequence 1

Pair 1 Control vs. H,0 0.29990 2.48257 0.78506 -1.47602 2.07582 0.711
Pair 2 Control vs. 0.9% NaCl -0.37320 1.90357 0.60196  -1.73493  0.98853 0.551
Pair 3 Control vs. 6% NaCl -0.07950 3.23802  1.02395 -2.39584 2.23684 0.940
Pair 4 Control vs. 12% NaCl -0.49450 2.12461 0.67186 -2.01435 1.02535 0480
Sequence 2

Pair 1 Control vs. H,0 -0.60440 2.37339  0.75053 -2.30222 1.09342 0441
Pair 2 Control vs. 0.9% NaCl -0.74460 1.64281 0.51950 -1.91980 0.43060 0.186
Pair 3 Control vs. 6% NaCl -0.51880 2.28404  0.72228 -2.15271 1.11511  0.491
Pair4 Control vs. 12% NaCl -0.17000 2.06753  0.65381 -1.64902 1.30902 0.801

Table 4. Paired-samples test of pairwise comparison of corresponding groups in the two se-

quences

Paired differences

Standard 95% Confidence interval
Sequence 1 vs. Standard  error of the of the difference
Sequence 2 Mean deviation mean Lower Upper P
Pair 1 Control 2.57780 1.62100 0.51261 1.41820 3.73740  0.001
Pair2 H,0 1.67350 0.61390 0.19413 1.23434 211266 <0.001
Pair 3 0.9% NaCl 2.20640  1.26936 0.40141 1.29836 311444 <0001
Pair 4 6% NaCl 2.13850 1.45174 0.45908 1.09999 317701 0.001
Pair 5 12% NaCl 290230  1.42156 0.44954 1.88538 3.91922 <0.001

Another interesting aspect worth
discussing is why the fluids (10 mL
water, 10 mL 0.9% NaCl, 10 mL 6%
NaCl, and 10 mL 12% NacCl) inject-
ed before MWA consistently did not
significantly enlarge the ablation
volume in our ex vivo experiment.
Hence, fluid preinjection appears to
enhance the effectiveness of RFA but
not MWA. This difference may be at-
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tributable to different effects of RFA
and the microwave technique—with
RFA, the amount of heat generated
in the target tissue is determined by
the amount of current that passes
from the electrode through the tis-
sue. Current is defined as the electric
charge per unit time (I=Q/t, where I
is current in amperes, Q is charge in
coulombs, and t is time in seconds)
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and heats the tissue via impedance
(resistance). Fluids such as saline can
lower tissue impedance. The lower
the impedance, the more efficiently
a generator can deliver the desired
current, resulting in more heat per
unit time delivered. In addition, sa-
line can effectively increase the size
of the electrode, reducing current
density at the electrode-tissue in-
terface and the likelihood of high
impedance buildup around the elec-
trode. Sustained and higher-power
delivery to the tissue results in larger
ablation volumes.

Because MWA systems do not rely
on electrical impedance to produce
heat, saline injection cannot influ-
ence energy delivery via that phys-
ical mechanism. In other words,
saline preinjection should result in
about the same heat per unit time
as no saline preinjection, or may-
be even less (with the possibility of
creating a smaller ablation volume):
some of the applied MWA heat may
be absorbed by saline, reducing the
energy reaching the tissue. Further-
more, saline may actually reduce
the amount of energy delivered by
the antenna due to conductivity:
MW energy may reflect a conductive
boundary, and saline present at the
target site may to some extent block
the energy from leaving the probe.
Conversely, however, one recent
publication has provided initial ev-
idence that extension of microwave
coagulation may still be possible us-
ing a special perfusion microwave
clectrode (24).

Our study has several limitations.
This was an ex vivo study with a
small number of MWA treatments
performed in the individual fluid
preinjection groups and the control
group. Although the ex vivo setup
simulated some physiological con-
ditions (e.g., warming up the fresh
bovine liver cuboids to physiologi-
cal temperature of 37°C just before
MWA), other in vivo conditions such
as vascular perfusion (to account for
possible heat-sink effects) were not
modeled. In addition, as discussed
above, MR visualization of abla-

Volume 19 » Issue 5

tion volumes varies with the pulse
sequence used and may also differ
among MR scanners, manufacturers,
and field strengths.

In conclusion, interventionalists
must consider the characteristics of
ablation volumes when using MWA
instead of RFA and when using MRI
for visualization and validation of
the ablation volumes created.
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