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1 Vorwort

Gegenstand dieser kumulativen Habilitationsschrift ist der Inhalt der nachfolgend aufgelisteten
29 Publikationen, zu denen 6 Erstautorenschaften, darunter auch eine contributed equally
zahlen. Damit wird die nach der Habilitationsordnung gegebene Md&glichkeit ,zur Vorlage
publizierter Forschungsergebnisse, die in ihrer Gesamtheit eine einer
Habilitationsschrift gleichwertige wissenschaftliche Leistung darstellen®
genutzt. Die empfohlene Anzahl von 10 Publikationen wird aufgrund des konsistenten
thematischen Zusammenhangs der genannten Arbeiten Uberschritten. Die Publikationen

wurden nach der Reihenfolge ihre Erwahnung im Text fortlaufend nummeriert.

Diese kumulative Habilitationsschrift umfasst auch Publikationen, die vor der Dissertation
entstanden sind. Letztgenannte wurde Uber ein thematisch anderes Forschungsgebiet
angefertigt (Titel: ,Mikrostruktur von malignen und benignen Lymphknotenprozessen im
sonografischen B-Bild. Eine direkte Korrelation mit der Histomorphologie, vorgelegt 2009).
Die Habilitationsschrift stellt somit den zweiten Forschungsschwerpunkt des Vorlegenden in

seiner Gesamtheit dar.

Die vollstandige Publikationsliste des Habilitanden wurde diesem Habilitationsantrag in einem
separaten Dokument beigefligt. Sie umfasst 50 Publikationen, darunter 8 Erst- sowie 3 Letzt-

Autorenschaften.
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3 Einleitung
3.1 Krebs: Inzidenz und Mortalitét in Europa und weltweit

Krebs ist weltweit die zweithaufigste Todesursache mit in den vergangenen 100 Jahren
drastisch zunehmender Inzidenz und Mortalitat'. Global stieg die Anzahl der
Krebserkrankungen zwischen 2005 und 2015 um 33%, was sowohl mit dem Anwachsen der
Weltbevolkerung als auch mit einer gestiegenen Lebenserwartung einhergeht?>. Die
krankheitsspezifische Mortalitatsrate ist in den letzten 20 Jahren hingegen zurtickgegangen,
was zuvorderst auf die therapeutischen Fortschritte zurlckzufiihren ist. Dabei ist es
keineswegs abwegig anzunehmen, dass auch die Evolution der lokalen Therapieverfahren
hieran ihren Anteil hat’. Dessen ungeachtet stellen Krebserkrankungen aufgrund ihrer
Haufigkeit ein immenses medizinisches und gesundheitspolitisches Problem dar und sind
damit auch eine grof3e Herausforderung fur die Gesundheitssysteme.

Bemerkenswerterweise wurden fir Europa, das einen Anteil von 9% an der Weltbevolkerung
hat, immerhin 25% der globalen Krebserkrankungen erfasst. Im Jahr 2018 traten 3,91
Millionen neue Krebsféalle auf und es starben geschatzt 1,93 Millionen Menschen an den
Folgen von Krebserkrankungen. Die haufigsten Entitdten waren hierbei Brustkrebs (523.000
Falle), das kolorektale Karzinom (ca. 500.000 Falle), Lungenkrebs (ca. 470.000 Falle) und
Pankreaskarzinome (ca. 450.000 Falle). Bei den krankheitsspezifischen Todesfallen lag das
Lungenkarzinom an erster Stelle (ca. 388.000Todesfalle), gefolgt von kolorektalen
Karzinomen (ca. 243.000), Brustkrebs (ca. 138.000) und Pankreaskarzinomen (ca. 128.000)*.

3.2 Evolution der medikamentésen Tumortherapie und des Studiendesigns

Die aktuellen Fortschritte in der medikamentdésen Tumortherapie haben auf Grund ihrer teils
beeindruckenden Wirksamkeit den Stellenwert der systemischen Behandlung einer Reihe von
Tumorentitdten im metastasierten Stadium noch einmal erhéht®. Der jlingste Quantensprung
war die Einflihrung immunmodulatorischer Therapeutika®. Der inflationdre Aufwuchs von
neuen Therapieregimen bei einer Vielzahl von Entitdten macht es bei Studien zu lokalen und
lokoregionaren Therapiekonzepten zunehmend schwierig, vergleichende Uberlegungen mit
der systemischen Therapie anzustellen. Zudem ist es anspruchsvoll, entsprechende
kombinativ-komparative Studiendesigns aufzulegen, die auch nach dem Abschluss der
jeweiligen Studie noch von klinischer Relevanz sind. Auch ist der Erfolg bei allen grof3
angelegten randomisierten Studien letztlich ungewiss und die Finanzkraft jenseits der
Méoglichkeiten der Pharmaka-entwickelnden Industrie begrenzt. In jingster Zeit sind mit auf
Untersucher-Ebene  erheblichen Anstrengungen verbundene RCT zur %Yttrium-

Radioembolisation in Kombination mit der Standard- medikamentésen Tumortherapie in der
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Erstliniensituation bei kolorektalen und hepatozellularen Karzinomen als Negativstudien
beendet worden, wenn auch Subgruppenanalysen Anlass zur Hoffnung gaben, dass es einen
Platz firr die lokale und lokoregionare Therapie in der Erstliniensituation geben kénnte’'°. Der
Endpunkt Overall survival (OS), also das Gesamtuberleben, sollte zumindest fur bestimmte
Therapieansatze und Studiendesigns kritisch hinterfragt werden. Die multimodale,
Metastasen-gerichtete Therapie erreicht unterhalb der kurativen Erfolge bei einem Gutteil der
Patienten inzwischen einen stetig langer werdenden Zeitraum der Palliation, wodurch der
notwendige Kohorten-Umfang, der einen Vorteil im OS nachweisen kann, unrealistisch grof3
wird"". Deshalb miissen neue Endpunkte zur Stratifizierung sowie zur Beurteilung des initialen
Therapieansprechens definiert werden, die zum Beispiel als Surrogat des Konzeptes der
,Deepness-of Response“ dienen kénnen'?. Das kdnnten etwa Biomarker wie mittels

liquid biopsy gewonnene und quantifizierte zirkulierende Tumor-DNA sein'>"".

3.3 Das Konzept der Oligometastasierung und die lokale Therapie von Metastasen

Das metastasierte Stadium solider Tumoren wird im Allgemeinen immer noch als das
systemische Stadium der Erkrankung aufgefasst. Dies ist einerseits die Grundlage fur die
medikamentdse Tumortherapie. Auf der anderen Seite bleibt die Kuration insbesondere im
inoperablen, metastasierten Stadium tatsachlich die Ausnahme und die Anzahl der mdglichen
Therapien ist begrenzt. Weiterhin muss eine systemische Therapie zwangslaufig mit
systemischen Toxizitdten einhergehen, was sowohl die Anwendbarkeit in komorbiden
Patienten mit reduziertem Allgemeinzustand einschrankt als auch fast immer zu einer
Minderung der Lebensqualitat fihrt'®°,

Aus diesen und weiteren Grinden ist die Erérterung der lokalen und lokoregionaren Ebene
der Tumortherapie mit Rickgriff auf das Konzept der Oligometastasierung — des Stadiums
zwischen lokaler und systemischer Erkrankung, das trotz (begrenzter) Metastasierung als lokal
therapierbar gilt — sinnvoll?’?* . Dieses Konzept ist anerkannt und hat fiir alle lokalen
Verfahren Relevanz, seien es chirurgische, stereotaktisch-

strahlentherapeutische, thermoablative oder interstitiell-brachytherapeutische.

Grundsatzlich sollte bei der Wahl eines Metastasen-gerichteten Verfahrens oder bei
lebereigenen Tumoren immer die Therapie gewahlt werden, die in Anbetracht der individuellen
onkologischen Situation unter Berlcksichtigung von Alter, Komorbiditdten und Vortherapien
fur den Patienten geeignet erscheint und gleichzeitig die beste Tumorkontrolle und
Vertraglichkeit bietet. Dabei sind die vorliegende Evidenz und die klinische Erfahrung mit einer
gegebenen Methode bedeutsam, wobei die Chirurgie einschlieBlich der Lebertransplantation

im Allgemeinen einen angenommenen oder tatsachlichen Evidenzvorsprung besitzt.
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Bei einem Teil der Patienten vor allem mit kolorektalen Lebermetastasen werden so
Langzeituberlebensraten erreicht, die an eine Kuration heranreichen, was das Konzept der
Oligometastasierung (also der Mdoglichkeit der Kuration von Patienten im metastasierten
Stadium durch Lokaltherapien) grundsatzlich bestatigt®®2%. Da aber lediglich etwa 20% der
Patienten einer solchen Operation zuganglich sind, gibt es einen Bedarf an weiteren, effektiven
Lokalverfahren, wenngleich fortgeschrittene Operationstechniken den Anteil der technisch
operablen Patienten in den letzten Jahren sukzessive erhéht haben?*°. Zudem erleiden bis
zu 50-75 % der Patienten nach Resektion von kolorektalen Lebermetastasen ein Rezidiv,
wobei ein kurzes Zeitintervall bis zum Auftreten des Rezidivs mit einer schlechteren Prognose
verbunden ist*'%°. Die Genese der postchirurgischen Tumorprogression ist multifaktoriell
bedingt. Es gibt Hinweise, dass die Leberregeneration nach chirurgischer Resektion die
Tumorprogression beglinstigt®. Immunantwort, Angiogenese, Lymphangiogenese, die
epitheliale- zu- mesenchymale- Transition bzw. das Remodeling der extrazellularen Matrix
spielen dabei eine bedeutende Rolle, worauf diverse Antikdrper- bzw. Inhibitoren-Therapien
abzielen®’. Diese Phanomene sind fiir andere lokale Verfahren ebenfalls nicht auszuschlielen

und bislang nur unzureichend untersucht.

Diese Limitationen und die Méglichkeiten der modernen radiologischen Verfahren fuhrten zur
Entwicklung minimal-invasiver Therapien wie der Radiofrequenzablation (RFA), einer
thermischen Therapie, bei der Uber die Reibung gegenlaufiger lonenstrome hohe
Temperaturen im Tumor erzeugt werden, die zu Zelltod und Nekrose flhren. Sie wird neben
der interventionell radiologischen Technik auch intraoperativ angewandt. Die RFA ist die am
weitesten verbreitete Methode mit der besten Evidenz, daneben existieren die
Mikrowellenablation (MWA), Kryoablation und irreversible Elektroporation (IRE),
wobei sich die Kryoablation einen gewissen Stellenwert bei der Ablation von

Nierenzellkarzinomen erarbeitet hat®394°,

Unter den lokoregiondren Techniken bei
leberpradominanter, diffuserer Metastasierung hat wiederum die *°Yttrium-Radioembolisation
(RE) in den letzten Jahren zunehmend an Bedeutung gewonnen’'°.

Eine Langzeit- Beobachtungsstudie zur RFA von kolorektalen Lebermetastasen zeigte
beeindruckende Ergebnisse in Bezug auf das Gesamtliberleben bei inoperablen Patienten im
Vergleich zu publizierten Ergebnissen nach Chirurgie*'. In anderen Studien war die
Radiofrequenzablation der Resektion deutlich unterlegen, was einerseits an der bekannten
GroRenlimitation fur thermoablative Verfahren liegen mag. Andererseits muss ein
Selektionsbias unterstellt werden, da die inoperablen Patienten notwendigerweise das
krankere Patientengut darstellen*?. Qualitativ hochwertige, prospektiv randomisierte Studien,
die eine tatsachliche Vergleichbarkeit der RFA- und chirurgischen Kollektive gewahrleisten,

sind jedenfalls nicht verfugbar und werden auf Grundlage (vorgeblich?) ethischer Bedenken
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teilweise in Statements sogar abgelehnt, wenngleich sie aus wissenschaftlicher, klinischer und
ethischer Sicht eigentlich dringend durchgefiihrt werden missten*®. Weiterhin mag man sich
vorlaufig auf den Standpunkt zuriickziehen, dass diese beiden Verfahren in der klinischen
Routine weniger in Konkurrenz zueinander stehen als sich vielmehr erganzen**“¢. Im friihen
und sehr friihen Stadium hepatozellularer Karzinome ist die RFA vor allem bei Patienten mit
Zirrhose ein Standardverfahren, und die CLOCC-Studie hat bei kolorektalen Lebermetastasen
und sehr weitgefassten Einschlusskriterien einen signifikanten OS- Vorteil der RFA/OP-
Gruppe gegeniiber der alleinigen Chemotherapie- Gruppe gezeigt*’°.

Die RFA und andere thermoablative Lokaltherapien wie die MWA sind im Hinblick auf die Lage
und GrolRe der zu behandelnden Tumoren technisch limitiert. Einerseits erhéht sich die
Lokalrezidiv- Rate bei Lasionen Uber 3 cm deutlich, andererseits ergeben sich durch die Nahe
zu groRen GefalRen Kihleffekte, die den therapeutischen Effekt einschranken*?. Weiterhin
kann eine rdumliche Beziehung zu thermosensiblen Strukturen wie dem Leberhilus oder der

Gallenblase eine RFA unmdglich machen®'%2,

Radiotherapeutische Verfahren kénnen diese Grenzen tberwinden.

Eine Strahlentherapie in der Leber, in der Lunge und in anderen Organen kann perkutan ohne
einen invasiven Eingriff durch die Stereotaxie (SBRT, stereotactic body radiotherapy)
oder Cyberknife- Techniken durchgefilhrt werden®*%*. Fiir die maximale GréRe effektiv
behandelbarer Lasionen gilt aber — ahnlich wie fir die Thermoablation — ein Limit von etwa 4
— 5 cm und die Anzahl gleichzeitig behandelbarer Lasionen ist begrenzt>®®®. Jenseits dessen
scheint die Wirksamkeit der SBRT deutlich zu sinken 578,

Eine andere Mdglichkeit, Tumoren strahlentherapeutisch zu behandeln, ist die interstitielle
Brachytherapie (iBT), bei der eine Punktquelle, zum Beispiel "?Iridium, (iber Katheter direkt
in den Tumor eingeflhrt wird. In Leber und Lunge wurde die iBT in den friihen 2000er Jahren
eingefuhrt, nachdem CT- basierte 3D- Bestrahlungs-Planungs-Techniken, Mehrschicht-CT
und die CT- Fluoroskopie in den 1990er Jahren entwickelt wurden, die eine exakte
Applikatoreinlage in parenchymatése Organe mdglich machten %62,

Die interstitielle Brachytherapie (iBT) erlaubt bei unerreicht exakter, atemunabhangiger
Dosimetrie die Einbringung sehr hoher Dosen als Einzelfraktion, die bis zu 25 Gy am
Tumorrand und Gber 100 Gy im Zentrum des Tumors bedeuten kdnnen. Dabei fallt die Dosis
zur Peripherie hin stark ab, was haufig eine effektive, tumorizidale Dosis bei Schonung der
umgebenden Strukturen auch bei sehr grolken und zentral gelegenen Tumoren erméglicht®®#,
Derart hohe Einzeldosen (>10-12Gy) zeitigen dariber hinaus zusatzliche therapeutische
Effekte. Hier ist die Apoptose-Induktion am Gefallendothel zu nennen, verbunden mit einem

t65,66

konsekutiven antiangiogenetischem Effek . Gelegentlich kénnen Hypofraktionierungs-
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Regime mit Einzeldosen von 10-12 Gy, zum Beispiel bei sehr groRen links hepatischen
Tumoren mit Nahe zur gastralen Mukosa, sinnvoll sein®’.

Diese Uberproportionale Effektivitat wird durch initiale Studienergebnisse bei verschiedenen
Entitaten und Lokalisationen bestatigt 524873 Die lokale Tumorkontrolle in hepatozellularen
Karzinomen mit einem Durchmesser bis zu 12 cm und mehr liegt bei >90% der behandelten
Metastasen nach 12 Monaten bei einer tumorumschlieBenden Dosis von 15 Gy. In einer
randomisierten Dosiseskalationsstudie zur iBT in kolorektalen Lebermetastasen waren 20-25

Gy Zieldosis mit einer ebenso hohen lokalen Kontrollrate verbunden’®’?

. Diese gute
Tumorkontrolle wurde auch extrahepatisch, zum Beispiel bei pulmonalen Neoplasmen
unterschiedlicher Herkunft, nachgewiesen ™.

Das Prinzip der bildgefihrten Brachytherapie (und der wesentliche Unterschied gegenuber der
konventionellen, perkutanen Bestrahlung) ist die exakte, CT- bzw. MRT-gesteuerte
Implantation des Katheters in das vorgesehene Zielorgan zur spateren Aufnahme der
Strahlenquelle. Tumor und Strahlenquelle sind damit in ihrer Lage zueinander weitestgehend
fixiert, was bei Behandlungen im Oberbauch und in der Lunge von besonderem Vorteil ist.
Ublicherweise wird in Analgosedierung (Fentanyl und Midazolam, jeweils i. v.) unter CT- oder
MR-Fluoroskopie die Positionierung der Brachytherapie- Katheter vorgenommen. Nach
Punktion der Malignome wird eine Angiographie-Schleuse und dariber ein Brachytherapie-
Katheter eingebracht, der spater zur Aufnahme der Quelle dient. Nach Positionierung der
Brachytherapie- Katheter wird ein kontrastmittelgestutztes Planungs-CT oder eine MRT
akquiriert und an das Bestrahlungsplanungssystem transferiert. Flr ein HDR- Brachytherapie-
System wird im Allgemeinen eine '*?Iridium- Quelle mit 10Ci Aktivitat verwendet. Die
Bestrahlungszeit belauft sich- abhangig von der GréRe des zu therapierenden Tumorvolumens

( Planning- Target- Volume, PTV)- in der Regel auf etwa 10 bis 60 Minuten.

Die Thermoablation und die Stereotaxie sind aus unterschiedlichen Grinden
nicht geeignet, in universeller Weise eine Metastasen- gerichtete Therapie zu

51,52 55,56 57,38 Dije interstitielle Brachytherapie erlaubt auf

ermoglichen*?,
Grund ihrer besonderen Eigenschaften eine unbegrenzte lokale Therapie.
Voraussetzung flir eine im Sinne des Patienten sichere und erfolgreiche Therapie ist die

Patientenselektion, die Wahl der richtigen Dosis sowie die Komplikationskontrolle.
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4 Die interstitielle Brachytherapie: Technik
4.1 Implantationstechnik: CT

Die interstitielle Einlage der Brachytherapie-Katheter wird Ublicherweise unter
Analgosedierung mit lokaler Anasthesie, gelegentlich auch in Allgemeinnarkose durchgefihrt.
Weit verbreitet ist die Anwendung der CT- Fluoroskopie — an spezialisierten Zentren gibt es
auch die MRT-Fuhrung — zur Implantation der langen Angiografie-Schleusen, die zur

75-78

Aufnahme der Brachytherapie- Katheter dienen Je nach Technik erfolgt die
Katheterentfernung mit oder ohne Verschluss des Punktionskanal®®®27%7  Prinzipiell
unterscheidet man zwischen der oben beschriebenen Seldinger-Technik und der
Direktpunktion, die an einigen Zentren bevorzugt wird®*®°. Teilweise findet dabei eine virtuelle
Vorplanung der Katheter-Lage und der daraus resultierenden Bestrahlungsvolumina unter
Berucksichtigung der geplanten Dosis im Tumor und der umgebenden Risikostrukturen statt.
Nach der Vorplanung wird ein (zumeist) natives Planungs-CT akquiriert und anschlief3end
unter CT- Fluoroskopie ein oder mehrere Katheter in das Tumorvolumen implantiert. Bei der
Seldinger-Technik wird dabei zunachst nach Entfernen der Nadelseele ein steifer Draht
(Amplatz, Boston Scientific) vorgeschoben und Uber diesen die lange, hydrophile 6F-
Angiografie-Schleuse (Terumo, Japan) eingefihrt, die den Brachytherapie-Katheter fuhrt.
Dieser ist endgeschlossen und verfugt Uber eine Millimeter-Skala, die fur die korrekte
Einbringung bis zum Ende der offenen Schleuse ohne Fluoroskopie benétigt wird. Nach
Beendigung der Bestrahlung wird zunachst dieser und dann die Schleuse entfernt, wobei
wahrend des Rickzugs der Schleuse — ermdglicht durch deren offenes Ende — Gelatine-
Schwammchen-Pfropfen zum Verschlielen des Punktionsweges und mithin zur Vermeidung
von Blutungskomplikationen eingebracht werden konnen.

Eine andere, von einigen Kollegen wegen der Einfachheit favorisierte Methode, ist die
Direktpunktion mittels 6F- Plastikkathetern mit 200 mm Lange und einer Stahlseele (Nucletron
B.V., Veenendaal, The Netherlands, OncoSmart ProGuide Round Needle) mit geschlossenem
Ende, die aber keinen Verschluss der Punktionskandle mit den oben erwahnten Gelatine-
Pfropfen erlaubt 6%°. Die Anzahl der applizierten Katheter ist abhangig von GréRe und Form
des zu behandelnden Tumors. Im Allgemeinen wird ein Katheter je 1-2 cm Tumordurchmesser

implantiert.

4.2 Implantationstechnik: MRT

Bei der Implantation der Katheter im offenen MRT werden dem Interventionalisten auf einem

RF-abgeschirmten LCD-Bildschirm interaktive, fluoroskopiedhnliche Bilder in allen drei
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Raumebenen angezeigt (ca. 1 Bild/s). Damit wird die sichere Katheterimplantation auch in
sehr kleine Lasionen ermdglicht. Zuvor wird ein T1- gewichtetes, kontrastmittelverstarktes

(Gd-EOB-DTPA, Primovist, Bayer, Germany) Planungs-MRT angefertigt, wobei durch die
Hepatozytenspezifitat von Primovist Ublicherweise keine Aufnahme in die Lebertumoren
erfolgt, die entsprechend hypointens zur Darstellung kommen. Die zur Punktion verwendeten
Materialen bestehen aus einem Keramik-Skalpell (SLC Ceramic, Deutschland) zur Inzision,
einer 18G- MR kompatiblen Punktionsnadel mit einer Lange von 150 bis 200 mm (Invivo,
Deutschland) und einem hydrophilen Standard- Angiografie-Draht (Terumo, Japan). Nach
Einlage der Katheter wird in den Standard-Brachytherapiekatheter ein Fihrungsdraht zur

Visualisierung eingefihrt’.

4.3 Bestrahlungsplanung: Bildgebung

Nach Katheterimplantation wird eine Planungs-CT, Uublicherweise mit Kontrastmittel,
angefertigt. Bei der MRT-gefuhrten Implantation wird ein T1- gewichtetes,
kontrastmittelverstarktes (Gd-EOB-DTPA, Primovist, Bayer, Germany) Planungs-MRT
akquiriert. Ein beiden Fallen werden 3 mm Schichtdicke gewahlt, um eine genaue Definition
des Zielvolumens und der Katheter- Position zu ermdglichen. In Einzelféllen kann auch eine
Ko- Registrierung mit PET (Positronen- Emissions- Tomografie) -Daten notwendig sein, wenn
zum Beispiel keine Kontrastmittelgabe im CT mdglich ist oder nur die PET- positive Anteile
einer partiell nekrotischen Lasion als Zielvolumen definiert werden sollen. Typischerweise wird
die Bestrahlung mittels HDR (high-dose-rate) -Brachytherapie mit einer '*?Iridium- (**2Ir) Quelle
durchgefiihrt. Die Bestrahlungsdauer richtet sich nach der GroRe des Zielvolumens, der
Anzahl der Katheter, der Zieldosis sowie der (mit der Zeit abnehmenden) Aktivitat der Quelle

und liegt typischerweise zwischen 10 und 60 min.
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5 Die interstitielle Brachytherapie: Dosis und Effekt in Tumor, Leber und
Risikoorganen

Auch wenn das Konzept von Zielvolumendefinition und Risikoorganen in der ICRU 50-
Richtlinie festgelegt wurde, unterscheidet sich die interstitielle Brachytherapie doch von
herkémmlichen Bestrahlungsverfahren®'. Folgerichtig haben Anwender dieser Technik in der
Literatur abweichende Definitionen fir die Angabe der Zieldosis sowie der Dosis in
Risikoorganen entwickelt®%6470.72.80,

Hierbei sind zwei Besonderheiten der interstitiellen Brachytherapie zu beachten:

1. Bei der bildgefiihrten HDR-Brachytherapie sind die Katheter einerseits durch den
Gewebsdruck und andererseits durch die Nahtfixierung an der Hautoberflache im
Tumorvolumen sicher fixiert. Dadurch ergeben sich nur geringe Unsicherheiten in Bezug auf
die Katheter-Position durch Organbewegungen vor allem durch die Atmung, was
hauptsachlich bei Anwendungen in der Leber von enormer Bedeutung ist und einen grof3en
Vorteil gegenuber der perkutanen Bestrahlung darstellt. Daraus folgt, dass — im
Gegensatz zur letztgenannten — das klinische Zielvolumen (clinical target
volume, CTV) mit dem Planungsvolumen (planning target volume, PTV) nahezu
identisch ist, auch wenn Unsicherheiten bis zu 5 mm in der Katheter-Position
zum Tumor gegenuber dem Planungs-CT einerseits und dem Zeitpunkt der
Bestrahlung andererseits moglich sind (Publikation 1)32. Dies fiihrt in der Praxis
dazu, dass das CTV (=PTV) + 5 mm Sicherheitssaum um das GTV (Gross-Tumor-Volume) im
Planungs- CT/oder -MRT markiert wird.

2. Ein weiterer wesentlicher Unterschied zur perkutanen Bestrahlung ist der steile Dosisabfall
zur Umgebung hin, da sich die Strahlenquelle im Tumor befindet und somit von innen nach
aulen bestrahlt wird. Daraus folgt, dass — bei Leberbehandlungen — die Leber das wesentliche
Risikoorgan darstellt und sich weitere in unmittelbarer Nahe befinden missen, um kritische
Dosen zu erreichen. Dies kann zum Beispiel bei linkshepatischen oder zentralen Tumoren fir
den Magen und das Duodenum der Fall sein, weitere relevante Risikoorgane sind der Ductus
hepaticus und das Kolon, die Niere und die Haut sowie die Rippen. Fur den Magen, das
Duodenum und den Ductus hepaticus wurden in Studien Brachytherapie-immanente

Grenzdosen ermitteltt”:83-88
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5.1 Individuelle Dosisverschreibung bei Lebermalignomen abhé&ngig von der

Tumorhistologie

Frihe Studien zur intraoperativen interstitiellen Brachytherapie kamen zu der Empfehlung von
tumorumschlieBenden Dosen von 15-30 Gy unabhéngig von der Histologie der Tumoren®®',
Spatere Arbeiten seit 2004 zur nichtoperativen, interventionellen, CT-gesteuerten
Brachytherapie von Lebermalignomen arbeiteten genauere Dosisverschreibungen abhangig
von der Tumorentitat heraus® %7292 |n einer sowohl explorativen als auch prospektiven sowie
randomisierten  Dosisfindungsstudie mit 73 Patienten und 199 kolorektalen
Lebermetastasen wurden einzeitig minimale Tumordosen am Tumorrand von 15, 20 und
25 Gy appliziert (ein Cross-over bei dosislimitierenden Charakteristika war erlaubt), wobei die
Lokalrezidiv-Rate (der primare Endpunkt, LR) mit der Dosis abnahm. Das mediane Follow-up
fur die LR mit Bildgebung betrug 15,2 Monate, das Gesamt-Follow-up in Bezug auf das
Gesamtiberleben 41 Monate. Dabei handelte es sich Uberwiegend um multimodal
vortherapierte Patienten in der Salvage- Situation mit schlechter Prognose. 58% der Patienten
waren synchron lebermetastasiert, 86 bzw. 40% hatten eine first-line bzw. second/third-line
Chemotherapie erhalten, 33% eine Leberteilresektion und 21% eine Thermoablation. Die
Gesamt-LR betrug fiir alle Metastasen 25,1% (n=50/199), fur den 15 Gy- Arm 35% (n=34/98),
fur den 20 Gy- Arm 22% (n=15/68) und fur den 25 Gy-Arm 3% (n=1/33). Ein Signifikanzlevel
mit einem p-Wert unter 0.05 wurde fir den 25 Gy- Arm versus 15- bzw. 20- Gy erreicht. Der
ermittelte Cut-off-Wert fir die D100, also die tatsachliche Dosis, mit der 100% des PTV
umschlossen waren und oberhalb derer es keine Lokalrezidive gab, lag bei 23 Gy.
Interessanterweise hatte die Tumorgrof3e in der multivariaten Cox-Regressionsanalyse keinen
Einfluss auf die LR.

Die vergleichsweise hohe Cross- over-Rate zeigt einerseits, dass 25 Gy nicht immer erreicht
werden kénnen, was dem Umstand geschuldet ist, dass in dieser Studie (reprasentativ fur die
klinische Situation) auch grofRe bis sehr groRe Metastasen bis 13,5 cm behandelt wurden.
Andererseits belegt das mediane Lokalrezidiv-freie Uberleben (LFS) von 25,6 Monaten in der
15 Gy Gruppe (der Median wurde in der 20- und 25- Gy Gruppe nicht erreicht), dass auch mit
niedrigen Dosen eine langanhaltende Tumorkontrolle erreicht werden konnte. In der
praktischen Konsequenz werden in der klinischen Routine, abhangig von der individuellen
GrolRe sowie der Anzahl und der Verteilung der Metastasen, Zieldosen zwischen 20 und 25
Gy verschrieben. Letztlich beeinflusste in einer multivariaten Analyse das Auftreten eines
Lokalrezidivs auch nicht das Gesamtlberleben (Overall survival, OS) und der wiederholte
Einsatz der Brachytherapie im Verlauf — sei es bei neu auftretenden Metastasen oder bei
Lokalrezidiven — verlangerte das OS signifikant, und zwar starker als der ebenfalls positive
Einfluss einer postinterventionellen Chemotherapie. Angesichts des hohen Anteils an

Patienten mit insgesamt schlechter Prognose (58% synchrone Lebermetastasen) ist das
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beobachtete mediane OS von 23,4 Monaten, 46,7 Monaten und 56,2 Monaten nach erster
Brachytherapie, nach der Erstdiagnose der Lebermetastasen bzw. nach der Erstdiagnose des
Primarius bemerkenswert’? (Publikation 2).

Eine weitere prospektive, explorative Studie zur BT bei 83 Patienten mit einem
hepatozellularen Karzinom (HCC, Child Pugh-Klasse A 64%, Child Pugh-Klasse B 36%;
BCLC-Stadium A 61%, B 14%, C 24%) und insgesamt 140 Leberlasionen bei verschriebenen
Zieldosen zwischen 15 und 25 Gy beobachtete bei insgesamt 126 Lasionen mit bildgebender
Nachsorge 5 Lokalrezidive (4,0%). Der mediane Tumordurchmesser der groften
Lasion/Patient betrug 5,2 cm (1-15cm). Es wurde keine Abhangigkeit von der Zieldosis im
genannten Bereich von 15 bis 25 Gy nachgewiesen. In der klinischen Routine werden HCC
deshalb je nach individueller Tumorcharakteristik mit einer Zieldosis zwischen 15 und 20 Gy
behandelt. 114 Lasionen (medianer Tumordurchmesser 3,1 cm, 1-12 cm) wurden dabei
einzeitig abladiert, 12 sehr grofle HCC (medianer Tumordurchmesser 11,3 cm, 6-15 cm)
wurden zwei- oder dreizeitig behandelt. Der Lokalrezidiv-freie Anteil der Patienten (LFR) nach
12 Monaten lag bei den kleineren, einzeitig behandelten HCC bei 96% und bei den grofRen,
mehrzeitig behandelten bei 91%. Es konnte also bei einer kleinen Anzahl von Patienten
gezeigt werden, dass auch groRe bis sehr grofse Tumoren, ggf. mehrzeitig, effektiv behandelt
werden kdnnen.

Der primare Endpunkt, die Time-To-Progression (TTP), lag fur die kleineren, einzeitig
behandelten Lasionen bei 12 Monaten, fir die groferen, mehrzeitig behandelten bei 8,4
Monaten. Der mediane Nachbeobachtungszeitraum fir das OS betrug 33,8 Monate, das
mediane Gesamtuberleben fur alle Patienten 19,4 Monate.

Dabei zeigte sich in einer univariaten Analyse eine Abhangigkeit des OS nach Einschluss in
die Studie bzw. nach Erstdiagnose des HCC vom CLIP-Score (CLIP-score 0: 46,3 bzw. 58,9
Monate, Clip-score >=3 8,3 bzw. 13,5 Monate) und vom BCLC-Score sowie vom
Tumordurchmesser. Multivariat war lediglich der Clip-Score ein signifikanter Faktor.
Erganzend wurde bei 57 vollstandig die Match-Kriterien erflllenden Paaren eine Matched pair-
Analyse der brachytherapierten Patienten gegen eine Kontrollgruppe ohne
brachytherapeutische Behandlung durchgefiihrt, die einen signifikanten Unterschied im OS
nach der Erstdiagnose von 37,5 Monaten in der Brachytherapie-Gruppe sowie 18 Monaten in
der Kontrollgruppe ergab (p<0.001) ° (Publikation 3).

Bei 115 Lebermetastasen von Mammakarzinomen bei 41 Patientinnen mit Zieldosen
zwischen 15 und 25 Gy wurde ebenfalls keine Dosisabhangigkeit der LR bei einer LFR von
97%, 93,5 und 93,5% nach 6, 12 und 18 Monaten festgestellt. In der Konsequenz erhalten
Patientinnen mit Lebermetastasen eines Mammakarzinoms in der klinischen Routine eine
D100 zwischen 15 und 20 Gy. Der mediane Tumordurchmesser betrug 4,6 cm (1,6-11cm).

Interessanterweise unterschied sich das mediane Progress-freie Uberleben (Progression-
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Free-Survival, PFS) zwischen den Patientinnen, die eine zusatzliche Chemotherapie nach der
Brachytherapie erhielten, nicht von denen ohne eine solche (8,5 vs. 9 Monate, p>0,05). Auch
der Rezeptorstatus (Herceptin, Progesteron, Ostrogen) war ohne Einfluss auf das PFS
(Publikation 4).

Eine sehr hohe LFR bei einer vergleichsweise niedrigen medianen D100 von 15 Gy konnte in
einer retrospektiven Studie bei 40 Metastasen von gastrointestinalen Stromatumoren
(GIST, 30 hepatische Metastasen, 10 peritoneale Metastasen) erreicht werden, sie betrug
nach 25 Monaten 97,5% (1 Lokalrezidiv). Das mediane PFS bzw. OS lag bei 6,8 bzw. 37,3
Monaten®? (Publikation 5).

Bei 54 Lebermetastasen von Nierenzellkarzinomen (NCC) wurden in einer aktuellen
Studie bei einer medianen D100 von 16,1 Gy 4 Lokalrezidive mit einer entsprechenden LFR
von 92,6% beobachtet. Das mediane Gesamtiiberleben wird mit 51,2 Monaten angegeben®.
45 Lebermetastasen von duktalen Adenokarzinomen des Pankreas wurden mit einer
medianen D100 von 21 Gy behandelt, das Lokalrezidiv-freie Uberleben lag hier lediglich bei
3,3 Monaten. Teilweise entwickelten bis zu 3 Metastasen in einem behandelten Patienten ein
Lokalrezidiv, das mediane PFS und OS war 3,4 und 8,9 Monate®.

In der Studie einer anderen Arbeitsgruppe zur gleichen Tumorentitdt war in 5 von 49
Metastasen bei einer D100 von 18,1 Gy ein Lokalrezidiv zu beobachten (10%), das mediane
PFS und OS lag bei 4,9 bzw. 8,6 Monaten®.

Bei 36 mit iBT behandelten Metastasen (29 Lebermetastasen, 2 pankreatische Metastasen, 5
Lymphknotenmetastasen) in 12 Patienten mit einem Adenokarzinom des Magens wurden
insgesamt 4 Lokalrezidive bei eine D100 von 19,9 Gy beobachtet, was einer LFR von 89% bei
einem Nachsorgezeitraum von 8,3 Monaten entsprach®.

Eine mediane D100 von 16,2 Gy fuhrte bei Metastasen von analen
Plattenepithelkarzinomen zu einer LFR von 97,4% nach 15,2 Monaten, das PFS und OS
lag im Median bei 3,3 bzw. 25,2 Monaten®’.

Bei 52 Lebermetastasen neuroendokriner Tumoren, die mit einer Zieldosis zwischen
15 und 20 Gy ein- oder mehrzeitig behandelt worden waren, wurde bei einer mittleren
TumorgréfRe von 3,1 cm (max. 11 cm) eine LFR von 92%, 83% und 83% nach 1, 3 und 5
Jahren bei einem PFS von 53%, 43% und 22% nach 1, 2 und 4 Jahren sowie einem OS von
96%, 96% und 53% beobachtet®.

Bei 52 Patienten mitLebermetastasen von malignen Melanomen und einer applizierten
medianen D100 von 19,9 Gy lag die LFR bei einem Nachsorgezeitraum von 5 Monaten (1-11
Monate) bei 90% (1 Lokalrezidiv)® (Publikation 6).

Eine interessante Arbeit zur multimodalen, systemischen sowie interventionellen Therapie von
intrahepatischen cholangiozellularen Karzinomen (CCC), die sowohl mit lokalen

Therapien wie der iBT, aber auch der RFA sowie mit lokoregionaren Therapieverfahren wie
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der RE, der intraarteriellen Chemotherapie mit 5-FU sowie systemischer Chemotherapie
behandelt worden waren, zeigte die iBT (das pradominant eingesetzte Verfahren) bei einer
Zieldosis von 20 Gy als Einzige neben der RFA als bestes Ansprechen die Komplettremission
(Complete response, CR). Das mediane OS vom Zeitpunkt der Erstdiagnose bzw. vom
Zeitpunkt der ersten Intervention wurde mit 33,1 bzw. 16 Monaten ermittelt'® (Publikation 7).
Die Studie einer anderen Gruppe behandelte 15 Patienten mit einem mittleren Zielvolumen
von 131 ml (10-257 ml) und erreichte ein medianes LFS von 10 Monaten bei einem medianen
OS von 14 Monaten™".

Die oben erlauterte Evidenz belegt auch die Wirksamkeit bei groRen Tumoren und bei
ungunstiger Lage. Dies wird durch Daten aus anderen Arbeitsgruppen gestitzt.

Collettini et al. berichteten Uber die Wirksamkeit der iBT in groRen (Tumordurchmesser 5-7
cm) und sehr groRen (Tumordurchmesser 7-12 cm) HCC mit einer Leberzirrhose im Child-
Pugh A bis B-Stadium, die mittlere Zieldosis betrug 15,8 Gy. Nach einem medianen
Nachsorgezeitraum von 12,8 Monaten wurden 2 Lokalrezidive identifiziert (2/30 Patienten mit
bildgebendem Follow up, 6,7%), die beide erfolgreich durch eine erneute Brachytherapie
behandelt wurden. Das mittlere OS war 15,4 Monate®.

Tselis et al. behandelten 41 Patienten mit 50 Lebertumoren verschiedener Entitdten und einer
TumorgréRe von mehr als 4 cm (medianes CTV 84 cm?® 38-1348), die eine enge
Lagebeziehung zum Leberhilus aufwiesen. Abweichend von den Ubrigen Arbeitsgruppen
verwendeten sie ein Fraktionierungsschema mit ein- bis zweimal taglich applizierten
Einzelfraktionen zwischen 4 und 14 Gy bis zu einer medianen physikalischen Dosis von 20 Gy
(7-32 Gy). Nach einem medianen FU von 12,4 Monaten betrug die LFR nach 12 Monaten fir

Lebermetastasen 73%, fiir lebereigene Tumoren 81%5.

In vielen Arbeitsgruppen wird die D100, also die minimale Dosis, die 100% des PTV
umschlieflt, als Zieldosis definiert und avisiert, die — auch bedingt durch den steilen Dosisabfall
— in gewisser Hinsicht anfallig fur Ungenauigkeiten in der CTV-Markierung in der Planungs-
Bildgebung ist. Deshalb verwenden andere Arbeitsgruppen die D90 als Zieldosis. Dabei wird
die Dosisverteilung zum errechneten mittleren Dosiswert auf der CTV-Oberflache und der
100% Referenz-Isodose normalisiert®*®. Es wird angenommen, dass diese Methode weniger
anfallig fur oben genannte Ungenauigkeiten in der Zielvolumendefinition im Randbereich und
der Berechnungsmatrix der Planungssoftware oder der Anzahl der Haltepunkte der Quelle ist.
Unstrittig ist, dass bei sehr grolRen Tumoren, bedingt durch dosislimitierende Faktoren wie der
Leberexposition oder angrenzender Risikoorgane wie Magen, Duodenum oder der Haut, ein
mehrzeitiges Vorgehen sinnvoll sein kann. Eine absolute Grenze hinsichtlich der TumorgréRRe
ist hier schwer zu ziehen, da die Faktoren Entitat (und somit die zu verschreibende Dosis),

Lage und ggf. vorliegende weitere Metastasen in die Uberlegung mit einbezogen werden
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mussen. Die bisherigen Erfahrungen legen ein mehrzeitiges Vorgehen bei Tumoren oberhalb

64728083102 Normalerweise wird hierbei keine kumulative Dosis fir das

8-10 cm nahe
Gesamtvolumen errechnet, sondern der Praktikabilitat halber mehrere Teilvolumina mit der
entsprechenden Zieldosis in einem Abstand von 2-4 Wochen behandelt. Dies ist auch vor
dem Hintergrund bedeutsam, dass nachweislich einer Studie eine sehr lange
Bestrahlungszeit das umgebende, gesunde Leberparenchym Uberproportional
schadigt, und Bestrahlungszeiten von mehr als einer Stunde vermieden werden
sollten, wenn auch der Effekt gering zu sein scheint, so tatsdchlich vorhanden?®
(Publikation 1).

Bekannt ist, dass die Anzahl und die Entfernung von Mikro-Satellitenmetastasen mit der GroRRe
der Makro-Metastasen zunimmt, und dass das makroskopische Vorhandensein von
Satellitenmetastasen, ggf. konfluierend mit der Hauptmetastase, einen negativen
prognostischen Faktor darstellt’2'® (Publikation 2). Auf der anderen Seite sind
Mikrometastasen in der Umgebung von makroskopischen Metastasen bildgebend nicht
sichtbar. FUr kolorektale Lebermetastasen konnte gezeigt werden, dass das Wachstum von
makroskopisch nicht sichtbaren Mikrometastasen verhindert werden kann, wenn
in 2,1 cm Entfernung vom GTV 15,1 Gy erreicht werden'® (Publikation 8). Dies mag neben
der entitatsimmanenten Strahlensensibilitat ein weiterer Grund dafur sein, dass Lokalrezidive
(die zum Teil vermutlich benachbarten, vordem nicht sichtbaren Mikrometastasen
entsprechen) nach der Brachytherapie von kolorektalen Lebermetastasen bei einer D100 von

25 Gy selten sind, da hier 15 Gy in 2 cm Abstand sicher erreicht werden.

Oben wurde die lokale Effektivitat mit dem Endpunkt LR ausflhrlich beschrieben. Dabei
konnte, abhangig von den Einschlussbedingungen, prospektiv und retrospektiv eine hohe bis
sehr hohe LFR von bis zu >90% nach 12 Monaten gezeigt werden. Nachweisbar war dabei
eine Dosisabhangigkeit, wobei die hepatischen Absiedelungen der meisten Entitaten mit 15-
20 Gy hervorragend lokal kontrolliert wurden, wahrend die notwendige D100 bei kolorektalen
Karzinomen mit mindestens 23 Gy fir eine niedrige LR am hdchsten ist. Bei diesen sind auch
Spatrezidive nach 2 Jahren und mehr auch bei einer entsprechend hohen D100/CTV
moglich’?. Solch hohen einzeitigen Fraktionen sind nicht immer zu erreichen und ein
fraktioniertes Vorgehen wegen der oben beschriebenen Dosislimitationen und der
individuellen klinischen Situation ist nicht in jedem Falle mdglich. Deshalb kommen die
Ergebnisse einer weiter unten vorgestellten Studie mit dem primdren Endpunkt
Komplikationen bei Patienten mit unterschiedlichen Lebermalignomen — da Tumorstadium,
Lage, Anzahl und GroéRRe der Lebermalignome bzw. die tatsachlich applizierte D100 kein
Kriterium fur Ein- oder Ausschluss darstellten und das Patientengut somit weitgehend

unselektiert war — der klinischen Situation am nachsten. Hier fand sich eine allgemeine lokale
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Kontrollrate nach 12 Monaten von 89%, von 97% in hepatozellularen Karzinomen und bis zu

84% in kolorektalen Lebermetastasen.

5.2 Interventionell-radiologische sowie radio- und tumorbiologische Rationale fiir die

Hypofraktionierung und das Konzept der einzeitigen Bestrahlung

Fur die extreme Hypofraktionierung und in der Regel unfraktionierte Durchfihrung der iBT gibt
es interventionsbedingte und radiobiologische Grinde. Erstens konnte zwar kein
Zusammenhang zwischen der Komplikationsrate und der Anzahl der Katheter nachgewiesen
werden. Zweitens steigt aber sehr wohl — wie bei allen anderen (minimal-) invasiven Verfahren
auch — mit der Anzahl der durchgefiihrten Eingriffe pro Patient das Risiko von
Komplikationen®*'%, Zudem ist eine Fraktionierung mit dem Verbleib der Katheter im Kérper
des Patienten mit erheblichen Komforteinbuf3en und Unsicherheiten bzgl. der Konstanz der
Katheterlage verbunden, wie klinische Erfahrungen vor allem bei Lokalisationen im Oberbauch
zeigen. AuBerdem postuliert man eine erhdhte Blutungsgefahr bei Verbleiben der Katheter in

Organen des Oberbauches.

Dennoch gibt es Arbeitsgruppen, die hypo- bis hyperfraktionierte Konzepte mit Belassen der
Katheter verfolgen. Dieses Konzept findet Uberwiegend bei Tumoren mit unmittelbarer und
breitflachiger Nahe zu Geweben mit geringer Dosistoleranz oder in der wenig
bewegungsabhangigen iBT von Hirnmalignomen Anwendung. Bei Behandlungen im
Oberbauch werden hingegen, wenn die Tumorgrofie oder die Lage es nicht anders erlauben,
in Ublicherweise 2-3 Eingriffen unterschiedliche Tumorpartitionen behandelt, um in der Summe
eine vollstandige Abdeckung des gesamten Tumorvolumens zu erreichen. Die Katheter

werden dabei nach jeder Sitzung wieder entfernt'%-'"",

Einerseits sprechen also Patientenkomfort und Sicherheit fur die einzeitige
Hypofraktionierung. Andererseits zeitigt die Radiatio mit hohen Einzeldosen (> 10-12 Gy)
zusatzliche therapeutische Phanomene, die Uber die strahlentherapeutischen Effekte mit
geringeren Einzeldosen hinausgehen. Hier wird unter anderem eine Apoptose-Induktion am
GefalRendothel postuliert, was einer antiangiogenetischen Wirksamkeit entspricht®®®®. Einen
histopathologischen Vergleich mit der Nekroserate zwischen SBRT und iBT gibt es bislang
nicht, zumal auch bei der SBRT vergleichsweise hohe Einzelfraktionen Ublich sind. Im
Vergleich zur TACE bei hepatozellularen Karzinomen konnte aber ein Uberproportionaler
Nekroseeffekt nach iBT histopathologisch nachgewiesen werden''?.

Diese Uberproportionale tumorizidale Wirkung der hohen Einzeit-Dosen wird durch die hohe
bis sehr hohe LFR bei verschiedenen Entitaten und Lokalisationen im Oberbauch bestatigt,

die im Ubrigen auch fiir pulmonale Neoplasien gilt™ "3,
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Im Folgenden wird zunadchst auf Dosiseffekte im nicht betroffenen Leberparenchym und
angrenzenden Geweben eingegangen werden. Dabei wird verdeutlicht werden, dass die oben
angegeben hohen Einzelfraktionen, die die hypofraktionierte interstitielle Brachytherapie
auszeichnen, routinemafig und repetitiv anwendbar sind. Die Dosimetrie weist dabei ein

hohes Mal} an Genauigkeit auf.

5.3 Lebertoleranz und Monitoring des Bestrahlungseffektes

Bei der interstitiellen Brachytherapie von Lebermalignomen stellt die Leber selbst das
wichtigste Risikoorgan dar. Allgemein wird (unter der einschrankenden Bedingung einer sonst
gesunden Leber und normalen Lebergrofie) empfohlen, dass das Volumen, das mit >5Gy
exponiert wird, 2/3 des Lebervolumens nicht iberschreiten sollte®*®*%_ Der strahlenbedingte
Effekt der unfraktionierten Applikation von 15 bis 25 Gy auf Teilvolumina der Leber ist auf der
Basis von iBT-Behandlungen erstmalig anhand von MRT-Daten, histopathologischen
Veranderungen und anderen paraklinischen sowie klinischen Parametern untersucht und
beschrieben worden. Frihe Arbeiten zur perkutanen Strahlentherapie der Leber zeigten einen
klaren Dosiszusammenhang zwischen einer sehr groRvolumigen oder Ganzleber- Exposition
von 30-55 Gy und der Entwicklung einer RILD (Radiation induced liver disease)"*"®,
Da wegen der erheblichen Atemverschieblichkeit der Leber und des entsprechend
notwendigen grofRen Sicherheitssaums deshalb kaum tumorizidale Dosen bei
Lebermalignomen erreicht werden konnten, spielte die perkutane Bestrahlung friher in der
Behandlung von Lebermailgnomen kaum eine Rolle, bis Ende der 90- und Anfang der 2000-
er Jahre prazisere Techniken entwickelt wurden, die als stereotaktische Bestrahlung
bezeichnet werden'®. Hier wurden bereits Untersuchungen der Leberreaktion nach
hypofraktionierter, stereotaktischer Radiatio mit der mehrphasigen, kontrastmittelgestitzten

CT angestrengt''.

Die iBT von Lebermalignomen kann in den meisten Fallen als
kleinvolumige Leberexposition verstanden werden.

Dabei ist die MRT mit hepatozyten-spezifischem Kontrastmittel eine ausgezeichnete Methode
zur Quantifizierung der Lebertoleranz bzw. des Leberparenchym-Schadens. In friihen Arbeiten
war dies Gd-BOPTA (Gadobenate dimeglumine, MultiHance, Bracco, U.S.), spatere
verwendeten Gd-EOB-DTPA (Gadolinium ethoxybenzyl diethylenetriamine-pentaacetate,
Primovist®, Bayer, Germany), das mit einer hepatobilidren Extraktionsrate von >50% dem Gd-
BOPTA (3-5%) in der Leberbildgebung (iberlegen ist'??'%°, Da funktionsfahige Hepatozyten
das Kontrastmittel aufnehmen, werden in der T1-gewichteten Sequenz nach etwa 20 min (Gd-
EOB-DTPA) bzw. 2 Stunden (Gd-BOPTA) sowohl die meisten Tumore als auch das
Lebergewebe mit Funktionsverlust hypointens dargestellt. Entsprechend sind in vivo-

Messungen der Lebertoleranz auf die Bestrahlung moglich. Dies wurde flir zahlreiche
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entsprechende Studien bei einzeitiger und repetitiver iBT genutzt®#587127 Aych fiir die SSPIO-
Bildgebung wurde die Toleranzdosis des retikuloendothelialen Systems
ermittelt'?®(Publikation 9).

In einer Studie mit Gd-BOPTA, die die Toleranzdosis kleiner Lebervolumina untersuchte,
wurden 25 Lebermetastasen mit iBT behandelt. Die Patienten hatten pratherapeutisch eine
normale Leberfunktion. Einen Tag vor der Therapie und 3 Tage sowie 6, 12 und 24 Wochen
post interventionem (p. i.) erfolgte eine Untersuchung der Patienten mit einem Gd-BOPTA-
verstarktes MRT. Die Datensatze wurden mit der 3D-Dosimetrie aus der Bestrahlungsplanung
fusioniert und mit dem hyperintensen postaktinischen Areal in der T2w- (dem postaktinischen
Odem) bzw. dem entsprechenden hypointensen Areal in der spaten T1w-Sequenz (dem
behandelten Tumor und ihn umgebendes Leberparenchym mit Funktionseinschrankung
entsprechend) korreliert. Dabei stellte sich heraus, dass sich das posttherapeutische Odem in
der T2w zwischen Tag 3 p. i. und 6 Wochen p. i. von der 12,9 Gy Isodosenlinie auf die 9,9 Gy
Isodose ausdehnte (Standardabweichung SD 3,3 bzw. 2,6, p=0.006), dann nicht weiter
zunahm und nach 24 Wochen auf die 14,7 Gy Isodosenlinie zurtickging (SD 4,2, p= 0.002).
Das Volumen des hepatozytaren Funktionsverlustes lag an Tag 3 p. i. von der 14,9 Gy-
Isodosenlinie umschlossen und dehnte sich sich nach 6 Wochen auf die 9,9 Gy- Isodosenlinie
aus, es nahm also zu (SD 2,3, p=0.001). Im Gegensatz zum Odem konnte auch zwischen den
MRT-Kontrollen nach 6 bzw. 12 Wochen ein signifikanter Rickgang des Volumens mit
hepatozytarem Funktionsverlust zur 11,9 Gy Isodosenlinie beobachtet werden (SD 3,0,
p=0.035). Nach 24 Wochen war der Funktionsverlust auf das Volumen, dass von der 15,2 Gy-
Isodosenlinie umfasst wurde, zuriickgegangen (SD 4,1, p=0.002). Die Odem provozierende
Dosis war initial demnach signifikant geringer als die Dosis, die zu einem Funktionsverlust
fuhrte (p<0.001) und vom Volumen her betrachtet ging das Odem dem Funktionsverlust initial
voraus (p=0.001). Kein Zusammenhang wurde zwischen dem Tumorvolumen und der
Toleranz des Leberparenchyms gesehen. Auch bestand kein Zusammenhang zwischen der
Aktivitat der Quelle - also der Dosisleistung - und der Toleranzdosis auf Signifikanzniveau®
(Publikation 10).

Einen ahnlichen Ansatz verfolgte eine spatere Studie mit Gd-EOB-DTPA bei Patienten, die an
23 Lebermetastasen mit der iBT behandelt worden waren. Diese kam zu vergleichbaren
Resultaten mit einem Anstieg des Volumens des hepatozytaren Funktionsverlustes von der
19,5 Gy Isodosenlinie nach 3 Tagen zu einem Maximum nach 6 Wochen innerhalb des von
der 9,4 Gy- Isodosenlinie umfassten Volumens (p<0.001). Nach 12 bzw. 24 Wochen konnte
ein Ruckgang auf die 11,4 bzw. 14 Gy- Isodosenlinie beobachtet werden (p=0.002). Zwischen
der minimalen, einen hepatozytaren Funktionsverlust provozierenden Dosis und dem Alter der
Patienten, dem Lebervolumen, dem CTV, dem 5- bzw. 10 Gy-Lebervolumen (also dem Anteil

der Leber, der mindestens 5 bzw. 10 Gy ausgesetzt war), der Aktivitat der Quelle, der
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Bestrahlungszeit, der Anzahl der Katheter oder einer frilheren Chemotherapie wurde keine
Korrelation hergestellt # (Publikation 11).

Zumindest in einem Punkt wichen die Ergebnisse in einer Arbeit mit 50 Patienten und 62
Bestrahlungsvolumina von den ubrigen in-vivo Studien ab, und zwar insofern, als dass die
Grenzdosis fur die Lebertoleranz hier signifikant mit dem bestrahlten Volumen indirekt
korrelierte, also bei zunehmendem Bestrahlungsvolumen abnahm® (Publikation 12).

In einer weiteren Studie wurden die MRT-Signalveranderungen durch Biopsien in den
exponierten Leberarealen mit histopathologischen Veranderungen korreliert. Dabei wurden
charakteristische Gewebsveranderungen gesucht, die mit einem radiogen induzierten
Leberschaden in Zusammenhang stehen, wie die sinusoidale bzw. hepatovendse Kongestion,
eine Vermehrung des perisinusoidalen Retikulinfasernetzes und/oder eine hepatozytare
Atrophie. Dabei fand sich eine exzellente, 100%-ige Korrelation zwischen der fehlenden
Aufnahme von Gd-BOPTA und diesen histopathologischen Phanomenen sowie umgekehrt
der ungestorten Aufnahme von Gd-BOPTA und einer unauffalligen Histopathologie. Daraus
l&sst sich schlussfolgern, dass die in-vivo Messung des hepatozytaren Funktionsverlustes in
der MRT mit hepatozyten-spezifischem Kontrastmittel das Ausmal des radiogen induzierten
Leberschadens mit einer sehr hohen Sicherheit quantifizieren kann®® (Publikation 13).
Letztlich konnen die Grenzdosen flr einzeitige Brachytherapien auf hypofraktionierte,
mehrzeitige Brachytherapien iber die Ermittlung der biologischen Aquivalentdosis tibertragen
werden, wie eine diesbezigliche Studie zeigen konnte. Dabei wurden 20 Patienten an
identischen oder Uberlappenden Volumina in 2-4 Fraktionen behandelt, wobei die
Funktionsverlust induzierende BED-Grenzdosis 22-24 Gy betrug, was einer Einzeit-Dosis
unter Berlcksichtigung der Fraktionierung von etwa 10 Gy entsprach, also im Wesentlichen
den ermittelten Werten fiir die einzeitige iBT'?° (Publikation 14).

Die aufgeflhrten Studien wurden bei Patienten mit normaler Leberfunktion durchgefiihrt. Zur
Evaluierung des Einflusses auf die Leberfunktion durch die Brachytherapie (und die Y90-
Radioembolisation) bei Patienten mit einem hepatozellularen Karzinom und einer
Leberzirrhose Child A bis B wurden in einer weiteren Arbeit 3 Tage, 6 Wochen und 12 Wochen
nach der Intervention leberspezifische Laborparameter bestimmt. Fir die 12
brachytherapierten Patienten lag das pratherapeutische Lebervolumen zwischen 708 und
2268 cm?®, das CTV zwischen 3,1 und 72,5 cm® (im Mittel 21 cm?®), das 5Gy- Volumen der
Leber zwischen 2,6 und 20,3%. Dabei war ein geringgradiger Anstieg der AST und GGT im
unmittelbar postinterventionellen Verlauf zu verzeichnen, wahrend die Cholinesterase
geringgradig abfiel. Alle relevanten Parameter kehrten nach spatestens 12 Wochen auf die
Ausgangswerte zurlck.

Innerhalb der Studienbedingungen konnte also gezeigt werden, dass die Brachytherapie auch

groRerer Volumina und bei kleinen Volumina der Gesamtleber (zum Beispiel nach
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Leberteilresektion) fur Patienten mit Zirrhose und einer geringen Einschrankung der
Leberfunktion sicher maglich war'?” (Publikation 15).

Zusammenfassend lasst sich schlussfolgern, dass die Brachytherapie hinsichtlich der
Leberfunktion sicher durchflhrbar ist, was auch in einer kleinen Population bei Patienten mit
geringer Einschrankung der Leberfunktion nachweisbar war. Der temporare und permanente
Funktionsverlust des umgebenden Lebergewebes lasst sich ausgezeichnet mittels MRT mit
hepatozyten-spezifischem Kontrastmittel nachweisen, wobei die Veranderungen sehr gut mit
den histopathologischen Phanomenen eines radiogen induzierten Leberschadens korrelieren.
Durch die Fusion der MRT mit der 3D- Dosimetrie konnte sogar eine gewisse Vorhersagbarkeit
des Funktionsverlustes abgeleitet werden, wobei zwischen temporarem und permanentem
Funktionsverlust unterschieden werden muss. Die Grenzdosis flir den temporaren
Funktionsverlust, am besten verstanden als temporare veno-occlusive disease (VOD),
erreicht ihr Maximum nach 6 Wochen und entspricht dann im Mittel dem Volumen, das
ursprunglich von der 9-10 Gy- Isodosenlinie umfasst worden war. Bis zur 24. Woche p. i. ist
ein Ruckgang auf die 14-16 Gy Isodosenlinie zu verzeichnen, was im Mittel der Grenzdosis
fur den permanenten Funktionsverlust entspricht. Insofern bietet sich die 10 Gy- Isodosenlinie
als volumetrischer Parameter fir den temporaren und die 14-16 Gy-Isodosenlinie fir den
permanenten Funktionsverlust fir die prainterventionelle und periinterventionelle
dosimetrische Planung an. Einschrankend ist die relative breite interindividuelle Streuung der
jeweiligen Grenzdosis anzuflhren. Sie weist auf eine individuelle Toleranz des
Leberparenchyms hin, die zum Beispiel aus einer Sensibilisierung durch Chemotherapeutika
resultieren mag. Da aber mit gewissen Unsicherheiten vorhersagbar ist, welches Volumen
temporar bzw. permanent seine Funktion verliert, kdnnten mit gewissem Recht und unter
Berucksichtigung dieser interindividuellen Schwankungen (d.h. einem ,Sicherheitszuschlag*
fur die erwarteten funktionseingeschrankten Volumina) fur die iBT die gleichen Regeln
angewandt werden wie fur die Leberteilresektion (future- liver- remnant), wohlverstanden
als echte ,Radiochirurgie®. Letztlich wird in der klinischen Routine weiterhin die V66%/5Gy-
Regel (nicht mehr als 66% der Leber werden mit 5Gy oder mehr exponiert) angewandt, ein
konservatives Vorgehen, was eine gewisse Bestatigung durch die nur episodisch auftretenden
atypischen Formen der RILD erfahren hat. Auf diese wird im Kapitel Komplikationen noch
eingegangen werden.

Wegen der sehr guten Quantifizierbarkeit des Dosiseffektes wurde an einem
brachytherapierten Patientenkollektiv die leberprotektive Wirkung einer bestimmten
Medikamentenkombination (Enoxaparin, Pentoxifyllin und Ursodesoxycholsaure) untersucht.
Die Fragestellung ergab sich eigentlich aus den nicht selten beobachteten RILD oder REILD
(Radioembolisation- induced- liver- disease) bei der *Yttrium- Radioembolisation der

Leber. Bei dieser ist es aber wegen der deutlich ungenaueren Dosimetrie und der diffuseren
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Veranderungen in der MRT unmdglich, einen mdglichen Effekt solcher Protektiva zu
quantifizieren. In dieser prospektiven randomisierten Studie, die per Protokoll mit 11 Patienten
in der Prophylaxegruppe und 11 Patienten in der Kontrollgruppe ohne Prophylaxe analysiert
wurde, zeigte sich ein signifikant hdherer Lebertoleranz-Grenzwert nach 6 Wochen in der
Prophylaxegruppe im Vergleich zur Kontrollgruppe (19,1 versus 14,6 Gy, p=0,011). Das heif3t,
das Volumen mit temporarem Funktionsverlust war in der Prophylaxegruppe nach 6 Wochen
signifikant kleiner, wahrend das Volumen mit hepatozytdarem Funktionsverlust nach 12
Wochen in beiden Gruppen vergleichbar war. Ob dies nun damit zusammenhangt, dass die
Prophylaxe lediglich in den Wochen 1 bis 8 gegeben wurde oder die Prophylaxe nur einen
Einfluss auf die vorlbergehend funktionsbeeintrachtigten Hepatozyten hatte, verbleibt
Studiendesign bedingt damit unklar. Dennoch sind die Ergebnisse von hoher klinischer
Relevanz fur die Radioembolisation, da hier die temporaren REILD- Ereignisse im
Vordergrund stehen und die Prophylaxe Eingang in den klinischen Alltag gefunden hat®
(Publikation 16). Fir die Brachytherapie ist die klinische Bedeutung begrenzt, wird im
Einzelfall jedoch bei sehr groRen Tumorvolumina nach repetitiver Brachytherapie und/oder

Leberzirrhose eingesetzt.

5.4 Dosislimitationen der Gallenwege

Bei der Brachytherapie von zentralen Tumorlokalisationen in der Leber ist die Hepatikusgabel
haufig hohen Einzeldosen ausgesetzt. Klinisch entstehen im mittel- bis langfristigen Verlauf
nicht selten Veranderungen der angrenzenden Gallenwege im Sinne von unregelmafigen
Erweiterungen, die klinisch nur in der Minderheit zu cholestasetypischen Veranderungen von
Klinik und Laborparametern flhren. Aus der Fragestellung, inwieweit dies mit der Dosis zu
korrelieren ware und welche tatsachliche klinische Relevanz diese Gallengangs-
Veranderungen jenseits der Empirie hatten, leitete sich die folgende Studie ab.

Dabei wurden retrospektiv 102 Patienten mit unterschiedlichen hepatischen Malignomen
eingeschlossen, die mit einer maximalen Punktdosis von mindestens 1 Gy auf die zentralen
Gallengangstrukturen exponiert waren. 22 Patienten (22%) entwickelten eine morphologische
Erweiterung der Gallenwege nach einer medianen Zeit von 17 (3-54) Monaten. 18 von diesen
wurden mittels perkutaner oder endoskopischer Drainage (PTCD oder ERC) behandelt. Die
mediane Punktdosis der Patienten, die Gallengangs-Erweiterungen aufwiesen, betrug 24,8 Gy
(4,4-80) gegenuber eine medianen Punktdosis von 14,2 Gy (1,8-61,7 Gy) bei solchen ohne
(p=10.028). Der ermittelte Cut-off lag bei 20,8 Gy (p= 0.028; 59% Sensitivitat, 24% Spezifitat).
Resultierende Abszesse bzw. Cholangitiden waren selten und traten in beiden Gruppen auf,
haufiger aber in der Gruppe mit morphologischer Cholestase (4/ 22 vs. 2/ 80; p= 0.029). Das

mediane Gesamtlberleben unterschied sich zwischen beiden Gruppen nicht und lag im
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Median bei 43 vs. 36 Monaten (p =0.571) flr die Patienten mit bzw. ohne Cholestase'°
(Publikation 17).

Die breite Streuung der Punktdosen in beiden Gruppen und die niedrige Sensitivitat und sehr
niedrige Spezifitdt des berechneten Cut-off machen es schwierig, daraus Empfehlungen fur
die klinische Routine abzuleiten. Einerseits entwickelten einzelne Patienten bereits ab einer
Punktdosis von 4,4 Gy eine morphologische Cholestase, wahrend andere Patienten
ungeachtet einer Exposition mit Punktdosen von bis zu 61,7 Gy eine solche nicht entwickelten.
Daraus lassen sich vordergrindig zwei Erklarungsmuster ableiten: entweder es existieren
individuelle Dosistoleranzwerte fur die Gallengange bei jedem Patienten oder die
morphologische Cholestase ist weniger eine Folge der Reaktion der gesunden
Gallengangswand, sondern Zeichen des Ansprechens auf die Bestrahlung der bereits
infiltrierten Gallengangswand, die konsekutiv mit narbigen Veranderungen reagiert. Ersteres
ist unwahrscheinlich, da es den bisherigen Erfahrungen von Toleranzdosen in der
Strahlentherapie widerspricht, zweiteres ist zumindest denkbar.

Weitere Einflussmoglichkeiten sind die Dauer der Bestrahlung, die Dosisleistung der Quelle
oder die Lage der Katheter, die aber in Untersuchungen zur Toleranzdosis des gesunden
Leberparenchyms ganz berwiegend keinen Einfluss hatten. Es lasst sich festhalten, dass
klinisch relevante Komplikationen bei der Bestrahlung von zentralen Lebertumoren selten sind
und bei einer Reihe von Patienten auch sehr hohe Punkidosen auf die zentralen
Gallenwegsstrukturen vertragen werden, der Cut-off also wenig geeignet ist, eine
entsprechende Patientenselektion durchzufiihren. Die ausgezeichnete Behandelbarkeit von
zentralen Lebertumoren mittels Brachytherapie als Alleinstellungsmerkmal gegeniber allen
anderen lokalen Verfahren einschliellich Chirurgie spricht ebenfalls daflr, das Risiko einer
postinterventionellen Cholestase in Abwagung mit dem Patienteninteresse und nach
entsprechender Aufklarung in Kauf zu nehmen, zumal sich aus dieser Komplikation keine
Verklirzung des Gesamtlberlebens ergab. Weiterhin ist zu tberlegen, ob eine prolongierte
Steroidprophylaxe, wie sie in der perkutanen Strahlentherapie verwendet wird, sinnvoll sein

kann.

5.5 Risikoorgane aulBerhalb der Leber
5.5.1 Magen und Duodenum

Klinisch bedeutsame Risikoorgane (Organs- at- Risk, OAR) sind Magen und Duodenum.
In den ersten Jahren der Anwendung der iBT wurden insbesondere bei linkshepatischen
Eingriffen in geringer, aber relevanter Anzahl strahleninduzierte Magen- oder Duodenal-
Ulzerationen beobachtet, so dass diesem Aspekt auch wissenschaftlich verstarkt Beachtung

geschenkt wurde.

29



In einer groReren Studie mit 192 Patienten und 343 CT- oder MRT-gefuhrten interstitiellen
Brachytherapien verschiedener Entitdten, die im Kapitel Komplikationen ausfiuhrlich erortert
wird, erhielten 57 Patienten in 72 Interventionen eine relevante Magen- oder Duodenal-
Exposition (Dmax/1cm?®), d.h., auf den am hdchsten exponierten Kubikzentimeter Magen- oder
Duodenalwand wurden mehr als 1 Gy appliziert. Postinterventionell wurden 3 gastroduodenale
Ulzera gesichert (3/72; 4%). Dabei wurde ermittelt, dass Patienten mit Magen-Darm-
Ulzerationen, die — lokalisationsbedingt und pathologisch — auf die Bestrahlung
zurtckzufiihren waren, eine signifikant hdéhere minimale Dosis auf den am hochsten
exponierten cm® der Magen- bzw. Duodenalwand erhalten hatten als solche ohne (15.8+2.5
vs. 10.0x 4.1 Gy; p=0.020). Der Cut-off fur die Entwicklung von gastroduodenalen Ulzera lag
bei 14 Gy* (Publikation 18).

Dies bestatigte prinzipiell die Ergebnisse einer friheren Arbeit in einem kleineren
Patientenkollektiv (33 Patienten mit iBT im Lebersegment 2 oder 3), die einen Grenzwert fir
eine symptomatische gastrointestinale Toxizitat bzw. die Entwicklung von gastroduodenalen
Magen-Darm-Ulzera von 11 bzw. 15,5 Gy ermittelte®’.

Inwieweit eine pra- oder postinterventionelle medikamentdse Tumortherapie, die ulzerogene
Substanzen wie Avastin einschliel’t, die Dosiseffekte verstarkt und zum Risiko beitragt, ist

noch nicht wissenschaftlich untersucht.

In der klinischen Routine werden jedenfalls ab einer relevanten gastroduodenalen Exposition
von 8-10 Gy Dmax/1 cm® Protonenpumpenhemmer fiir 3 bis 12 Monate verordnet®.
Expositionen von Uber 14-16 Gy werden im Allgemeinen vermieden, was dazu flihren kann,
dass linkshepatische Tumoren ggf. eine geringere Zieldosis erhalten als empfohlen oder
fraktioniert behandelt werden. Es ergeben sich dadurch gelegentlich also Einschrankungen in
der unfraktionierten Behandelbarkeit von Lebertumoren in den Segmenten 2 und 3.

Daraus ergab sich die Entwicklung erweiterter Interventionstechniken, um zumindest den
Magen vom Leberrand zu distanzieren und damit Abstand zum Bestrahlungsfeld zu schaffen.
Zu diesem Zweck ist die interventionelle Einbringung von Okklusionsballons geeignet, wie sie

in der Angiografie verwendet werden.

Bei 31 Patienten wurden wahrend der Implantation der Katheter fiur die iBT auch
Okklusionsballons zwischen den Magen und die Leber geschoben. Bei denselben Patienten
wurde die Punktdosis ohne diese Ballons an einem anhand der nativen Planungs-CT
unmittelbar vor Kathetereinlage, das mit dem 3D- Bestrahlungsplan fusioniert wurde, erstellten
virtuellen Plan gegen die tatsachliche Punktdosis am Risikoorgan nach Einlage des Ballons
intraindividuell verglichen. Dabei ergab sich — wenig Uberraschend — fur die Planung mit Ballon

eine mittlere Dmax/1 cm® von 12,6 Gy am Risikoorgan gegeniiber 16 Gy ohne Ballon
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(p<0.001). Dieses Studienresultat ist insofern relevant, als dass ohne eine signifikante
Reduktion der Punktdosis am Risikoorgan die deutlich invasivere Technik mit Balloneinlage
kritisch zu hinterfragen ware. Gleichzeitig wird aber eine effektive, unfraktionierte Behandlung

linkshepatischer Malignome erméglicht **' (Publikation 19).

5.5.2 Die Niere

Nicht selten liegt die Niere bei der iBT des Organs selbst (entweder bei der Ablation von
Nierenzellkarzinomen oder den seltenen Nierenmetastasen anderer Primarien), bei der
Brachytherapie von Nebennierenmalignomen oder hepatischen Interventionen im
Lebersegment 6 im exponierten Bereich. In einer Studie zur anteilig repetitiven iBT von 18
Nierenzellkarzinomen und 2 Nierenmetastasen mit dem primdren Endpunkt
Nierenfunktionsverlust nach 12 Monaten wurde eine Zieldosis von 15 Gy (bzw. 20 Gy bei
Lokalrezidiven) appliziert. 3 Tage, 3 Monate, 6 Monate und 12 Monate nach Brachytherapie
wurden unter anderem das Serumkreatinin und die geschatzte glomerulare Filtrationsrate
(eGFR) erhoben. Weiterhin wurde pratherapeutisch sowie 3, 6 und 12 Monaten post
interventionem (p. i.) eine ®™Technetium-MAG3-Nierensequenzszintigrafie mit separater
Auswertung beider Nieren durchgefihrt.

Dabei ergab sich eine mediane Reduktion der eGFR von pratherapeutisch 71ml/min (26-125
ml/min) auf 58 ml/min (23-88 ml) nach 12 Monaten. Zu diesem und keinem anderen Zeitpunkt
aber lag der Unterschied auf einem statistischen Signifikanzniveau.

Die mittels Szintigrafie ermittelte tubulare Extraktionsrate (TER) sank ipsilateral, also in der
brachytherapierten Niere, von median 52 ml/min (37-100 ml/min) auf 33 ml/min (5-100 ml/min)
nach 12 Monaten, wahrend die kontralaterale TER von median 51 ml/min auf 95 ml/min
anstieg, ein statistisches Signifikanzniveau wurde jeweils nicht erreicht. Die Gesamt-TER sank
im Median von 156 ml/min (97-340 ml/min) auf 108 ml/min (108-142 ml/min). Eine Patientin
mit bilateralen und bilateral behandelten Nierenzellkarzinomen und Diabetes mellitus Typ 2
wurde nach 2,5 Jahren hamodialysepflichtig.

Einschrankend muss gesagt werden, dass aufgrund des Studiendesigns Spatkomplikationen
nach uber 1 Jahr nicht fir die Gesamtheit des Patientenkollektivs erfasst wurden. Allerdings
betrug die umfassende Nachsorge mit bildgebenden Verlaufskontrollen im Median 22,5
Monate. Man kann festhalten, dass im 2 bis 3-jahrigen Verlauf eine Patientin Hamodialyse-
pflichtig wurde, die auf Grund der Bilateralitat und des Diabetes hochgradig pradisponiert war.
Innerhalb der Limitationen dieser Studie war die iBT also sicher durchfuhrbar, der

Funktionsverlust unterhalb des statistischen Signifikanzniveaus'®? (Publikation 20) .
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5.5.3 Das Pankreas

Auch das Pankreas ist haufig ein Risikoorgan, entweder auf Grund seiner Nahe zu
Bestrahlungsfeldern in Leber, Lymphknoten, Niere oder Nebenniere oder bei der Behandlung
von Pankreaslasionen selbst. In einer Studie zur iBT in 13 Patienten mit 13 Pankreaslasionen
(8 Metastasen und 5 Primartumore, davon 2 Lokalrezidive) fand sich bei einem medianen
Tumordurchmesser von 3 cm und einer D100 von 15,3 Gy keine Toxizitat CTCAE Grad 3 oder
hdher, lediglich ein Patient entwickelte eine milde akute Pankreatitis, die innerhalb einer
Woche spontan abklang'®® (Publikation 21).

Fir alle anderen Risikoorgane wie die Haut, die Rippen und das Myelon sowie das Kolon
werden die Referenz- bzw. Grenzwerte aus den Leitlinien der perkutanen Strahlentherapie,

adaptiert an das hypofraktionierte Konzept, libernommen’*.
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6 Die interstitielle Brachytherapie: Komplikationen

6.1 Allgemeine prozedurale und radiogene Komplikationen

Aus technischer Sicht kombiniert die hypofraktionierte interstitielle Brachytherapie die minimal-
invasive, interventionell-radiologische Punktion einschlieRlich Kathetereinlage in Seldinger-
Technik mit einer besonderen Form der Strahlentherapie.

Diese Strahlentherapie ist in zweierlei Hinsicht besonders: Erstens ist sie nicht, wie sonst in
der perkutanen Radiatio angestrebt, konformal mit homogener Dosisverteilung, sondern
aulerst inhomogen bei Lage der Quelle im Tumor mit entsprechender Dosiseskalation im
Tumorzentrum, aber steilem Dosisabfall zur Peripherie hin. Zweitens werden bei extremer
Hypofraktionierung — namlich der im Normalfall unfraktionierten Behandlung — sehr hohe
Einzeldosen zwischen 15 und 25 Gy appliziert.

Nach Abschluss der Behandlung und wahrend der Entfernung der Katheter kann der
Punktionskanal nicht — wie bei der Thermoablation — koaguliert werden, weshalb man sich
damit behilft, dass die eingeflihrte lange Angiografie-Schleuse, die den Brachytherapie-
Katheter fuhrt, nach Entfernen desselben als Fuhrung fir das Stopfen des Punktionskanals
mit entsprechend geformten Gelatineschwammchen-Pfropfen dient. Dies kann
Blutungskomplikationen vermeiden. Allerdings wird der andere erhoffte Effekt bei
der thermalen Ablation des Stichkanals, namlich die Abtdtung evtuell durch
den Eingriff verschleppter Tumorzellen und mithin die Vermeidung von
Stichkanalmetastasen, bei der interstitiellen Brachytherapie durch die
Bestrahlung des Punktionskanals erzielt (siehe 6.4.).

Deshalb sind die prozeduralen, durch die Invasivitat der Intervention bedingten Komplikationen

von den strahlentherapeutischen Toxizitaten zu trennen.

Eine umfassende Arbeit hat sich damit beschaftigt. Dabei wurden 192 Patienten in 343
Interventionen mittels interstitieller Brachytherapie in der Leber behandelt. 284 waren CT-
gefihrte Interventionen, 59 MRT-gefuhrte Brachytherapien. Das CTV betrug im Median 36,7
cm® (IQR 13-78,8, max. 796 cm?®), das Lebervolumen 1352 cm?, die Zieldosis 17,3 Gy. Das 5
Gy- Volumen lag median bei 22,5 % (IQR 13,8-34,7, max. 87,9%). Es wurden im Median 4
und bis zu 9 Katheter eingebracht. Die Primartumoren umfassten kolorektale Karzinome,
hepatozellulare Karzinome, cholangiozellulare Karzinome, Mammakarzinome,
Bronchialkarzinome und andere (43,8%; 26,0%; 8,3%; 6,7%; 4,2%; 10,9%). 34,4% der
Tumoren betrugen zwischen 5 und 10 cm im Durchmesser und 6,3% lagen im Durchmesser
>10 cm. Dabei handelte es sich Uberwiegend um multipel vortherapierte Patienten
(Chemotherapie 59,4%, dabei mindestens Zweitlinie 39,6%; Leberteilresektion oder atypische
Resektion 22,4%, vorherige interventionelle Tumorablationen einschlieBlich RFA und TACE
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26,6%). 26% der Patienten hatten eine Leberzirrhose im Child- Pugh- Stadium A oder B, das
mittlere Alter betrug 66,1 Jahre. Nach den CTCAE Kriterien (Common Terminology
Criteria for Adverse Events, V. 3.0) erlitten die Patienten bei unter 5% der Eingriffe eine
Major-Komplikation Grad 3 oder hoher (15/343)'°. Das waren 5 Grad 3-4 Blutungen,
uberwiegend mittels Embolisation oder allein durch die Gabe von Erythrozytenkonzentraten
behandelt, 1 Aszites Grad 3, 3 gastroduodenale Ulzerationen, 4 Leberabszesse sowie ein
hamorrhagischer Gallengangs-Verschluss, der mittels temporarem Stent versorgt wurde. 2
Patienten verstarben innerhalb von 30 Tagen, zum einen verursacht durch eine fulminante
Osophagusvarizen-Blutung, zum anderen durch eine neutropene Sepsis unter
Chemotherapie. In friiheren Arbeiten wurde rein quantitativ eine hdhere 30-Tage-Mortalitat bei
Patienten mit hepatozellularem Karzinom und Leberzirrhose gesehen (3,6%, 3/83), als bei
Patienten mit kolorektalen Lebermetastasen (0%, 0/73)"%"2,

Unter den Minorkomplikationen waren Pleuraerglsse, Aszites und subkapsuldre Hamatome
Grad 2 oder kleiner sowie Pneumothoraces. Eine klassische RILD trat nicht auf. Ein Patient
mit einem hepatozellularen Karzinom und Hepatitis C, der 22 Monate nach Leberteilresektion
die erste iBT erhielt, entwickelte eine atypische Form der RILD mit Aszites und ikterischem
Anstieg der Leberenzyme, das heillt des Bilirubins, der Transaminasen und der alkalischen
Phosphatase 7 Wochen nach der letzten von 4 brachytherapeutischen Behandlungen. Unter
medikamentdser Therapie, einer RILD- Prophylaxe entsprechend (s.0.), waren die
Veranderungen nach 7 Monaten vollstandig rucklaufig, der Patient verstarb knapp 2 Jahre
nach der letzten Brachytherapie. In einer friheren Studie bei 83 Patienten mit einem
hepatozellularen Karzinom wurden zwei atypische, mogliche RILD-Falle beobachtet.

In der Subgruppe, die mittels standardisierter Fragebdgen genauer auf somatischen
Diskomfort hin untersucht worden waren, traten Ubelkeit und Erbrechen Grad 1-2 bei 37% auf.
Schwere Schmerzen waren signifikant mit einem Blutungsereignis korreliert (3/5 vs. 4/338,
p<0.001). Frauen gaben Ubelkeit und Schmerzen signifikant haufiger an als mannliche
Patienten (p=0.049 und 0.016).

In dieser Studie traten Major-Blutungen ausschlief3lich bei Eingriffen bei Patienten mit
Leberzirrhose auf (5/89 vs. 0/254, p= 0.001) und unter diesen pradominant in der Gruppe mit
mittlerer bis schwerer Leberfunktionseinschrankung (Child B 3/13, Child A 2/230, p<0.001).
Dies bestatigte die Ergebnisse von Pilotstudien bei Patienten mit hepatozellularem Karzinom
bzw.  kolorektalen  Lebermetastasen’®’2.  Dabei war die  pratherapeutische
Thrombozytenanzahl ein pradisponierender Faktor auf Signifikanzniveau (p=0.043), nicht aber
die Anzahl der eingebrachten Katheter, die Prothrombinzeit, eine Portalvenenthrombose oder
das Alter. Der Zusammenhang zwischen maximaler Punktdosis (bzw. der Dmax/1cm?) und
der Entwicklung von radiogen induzierten gastroduodenalen Ulzera wurde oben bereits
erlautert®® (Publikation 18).
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6.2 Die interstitielle Brachytherapie nach biliodigestiver Anastomose

Es gibt Hinweise, dass das Vorliegen einer biliodigestiven Anastomose die postinterventionelle
Abszessrate erhoht, wie dies auch fiir die TACE und TAE bekannt ist®'6'3  Eigene
Erfahrungen aus einer noch unverdffentlichten Studie zur iBT bei cholangiozellularen
Karzinomen in der Kombination mit medikamentéser Tumortherapie stiitzen diese Annahme.
Ebenso gibt es Hinweise in retrospektiven Studien, dass die *°Yttrium- Radioembolisation (RE)

bei biliodigestiver Anastomose diesbezliglich risikoarmer ist'®.

6.3 Die periinterventionelle Thromboseprophylaxe mit niedermolekularen Heparinen:

Blutungs- und Thromboserisiko

Das Risiko schwerer Blutungen konnte im Gegensatz zu den dosisabhangigen Effekten der
Strahlentherapie initial schwerer prognostiziert werden. Inzwischen gibt es jedoch eine gute
Evidenz, die ein individuelles Risikoniveau vor dem Eingriff abzuschatzen erlaubt. In der oben
zusammengefassten Studie konnte der Zusammenhang zwischen

Leberfunktionseinschrankung bei Leberzirrhose und Blutungsrisiko gezeigt werden.

Bei invasiven Eingriffen an hospitalisierten Patienten mit onkologischen Erkrankungen
erhalten diese haufig eine Thromboseprophylaxe mit niedermolekularen Heparinen (NMH).
Dies wird mit der Pradisposition dieser Patienten fir thrombembolische Ereignisse (Venous-
Thrombembolism, VTE) begriindet, die deutlich Gber dem bereits erhdhten diesbeziglichen
Risiko fiir nichtonkologische hospitalisierte Patienten liegt'**'°. Lange wurde postuliert, dass
die VTE-bedingte Mortalitdt und Morbiditat durch die NMH-Gabe effektiv gesenkt werden
kann''¥3_ Eine aktuellere Metaanalyse unter Einschluss von 16 000 onkologischen und
nichtonkologischen Patienten fand allerdings keine signifikante Reduktion von tiefer
Beinvenenthrombose, pulmonaler Embolie oder Mortalitat™4. Fir die hepatopankreatobiliare
Chirurgie wurde bereits nachgewiesen, dass mit der NMH-Gabe ein erhdhtes Risiko fur

t145

Blutungen einhergeht'™. Bedauerlich ist, dass sich auch in aktuellen Leitlinien keine

Empfehlung zur Thromboseprophylaxe bei Krebspatienten, die sich einer minimal-invasiven
Tumortherapie unterziehen, findet'.

446 onkologische Patienten wurden in 781 Tumorablationen (iBT n=669, RFA n=112) mit bzw.
ohne periinterventionelle NMH-Gabe (n=260 bzw. n= 521) an Tumorlokalisationen in Leber,
Lunge, Niere, Lymphknoten und anderen behandelt. Dabei wurden 63 Blutungsereignisse
jedweder Schwere beobachtet, und dies auf Signifikanzniveau haufiger in der
Prophylaxegruppe (alle Interventionen 11,66 und 6,26%, p= 0,0127; bei Lebereingriffen 12,73

und 7,1%, p=0.0416). Dabei traten signifikant haufiger Blutungsereignisse nach RFA als nach
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der Brachytherapie auf (14,29 versus 7,03%, p=0,0149; bei Lebereingriffen 19,6 versus 7,7%,
p= 0,0054). Der Anteil von Patienten mit Thromboseprophylaxe war dabei gleich verteilt (iBT
33%, RFA 34,8%, p= 0.710). Die Anzahl der schweren Blutungen CTCAE- Grad 3 oder hoher
war um mehr als den Faktor 2,6 in der Prophylaxegruppe erhéht (4,64 und 1,73%, p=0,0243),
bei Lebereingriffen um den Faktor 3,3 (5,23 und 1,54%, p=0,028). Die Methode (IBT oder RFA)
hatte hier keinen signifikanten Einfluss mehr. Unter den Studienbedingungen war in uni- und
multivariaten Datenanalysen die NMH- Gabe der einzige konstant und signifikant mit der
Blutungsrate assoziierte Faktor. Die 30- und 90 Tage-Mortalitat war unabhangig von der
konsekutiven Therapie (angiografische Embolisation oder Chirurgie) bei den Patienten mit
schweren Blutungsereignissen massiv erhoht gegenliber den Patienten ohne oder mit nur
minderschweren Blutungsereignissen (23,1 und 38,5% bzw. 0,5 und 2,3 %, p<0.0001). Eine
postinterventionelle NMH- Gabe erhdhte die Blutungsrate nicht. Weiterhin trat lediglich bei
einer Patientin (ohne Prophylaxe) eine symptomatische VTE (Lungenembolie) zwei Monate
nach der Brachytherapie auf. Weitere symptomatische thrombotische und thrombembolische

Ereignisse wurden nicht beobachtet ' (Publikation 22).

Aus den Ergebnissen dieser Publikation und der oben aufgefihrten Publikation 18 lassen
sich relevante Schlussfolgerungen ableiten:

a) Ein Blutungsereignis CTCAE Grad 3 oder hodher ist in Bezug auf die Mortalitat die
schwerwiegendste Komplikation bei der Brachytherapie oder anderen Tumorablationen wie
der RFA, da unabhangig von einer schnellen Versorgung und Stillung der Blutungsquelle
haufiger Sekundarkomplikationen, die zum Beispiel aus der Hypovolamie oder einer Infektion
des Hamatoms mit konsekutiver Sepsis resultieren, fir die hohe Mortalitat verantwortlich
sind'%,

b) Patienten mit fortgeschrittener Leberzirrhose sind pradisponiert flr das Auftreten schwerer
Blutungsereignisse.

c) Unabhangig davon ist eine periinterventionelle NMH-Gabe der wichtigste Risikofaktor fur
eine erhdhte Blutungsrate. Das Morbiditats- und Mortalitatsrisiko der NMH-Gabe liegt weit Uber
dem Risiko thromboembolischer Ereignisse im interventionell behandelten onkologischen
Patientengut mit einer nur kurzen Immobilisationszeit und minimaler Invasivitat. Eine solche
kann also nicht generell empfohlen werden. Sie ist sogar, wenn nicht weitere thrombogene
Komorbiditaten hinzukommen, kontraindiziert.

d) Der Verschluss der Punktionskanale mit Gelatineschwammchen-Pfropfen ist effektiv. Es
ergibt sich daraus kein Nachteil der iBT gegeniber der RFA, wo die Mdglichkeit des
thermischen Verschlusses besteht. Im Gegenteil war die Blutungsrate jedweden Grades in

einem grofken Patientenkollektiv bei Patienten nach iBT geringer als nach RFA'®.
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6.4 Das Risiko von Stichkanalmetastasen

Das Risiko der Verschleppung maligner Zellen durch diagnostische oder therapeutische
Punktionen ist bekannt und vor allem beim hepatozellularen Karzinom gut untersucht. In einer
Metaanalyse unter Einschluss von diagnostischen Punktionen und lokalen Ablationen lag die
Rate an extrahepatischen Stichkanalmetastasen (SKM) bei 1,27%'*". Friihe Arbeiten zur RFA
mit einer patienten-basierten SKM-Rate von bis zu 12,5% der Patienten machten die
Notwendigkeit der Ablation des Stichkanals deutlich, die sich als effektiv erwies'*. In aktuellen
Arbeiten zur RFA oder Mikrowellenablation (MWA) mit Stichkanalablation konnte die Rate
entsprechend auf 0,61-1,6% gesenkt werden'®'°. Bei der iBT ist die Mdglichkeit der
thermischen Stichkanalablation nicht gegeben, weshalb die folgende Studie diesem

Phanomen Beachtung schenkte.

In 100 Patienten wurden 233 HCC- Lasionen mittels iBT behandelt. Dabei wurden insgesamt
588 Katheter platziert, im Mittel waren das 5,9 Katheter / Patient. Fur die Auswertung wurde
nach einer Plausibilitatsprifung auf das Vorliegen von SKM die Bestrahlungsplanungs-
Bildgebung einschlieRlich Dosimetrie mit der Nachsorge-Schnitt-Bildgebung (CT oder MRT)
fusioniert. Dabei wurden nach einer mittleren Zeit von 5,5 Monaten (4,8-6,2) 9
Stichkanalmetastasen (7 intrahepatisch, 2 peritoneal) beobachtet, was in einer
katheterbasierten Auswertung einer SKM-Rate von 1,5% (1,2% intrahepatisch, 0,3 %
extrahepatisch), in der lasionsbasierten Auswertung 3,9% und patientenbasiert 9% entsprach.
Dabei war die Verschleppung haufiger bei kleineren HCC-Lasionen zu beobachten, allerdings
nicht auf Signifikanzniveau (p=0.09). Leberzirrhose, Atiologie, Pseudokapsulierung, die
Katheterstrecke im Kdrper, das Vorschieben des Katheters Uber den Tumor hinaus, die D100
bzw. eine anschlieRende Sorafenib-Therapie hatten demgegeniiber keinen Einfluss. 8 von 9
SKM wurden konsekutiv und erfolgreich mit der iBT behandelt. Es gab keinen Unterschied im
medianen Gesamtuberleben bei Patienten mit SKM bzw. ohne (25 vs. 20 Monate).

Ein Alleinstellungsmerkmal dieser Studie ist, dass durch die oben beschriebene Fusionierung
der Bildgebung im Verlauf auch intrahepatische SKM identifiziert werden konnten, wahrend
die Ubrigen Studien in diesem Forschungsfeld lediglich die extrahepatische Verschleppung
betrachteten. Insofern liegt eine katheterbasierte bzw. patientenbasierte extrahepatische
SKM-Rate von 0,2 bzw. 2% — ohne Ablation des Stichkanals — unter oder auf dem Niveau von
RFA und MWA. Diese niedrige Rate bestatigt Ergebnisse einer Studie zur iBT von
hepatozellularen Karzinomen als Bridging-Therapie vor Lebertransplantation in einer

"2 Unerwiinschte Effekte wie Lokalrezidive oder SKM hatten in den

kleineren Kohorte
bisherigen Studien zur iBT keinen Einfluss auf das Gesamtiberleben. Dies mag — bei
lokalisations- und gréRenmaRig nahezu unbeschrankter Einsetzbarkeit — in der

Wiederholbarkeit dieser Technik begriindet liegen: nahezu alle SKM in dieser Studie und die
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Lokalrezidive in der an anderer Stelle erwahnten Arbeit bei Patienten mit kolorektalen
Lebermetastasen wurden erneut mittels Brachytherapie behandelt’.

In der Konsequenz dieser Analyse werden inzwischen in den meisten Arbeitsgruppen die
Punktionskanale entitatsunabhangig bestrahlt, entweder zeitlich definiert mit einer halben bis
einer Sekunde je Haltepunkt oder dosisdefiniert mit etwa 10 Gy in 2-3 mm Abstand um den
Katheterverlauf'®' (Publikation 23).
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7 Die interstitielle Brachytherapie der Leber: Outcome, multimodale Therapie,
prognostische Parameter und der Vergleich zu anderen lokalen Verfahren

7.1 Outcome

Bei der Bewertung jeder lokalen Methode ist die Lokalrezidiv-Rate (LR) das erste Kriterium,
mit dem man deren Effektivitat bemisst. Das ist im ersten Schritt sinnvoll. Das onkologische
Outcome selbst ist aber multifaktoriell bedingt und haufig wenig von diesem Parameter
abhangig. Auf Grundlage der bisherigen Evidenz ist anzunehmen, dass eine sehr gute lokale
Kontrolle einschlieRlich grofer Tumoren bei den meisten Entitaten gegeben ist, und zwar
selbst dann, wenn Lokalrezidive oder Stichkanalmetastasen auftreten (siehe Kapitel 5). Da die
iBT in Bezug auf die Tumorlokalisation und -gréf3e sowie in begrenztem Mal3e auch die Anzahl
der Tumoren deutlich geringeren Einschrankungen unterlegen ist als andere lokale Verfahren,
ist sie auch wiederholbar. Die onkologische Patientenselektion (vor allem, ob tatsachlich
ein oligometastasiertes Stadium vorliegt oder ob ein rascher, lokal nicht kontrollierbarer
Progress zu erwarten ist) sowie die Selektion bezgl. der Pradisposition fir schwere
Komplikationen (siehe Kapitel 5) sind deshalb von entscheidender Bedeutung fir die Frage,
ob die Therapie im Sinne des Patienten gewinnbringend sein kann. Wahrend bei der
Resektion, der Thermoablation und auch der stereotaktischen Bestrahlung in gewissem Male
eine ,automatische” Selektion stattfindet, ist vor dem Hintergrund der geringen Limitationen

der iBT die Stratifizierung besonders bedeutsam und im Einzelfall schwieriger.

Die Uberlebensdaten sind (iber verschiedene Studien und Arbeitsgruppen hinweg konsistent,
auch wenn sie Uberwiegend retrospektiv erhoben wurden.
Die Ergebnisse einer bereits oben vorgestellten Studie mit 192 Patienten, die mit der iBT
behandelt worden waren, kommt mit dem primaren Endpunkt Komplikationen der klinischen
Situation am nachsten, da Tumorstadium, Lage, Anzahl und Gré3e der Lebermalignome bzw.
die tatsachlich applizierte D100 kein Kriterium fir Ein- oder Ausschluss darstellten und das
Patientengut somit weitgehend unselektiert war. Das mediane OS lag fir alle Patienten bei
20,1 Monaten (medianer Nachsorgezeitraum 20,5 Monate), bei 27,9 Monate flr Patientinnen
mit einem hepatisch metastasierten Mammakarzinom, bei 21,5 und 21,2 Monaten fir
hepatisch metastasierte kolorektale Karzinome und hepatozelluldare Karzinome, bei 16,3
Monaten fur cholangiozellulare Karzinome, 8,7 Monaten fir hepatisch metastasierte
Lungenkarzinome und 24,1 Monate fur die anderen, zusammengefassten Entitaten. Das PFS
lag im Median bei 5,5 Monaten, von 11,7 Monaten bei hepatozellularen Karzinomen bis zu 2,2
Monaten bei Patienten mit einem Lungenkarzinom®® (Publikation 18).
Ein begrenzter onkologischer Effekt in Bezug auf die Outcome-Parameter LR, PFS und
Gesamtiberleben muss, wenn auch bei limitierter Datenlage, fur die iBT von
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Lebermetastasen des Pankreas, aber auch von Lungenkarzinomen postuliert werden.
Allerdings fehlt bei den untersuchten Patientenkohorten eine weiterfiihrende Selektion
hinsichtlich des Subtyps und der Prognose. Auf der anderen Seite wurden diese Daten
groRenteils in der friihen Ara der Antikdrpertherapie und vor der Einfihrung der Checkpoint-

Inhibitoren erhoben, so dass sich zukiinftig eine andere Sicht ergeben kénnte 495152,

7.2 Multimodale Therapie und Prognosefaktoren

Im haufigen Fall eines chronischen onkologischen Verlaufs findet sich die iBT in einem
sequenziellen, multimodalen Therapiemanagement wieder. Mehrere Studien haben dies
adressiert und prognostische Faktoren evaluiert.

In der MammaMia- Studie von Seidensticker et al. wurden 59 Patientinnen mit einem
hepatisch metastasierten Mammakarzinom mittels iBT, RFA oder RE behandelt, eine
extrahepatische Metastasierung war kein Ausschlusskriterium. Faktoren mit signifikantem
Einfluss auf das Gesamtiberleben (median 21,9 Monate) wurden getrennt betrachtet fiur
solche, die bei Studieneinschluss bekannt waren (A) und solche, die in der Nachsorge evident
wurden, wie zum Beispiel Lokalrezidive (B). In (A) hatten der maximale Tumordurchmesser
bei Einschluss (Hazard Ratio HR 3,1), das Lebervolumen (HR 2,3) sowie eine stattgehabte
Chemotherapie (mindestens Drittlinie, HR 2,5-2,6) einen unabhangigen Einfluss auf das
Gesamtlberleben, wahrend dies in (B) der maximale Tumordurchmesser (HR 3,1) sowie die
lokale Tumorkontrolle (HR0,29) und das beste Gesamt-Therapieansprechen waren. Weder
extrahepatische Metastasen im Allgemeinen noch Knochenmetastasen im Besonderen
wiesen einen signifikanten Einfluss auf das Gesamtlberleben auf. Patientinnen mit kleinen
Metastasen ohne exzessive systemische Vortherapie profitierten also am meisten, wahrend
das Vorliegen einer extrahepatischen Metastasierung ohne prognostischen Wert war. Die
lokale Tumorkontrolle dagegen war in dieser Patientenkohorte unter multimodaler Therapie
prognostisch bedeutsam'® (Publikation 24).

Bei 266 Patienten mit kolorektalen Lebermetastasen, die entweder eine iBT, eine RFA oder
eine RE erhielten, war interessanterweise eine mittlere bis schwere Niereninsuffizienz der
einzige signifikante Einflussfaktor auf das OS. Weder das Alter (Cut-off 70 Jahre) noch

Komorbiditaten waren von prognostischer Bedeutung'* (Publikation 25).

Diese Ergebnisse bestatigen erste Hinweise auf prognostisch relevante Faktoren nach der iBT
von Kkolorektalen Lebermetastasen in einer friheren Studie an 73 Patienten mit 199
Lebermetastasen. Dabei war das Vorhandensein von Satellitenmetastasen der prognostische
Faktor fur ein verringertes Gesamtiberleben, das Alter (Cut-off 65 Jahre), eine synchrone
Lebermetastasierung, die Lasionsgrofie, unilobare vs. bilobare Lebermetastasierung und die

Anzahl der Lebermetastasen hatten keine signifikante Bedeutung. Eine erneute iBT im Verlauf
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bei Progress nach erster Brachytherapie verlangerte das Gesamtiiberleben bei einer HR von
1,95 (HR systemische Therapie 1,82)"? (Publikation 2).

Prognostisch bedeutsame Faktoren bei der multimodalen Therapie von 55 Patienten mit einem
cholangiozellularen Karzinom, die mittels iBT, RFA, RE und TACE, teilweise in Kombination
mit intraarterieller oder intravendser Chemotherapie, behandelt worden waren, waren bei
einem medianen Gesamtuberleben von 33,1 Monaten seit Erstdiagnose und 16 Monaten nach
Einschluss in die Studie in einer multivariaten Regressionsanalyse unabhangig voneinander
die Anzahl der Tumorlasionen, der Level der Tumormarker CEA und CA 19-9,

und das objektive Tumoransprechen'® (Publikation 7).

In der univariaten Regressionsanalyse bei prospektiv evaluierten 83 Patienten mit einem
hepatozellularen Karzinom und einem medianen Gesamtiiberleben von 19,4 Monaten nach
erster Brachytherapie war dies mit dem CLIP-score, dem BCLC-score und dem Durchmesser
der groften Lasion/Patient korreliert, wahrend in der multivariaten Analyse lediglich der CLIP-
score auf Signifikanzniveau pradiktiv war. Inzwischen hat sich zur pratherapeutischen
Stratifizierung von Patienten mit einem hepatozellularen Karzinom der BCLC- Score
durchgesetzt und war daflir auch in einer spateren, randomisierten Studie geeignet, die unten

vorgestellt wird’®'%? (Publikation 3).

7.3 Die interstitielle Brachytherapie und die transarterielle Chemoembolisation bei Patienten

mit hepatozelluldren Karzinomen
7.3.1  Vergleich in einer randomisierten Studie

Frihere Arbeiten haben die hohe lokale Effektivitat der iBT auch in groRen hepatozellularen
Karzinomen nachgewiesen, gleichzeitig aber auf die im Vergleich zu Metastasen hdhere
Komplikationsrate abgestellt, insbesondere bei Patienten mit fortgeschrittener Leberzirrhose.
Diese betreffen vor allem interventionsbedingte Komplikationen wie Blutungen’®®3,

Die transarterielle Chemoembolisation (TACE) ist das therapeutische Standardverfahren fir
Patienten im BCLC-B Stadium'®. In randomisierten Studien aus der Jahrtausendwende war
fur die TACE- Patienten gegeniber solchen mit Best supportive care (BSC) oder
Tamoxifen ein signifikanter Uberlebensvorteil belegt worden'®.

In einer randomisierten, prospektiven Studie wurden 77 Patienten mit hepatozellularen
Karzinomen (HCC) entweder mittels CT-gesteuerter interstitieller Brachytherapie (iBT) oder
konventioneller transarterieller Chemoembolisation (cTACE mit Lipiodol und Doxorubicin)
nach Randomisation behandelt. Der primare Endpunkt war die Zeit bis zum lokal nicht mehr

beherrschbaren Progress mit der zugeordneten Methode (Time- to- Untreatable-
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Progression, TTUP). Sekundare Endpunkte umfassten die Time- to- Progression (TTP)
sowie das Gesamtuberleben (Overall survival, OS). Einschlusskriterien beinhalteten unter
anderem ein histologisch (44%) oder (bei Vorliegen einer Leberzirrhose) bildgebend
gesichertes HCC (66%) nach den Kriterien der European Association for the Study of
the Liver (EASL), Nicht-Resektabilitat und eine geschatzte Lebenserwartung von mehr als
16 Wochen'"'®  Ausschlusskriterien waren eine Portalvenenthrombose (PVT) auf der
Tumorseite, extrahepatische Manifestationen, eine Leberzirrhose im Child-Pugh-C Stadium
und Zweitkarzinome. Der Therapiearm und die Kontrollgruppe unterschieden sich nicht
hinsichtlich zahlreicher Parameter wie dem BCLC- oder Child-Pugh-Stadium, dem Alter, AFP-
Level, Tumordurchmesser oder der Anzahl der Lasionen sowie der Atiologie. Lediglich der
pratherapeutische Bilirubinlevel war in der cTACE-Gruppe (18,9umol/l; IQR 11,4-28,9)
signifikant hoher als in der iBT- Gruppe (12,2 umol/l; IQR 9,9-15,7; p=0,007). 84% in der iBT-
Gruppe und 88% in der cTACE- Gruppe waren therapienaiv. Nach Erreichen des primaren
Endpunktes gab es keine Einschrankungen bezuglich weiterer Therapien, so dass 14
Patienten in der cTACE- Gruppe nach Studienende eine iBT erhielten, wahrend bei einem
Patienten der iBT-Gruppe nach Studienende eine cTACE durchgefiihrt wurde (35% vs. 3%,
p<0.001). Um ein Bias durch die technisch begriindeten unterschiedlichen Abbruchkriterien zu
vermeiden, wurden diese bei der Feststellung zum Zeitpunkt des Auftretens zensiert (zum
Beispiel die Abbruchkriterien fur die cTACE wie eine PVT auf der Tumorseite, arterioportale
Shunts; fur die iBT unkontrollierter Aszites oder eine schwere Gerinnungsstérung).

Die analysierte Studienpopulation beinhaltete 38 Patienten in der cTACE- Gruppe und 39
Patienten in der iBT- Gruppe (Per- Protocol (PP)- und Intention- to- treat (ITT)-
Population cTACE n=40, iBT n= 37).

Der Anteil der Patienten ohne Event fur das TTUP lag in der iBT- Gruppe vs. der cTACE-
Gruppe nach 1, 2 und 3 Jahren bei 67,5 vs. 55,2%; 56,0 vs. 27,4% und 29,5 vs. 11%, (ITT,
HR 0,52, p= 0.021). Die Stratifizierung nach BCLC- Stadien ergab fir die Patienten im BCLC-
B Stadium einen Vorteil der iBT auf Signifikanzniveau (HR 0,38, p=0.021).

Der Anteil der Patienten ohne Event fur das TTP lag in der iBT- Gruppe vs. der cTACE- Gruppe
nach 1, 2 und 3 Jahren bei 56,0 vs. 28,2%; 23,9 vs. 6,3% und 15,9 vs. 6,3%, (ITT, HR 0,49,
p= 0.008). Die Stratifizierung nach BCLC- Stadien ergab fiir die Patienten im BCLC-B und C-
Stadium einen Vorteil der iBT nahe des Signifikanzniveaus (HR 0,46 bzw. 0,36, p=0.051 bzw.
0,063).

Der Anteil der Patienten ohne Event fir das OS lag in der iBT- Gruppe vs. der cTACE- Gruppe
nach 1, 2 und 3 Jahren bei 78,4 vs. 67,7%; 62,0 vs. 47,3% und 36,7 vs. 27,0%, (ITT, HR 0,61,
p= 0.097). Die Stratifizierung nach BCLC- Stadien ergab keine Unterschiede auf
Signifikanzniveau, die Hazard-Ratio in BCLC A, B und C lag bei 0,92, 0,55 und 0,52 (p=0,890;
0,179 und 0,212).
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Signifikante Einflussfaktoren in der multivariaten Regressionsanalyse auf das TTUP waren
unabhangig voneinander: weibliches Geschlecht (HR 4,21, p<0.001), der iBT- Arm (HR 0,49,
p=0,019), der AFP-Level (HR1,13, p=0,001) und ein Child-Pugh B-Stadium (HR 3,81,
p=0,036).

Signifikante Einflussfaktoren in der multivariaten Regressionsanalyse auf das TTP waren
unabhangig voneinander: der iBT-Arm (HR 0,49, p=0,011) und ein Child-Pugh B-Stadium (HR
3,12, p=0,045).

Signifikante Einflussfaktoren in der multivariaten Regressionsanalyse auf das OS waren
unabhangig voneinander: weibliches Geschlecht (HR 3,46, p=0.002), der AFP- Level (HR
1,17, p<0,001) und ein Child-Pugh B- Stadium (HR 5,76, p=0,006).

FUr Tumordurchmesser oder Anzahl der Lasionen ergab sich weder in der uni- noch in der
multivariaten Datenanalyse ein Einfluss auf die Outcome-Parameter auf Signifikanzniveau.
Bei den schweren Komplikationen Grad 3 oder héher wurden zwischen beiden Therapiearmen
in einer interventionsbasierten PP- Analyse (iBT n= 120 Interventionen, cTACE n= 163) keine

signifikanten Unterschiede in der Anzahl gesehen'®? (Publikation 26).

Damit zeigte sich ein verlangertes TTUP und TTP fur die Patienten im iBT- Arm gegenuber
den Patienten im cTACE- Arm mit einer HR von 0,49 (p= 0,019 bzw. 0,011). Vor allem
Patienten im BCLC-B Stadium profitierten von der Randomisation in den iBT- Arm, also dem
Stadium, wo leitliniengerecht die cTACE empfohlen wird. Dass dieser Vorteil nicht auf das
Gesamtlberleben durchschlug, kann einerseits mit den Limitationen dieser Studie
zusammenhangen, wobei designbedingt eine grofere Anzahl an Patienten aus dem cTACE-
Arm nach dem Erreichen des primaren Endpunktes eine iBT erhielten. Andererseits wies das
eingeschlossene Patientenkollektiv mit Patienten in allen BCLC-Stadien eine relevante
Heterogenitat auf. Die Aussagekraft ist zudem limitiert durch die insgesamt geringe
Patientenanzahl, die aber flir eine solche explorative Studie als ausreichend betrachtet werden
kann. Eine Pilotstudie hatte in einer Matched-pair-Analyse von HCC- Patienten mit und
ohne iBT ein signifikant verlangertes medianes Gesamtiberleben fir die Patienten in der iBT-
Gruppe ermittelt (37,5 vs. 18 Monate, p<0.001), diese Analyse wurde aber methodisch bedingt
retrospektiv durchgefiihrt™®.

Kein Vorteil fir den primaren oder die sekundaren Endpunkte war fir das BCLC-A Stadium zu
konstatieren. Einerseits war die cTACE bei limitierter Anzahl und Grof3e offensichtlich ahnlich
effektiv. Andererseits muss hinsichtlich der Einschlusskriterien kritisch angemerkt werden,
dass bei kleinen hepatozellularen Karzinomen mit der Radiofrequenzablation eine effektive
und leitliniengerechte Methode existiert, die insbesondere bei Tumoren bis zu 2 cm
Tumordurchmesser eine gute Tumorkontrolle bietet bei geringerer Hospitalisierung und

prozeduraler Morbiditét als bei der chirurgischen Resektion'®. Die haufig postulierte
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onkologische Aquivalenz der RFA mit der chirurgischen Resektion von HCC im friihen und
sehr frlhen Stadium wird allerdings durch aktuellere Metaanalysen bei einer hoheren
Rezidivrate und geringerem 3 und 5 bzw. 5-Jahres-Uberleben der RFA- Patienten auch bei
sehr friihen HCC <2cm in Frage gestellt, ein Selektionsbias darf aber vermutet werden'®1¢",
Uberraschend war das deutlich schlechtere Outcome (ohne Unterscheidung der Gruppen) der
weiblichen Patienten sowohl fir das TTUP (HR 4,21) als auch fir das OS (HR 3,6). Dies steht
im Widerspruch zur aktuellen Literatur zumindest fir HBV- assoziierte HCC, und sollte
Gegenstand weiterer Untersuchungen sein'®2. Der Einfluss des Stadiums der Leberzirrhose
war erwartbar hoch (HR 3,81 bzw. 5,76).

Die Ergebnisse dieser ersten, randomisierten Phase II- Studie zur iBT flieRen aktuell in die

Planung einer gréReren Phase-lll Studie ein (Pl Prof. J. Ricke, Miinchen).

7.3.2 Die interstitielle Brachytherapie als Bridging-Therapie vor Lebertransplantation

Vor dem Hintergrund des Mangels an Spenderorganen in Deutschland und der deshalb haufig
notwendigen Bridging-Therapie fur Patienten mit einem hepatozellularen Karzinom innerhalb
(teilweise vor der Brickentherapie auch aulierhalb) der Milan-Kriterien auf der
Transplantations-Warteliste ist eine Matched-Pair-Analyse interessant'®®'%4,

Dabei wurden 12 Patienten, die vor einer Lebertransplantation eine iBT als Brickentherapie
erhielten, anhand verschiedener Kriterien mit Patienten ,gemachted®, die mit der gleichen
Intention eine TACE erhielten. Bei der histopathologischen Aufarbeitung nach der
Lebertransplantation zeigten die mit der iBT behandelten L&sionen ein Uberlegenes
Tumoransprechen mit einer vollstandigen bzw. partiellen Tumornekrose in 33 vs.5% bzw. 58
vs. 36% (p=0,018) gegeniber den Lasionen, die mittels TACE therapiert worden waren.

Die allgemeine Nekrose-Rate lag fur die iBT bei 63% (+/-10) und fiir die TACE bei 22% (+/-7,
p=0.002). Unter den beurteilbaren Tumoren mit partieller Nekrose zeigten die hepatozellularen
Karzinome, die mittels iBT therapiert worden waren, einen niedrigeren Differenzierungsgrad
als die TACE-therapierten (p=0,041). Stichkanalmetastasen wurden nicht beobachtet. In der
histologischen Aufarbeitung lagen 100% der iBT-therapierten Patienten innerhalb der Milan-
Kriterien (TACE 75%). In einer Subgruppenanalyse der Patienten innerhalb der Milan-Kriterien
vor Bridging-Therapie erlitt keiner der Patienten nach Transplantation ein Tumorrezidiv.

Die Aussagekraft ist trotz der geringen Anzahl an untersuchten Patienten wegen der
histopathologischen Korrelation als nicht zu gering einzuschatzen und der Wert der iBT als
Bruckentherapie vor Lebertransplantation sollte in gréReren, prospektiven Studien tberprift

werden''?,
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7.4 Die interstitielle Brachytherapie und die thermische Ablation

Die Grenzen der thermischen Ablation sind bekannt***"2, Die iBT ist in deutlich geringerem
Male limitiert. Ein randomisierter Vergleich zwischen beiden Methoden existiert bisher nicht,
da sich die Einschlusskriterien vor allem hinsichtlich der Gréflke erheblich unterscheiden. Ein
mogliches Studienprotokoll ware gegebenenfalls der randomisierte Vergleich des Outcomes
bei Patienten mit kolorektalen Lebermetastasen zwischen 3 und 5 cm und limitierter
Gesamtanzahl.

Eine frihe Studie hat in einer intraindividuellen, I&sionsbasierten Matched-Pair-Analyse die
lokale Kontrollrate (LCR) bei 18 Patienten mit 36 kolorektalen Lebermetastasen untersucht,
die in verschiedene Metastasen entweder mit laser-induzierter Thermotherapie (LITT,
ebenfalls ein thermoablatives Verfahren) oder einer iBT behandelt worden waren.

Dabei war die LCR flr die brachytherapierten Lasionen dann signifikant héher, wenn das
Matchkriterium TumorgréRe (<= 5cm) aufder Acht gelassen wurde, und lag nach 6, 9 und 12
Monaten bei 87%, 80% und 72% fir die iBT- Gruppe und 73%, 44% und 36% flr die LITT-
Gruppe (p=0.04). Eine hohere lokale Kontrollrate war auch fur Tumoren <= 5 cm erkennbar,
allerdings nicht auf Signifikanzniveau (p=0,23)'®® (Publikation 27).

Dieses Ergebnis Uberrascht nicht, da die Brachytherapie auch bei Tumoren tber 5 cm eine
effektive lokale Kontrolle erzielen kann. Interessanterweise wurden diese Patienten noch vor
der Dosisfindungsstudie von 2010 behandelt, zu einem Zeitpunkt also, als auch bei

kolorektalen Lebermetastasen noch geringere Zieldosen von 15-20 Gy (iblich waren’?.

7.5 Die interstitielle Brachytherapie im Vergleich zur Stereotaxie: mehr Dosis flir den

Tumor, weniger Dosis im Leberparenchym

Die extrakranielle, hypofraktionierte stereotaktische Bestrahlung (SBRT) von Metastasen des
Thorax und des Bauchraumes, hat, dem Konzept der Oligometastasierung folgend, in den
letzten Jahren an Bedeutung gewonnen.

Sowohl die signifikanten Verbesserungen in der lokalen Tumorkontrolle durch die kranielle
Stereotaxie als auch die Einfihrung der Image Guided RadioTherapy (IGRT) und der
Intensity Modulated RadioTherapy (IMRT) haben den Transfer dieser Technik in
extrakranielle Indikationen begunstigt. Allerdings sind bei der extrakraniellen Anwendung
Unsicherheiten durch Bewegungen, bedingt durch die Atemexkursionen vor allem von Leber
und Lunge ein signifikantes Problem. Daraus resultieren anspruchsvolle Anforderungen an
Technik und Planung. Die stereotaktische Bestrahlung stellt aber ein elegantes Verfahren der
metastasengerichteten Therapie dar, auch wegen des alleinstellenden Vorteils der Nicht-
Invasivitat. Die Erfahrung mit dieser Technik wéachst, was sich an der steigenden Anzahl von

Publikationen zur SBRT von Leber- und Lungenmalignomen ablesen I&sst'®®""",
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Auf der einen Seite bietet die SBRT also eine nicht- invasive Mdglichkeit der effektiven
Behandlung von Metastasen, interventionell bedingte, periinterventionelle Komplikationen wie

Blutungen koénnen hier nicht auftreten’”?

. Auf der anderen Seite gehen bei Hypofraktionierung
die hohen Dosen mit einer signifikanten Exposition des umgebenden Gewebes einher. Fur
effektiv behandelbare Lasionen gilt ein Limit von etwa 4-5 cm und die Anzahl gleichzeitig
behandelbarer L&sionen ist begrenzt®>*. Dies fiihrt dazu, dass die Balance zwischen
effektiver Dosis und Sicherheitserwagungen in der klinischen Routine haufig schwierig zu
finden ist.

Daten verschiedener Studien zeigen eine Komplikationsrate von CTCAE Grad 3- und Grad 4-
Ereignissen mit einer breiten Streuung von 0 bis 78% and 0 bis 25%. Dies schloss
gastroduodenale Ulzerationen, Leber-Toxizitaten, Ubelkeit/Erbrechen, Osophagitis und
Gallengangs-Stenosen ein'’3. Nach der aktuellen Literaturlage soll eine RILD der Leber im
Vergleich zu konventionellen Bestrahlungsmethoden seltener vorkommen, bleibt aber
beispielsweise bei der SBRT von hepatozellularen Karzinomen ein klinisches Problem mit
Auswirkung auf das Outcome der Patienten'”*.

In einer vergleichenden Studie an 85 Patienten und Lebermalignomen verschiedener
Entitaten, die mit der iBT behandelt worden waren, wurden post-hoc virtuelle SBRT- Plane
(ebenfalls einzeitige Behandlung) mit derselben Zieldosis zwischen 15 und 20 Gy an der
originalen Bestrahlungs-Planungs-CT unter Berilcksichtigung der Risikoorgane und
gegebenfalls konsekutiver Dosisreduktion erstellt und die dosimetrischen Daten miteinander
verglichen (PTV iBT- Planung 34,7 cm?® (0,5-410) , SBRT- Planung 73,2 cm? (6,1-593,4).

Die Abdeckung des PTV mit der Zieldosis wurde in der iBT- Planung signifikant besser erreicht
als in der SBRT- Planung. Fur die D99.9, also die 99,9%ige Abdeckung des PTV waren das
19,9 +/-0,4 Gy (iBT) vs. 17,5 +/-0,5 Gy (SBRT) bei einer Zieldosis von 20 Gy (p<0.001). Das
Signifikanzniveau war auch fur die 15 Gy-Zieldosis nachweisbar (p=0.003). Geradezu extrem
ist die Abweichung bei der D90, also der minimalen Abdeckung fur 90% des Zielvolumens.
Hier erreichte die iBT- Planung bei 15- Gy Zieldosis wegen der heterogenen Dosisverteilung
durch die Dosiseskalation im Tumorzentrum und dem steilen Dosisabfall zur Peripherie hin,
24,3 +/- 0,8 Gy gegenuiber 16,5 +/- 0,3 Gy in der SBRT- Planung (p<0.001), bei 20 Gy Zieldosis
waren das 29,2 +/-0,4 Gy (iBT) vs.20,6 +/-0,3 (SBRT, p<0.001).

In der Gruppe mit der héheren Zieldosis von 20 Gy war die Leberexposition in der SBRT-
Planung signifikant héher als in der iBT- Planung. Das 5 Gy-Volumen (V5Gy) betrug hier 611
+/-43 cm® (iBT) vs. 694+/-37 cm® (SBRT, p=0.001), in Volumenprozent des
Gesamtlebervolumens 41,8 +/-2,5% (iBT) vs. 45,9 +/-2,0% (p=0.007)""® (Publikation 28).

In einer friheren vergleichenden Studie wurde der umgekehrte Weg gewahlt und virtuelle
Brachytherapie- Plane mit tatsachlich applizierten SBRT- Planen bei 10 Lebermetastasen

verglichen. Im Ergebnis sahen die Autoren keinen Unterschied im mittleren Volumen, das von
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100% der Zieldosis erfasst wurde (94,1 vs. 93,9%, p=0,8), das mittlere Volumen, das 150%
der Zieldosis erhielt, lag fur die iBT bei 63,6%, fur die SBRT bei 0%. Die minimale Dosis fur
das PTV betrug 65,8% fiur die iBT und 87,4% fir die SBRT (p=0,0002). Die mittlere
Dinndarmdosis war fiir die iBT héher als fur die SBRT (10,8 vs. 7,1%, p=0.006). Die Autoren
schlussfolgerten, dass die iBT- Planung zwar zu einer héheren Dosis im Tumor, aber zu einer
schlechteren Abdeckung des Zielvolumens fiihrt'’®,

Die Ergebnisse dieser Studie stehen im Widerspruch zu den Resultaten der Studie unserer
Arbeitsgruppe. Dies kann mehrere Griinde haben. Erstens ist die Erstellung eines der Realitat
nahekommenden, virtuellen iBT- Plans ohne interventionell-radiologische Grundkenntnisse
uber die Moglichkeiten der Kathetereinbringung nur bedingt moglich. Zweitens wird in Teams,
die die iBT in der klinischen Routine einsetzen, eben wegen der Heterogenitat bzw.
Inhomogenitat der Dosisverteilung die mittlere Dosis im PTV nicht verwendet, sondern die
maximale Punktdosis am Tumorrand (D100 oder D99,9, seltener auch die D90), bei
Risikoorganen der am hdchsten exponierte Kubikzentimeter (Dmax./1cm?®). Dieses Konzept
wurde kirzlich fir die SBRT adaptiert'”’. Es ist radiobiologisch gut begriindet, hat sich in
Studien als sinnvoll erwiesen und wird in der Studie von Pennington ignoriert. Hinzu kommen
die verbliebenen Unsicherheiten durch die Atembeweglichkeit der Leber der SBRT, so dass
jungere Studien auf die Bedeutsamkeit der mittleren Dosis im Gross-Tumor-Volume (GTV)
und eine darauf abzielende Dosisoptimierung fur Tumorkontrolle und Outcome hingewiesen
haben178'181.

Limitationen der Studie unserer Arbeitsgruppe sind, dass die SBRT (virtuell) einzeitig geplant
wurde, wahrend in der klinischen Realitat ein mehrzeitiges, hypofraktioniertes Schema mit
hoéheren Einzeldosen bevorzugt wird. Zudem wurde die Studie vor Veréffentlichung der ICRU
91 konzipiert und deshalb die SBRT-Planung auf die D99,9 optimiert.

Nichtsdestotrotz bleibt die Nicht-Invasivitat ein grof3er Vorteil der SBRT, und die Effektivitat
moderner stereotaktischer Konzepte wurde in einer Vielzahl von Lokalisationen
nachgewiesen. Man darf auf Grundlage der bisherigen Evidenz annehmen, dass die invasive
Brachytherapie ihre Vorteile vor allem bei groflen Tumoren und in ihrer Wiederholbarkeit
ausspielt.

Eine prospektiv randomisierte, sogar multizentrische vergleichende Studie wird es in
absehbarer Zeit nicht geben, da der Verbreitungsgrad der iBT- Technik und das dafur
notwendige interventionell-radiologische Know-how noch gering sind. Es ware
wilnschenswert, wenn zuklnftige Studienkonzepte unter Einschluss dieser beiden und

anderer lokal-ablativer Techniken eine Stratifizierung der Patienten adressieren wirde.
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8 Die interstitielle Brachytherapie bei Malignomen des Oberbauches

auBerhalb der Leber

In den letzten Jahren wurden eine Reihe von Pilotstudien zur Effektivitat und Sicherheit der

iBT bei nichthepatischen Malignomen des Oberbauches veréffentlicht.

8.1 Die iBT von Nebennierenmetastasen im Kontext anderer lokaler Verfahren

37 Patienten mit Nebennierenmetastasen (adrenal gland metastases, AGM, mittlerer
Tumordurchmesser 5,4 cm, SD +/-2,9) verschiedener Primarien (n= 10 (kolorektal), 7
(Bronchialkarzinom), 6 (Nierenzellkarzinom), 5 (hepatozelluldres Karzinom), 9 (andere))
wurden mit der iBT behandelt. Alle patienten- und behandlungsrelevanten Informationen
wurden prospektiv in einer Datenbank erfasst, ebenso die diagnostischen und therapeutischen
Informationen des Nachsorgezeitraums. Primarer Endpunkt war die lokale Tumorkontrolle
(local- tumor- control, LTC), sekundare Endpunkte umfassten unter anderem die Time-
to- Progression (TTP), die Time- to- untreatable-Progression sowie das
Gesamtlberleben (Overall survival, OS). Das Ansprechen wurde nach RECIST 1.1.
bewertet. Toxizitdten wurden nach den CTCAE-Kriterien vs. 4.03 erfasst. 36 Patienten
erhielten die iBT an einer unilateralen AGM, 1 Patient an bilateralen AGM. 35 Brachytherapien
wurden einzeitig durchgefihrt, in zwei Metastasen war eine zweizeitige Behandlung im
Abstand von 2 Wochen wegen der TumorgréRe erforderlich. Das mittlere CTV betrug 100.7
cm? (+/-130), 20 AGM maRen im Durchmesser >4cm (53%), 18 Metastasen waren bis zu 4 cm
grof3, 14 AGM wurden synchron mit dem Primarius diagnostiziert (38%). Die mediane D100
betrug 15,5 Gy (95% Konfidenzintervall 14,0-16,7), einer biologischen Aquivalentdosis (BED)
von 39,8 Gy entsprechend (95% Konfidenzintervall 15,5-73). Bezgl. der Angabe der BED muss
einschrankend angemerkt werden, dass das linearquadratische Modell (LQM) fir hohe
Einzeldosen nicht validiert ist, die BED aber fur eine zumindest grobe Vergleichbarkeit mit
therapeutischen Effekten in Studien zur stereotaktischen Bestrahlung angegeben wurde. 3
Interventionen wurden von einer Kortison-Substitution begleitet.

Die LTC nach 12 Monaten lag bei 88% und nach 24 Monaten bei 74% (3 Lokalrezidive/37
AGM). 6 AGM zeigten eine Komplettremission (18%/ 33 AGM mit Follow- up) und 25 AGM
(75%) eine partielle Remission, einem objektiven Ansprechen (objective-response-rate, ORR)
von 94% fir die AGM mit follow- up (n=33) und 84% fiir alle AGM (n=37) entsprechend. Die
Minor-Komplikationsrate Grad 1-2 lag bei 29% (n=11), die Major-Komplikationsrate bei 3%
(n=1, Grad 3- Blutung, die mittels angiografischer Embolisation versorgt wurde). Dabei wurde
ein medianes OS von 18,3 Monaten nach Erstdiagnose der AGM beobachtet. Nach der iBT
war das OS, TTUP und TTP 11,4, 6,6 und 3,5 Monate. In einer multivariaten
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Regressionsanalyse hatten 2 Faktoren Einfluss auf das OS auf Signifikanzniveau: der
Tumordurchmesser und synchrone AGM (p= 0,005 und 0,030).

In einer konsekutiven Kaplan-Meier-Analyse war das OS 16,2 und 3,8 Monate fur metachrone
und synchrone AGM (log rank p< 0,0001) sowie 27,1 und 5,3 Monate fiir einen
Tumordurchmesser <4,0 cm und 24,0 cm (log-rank, p= 0,001)'®? (Publikation 29).

Die Evidenz fir die lokale Therapie von Nebennierenmetastasen ist schwach und bei der
beschriebenen Arbeit unserer Gruppe handelt es sich um eine der gréften Einzelstudien bei
dieser Entitat. Eine Metaanalyse Uber den Zeitraum von 1990 bis 2012 fand lediglich 45
Studien mit insgesamt 818 Patienten, von denen 178 mit SBRT und 51 mit thermischer
Ablation behandelt wurden'®®. Darunter war keine prospektiv randomisierte Studie. Weiterhin
sind Studien mit homogenen Patientenkollektiven selten, da sonst pravalenzbedingt keine

relevanten Patientenzahlen erreicht werden konnen.

Die retrospektive Studie einer deutschen Arbeitsgruppe zur SBRT an 33 Patienten mit AGM
(medianes Gross-Tumor-Volume [GTV] von 24,15 cm?, range 8,37-133,44, mediane BED
67,2 Gy, range 42-108,8 Gy) fuhrte in 21 von 31 AGM mit radiologischer Nachsorge zu einem
objektiven Ansprechen (67%, davon 4 = 12,9% in kompletter Remission). Lokalrezidive traten
in 4/31 AGM auf (12,9%). Das mediane Gesamtlberleben lag bei 11 Monaten, das mediane
PFS betrug 4 Monate. In Kaplan-Meier-Analysen wurde eine Korrelation des OS mit der
applizierten BED bzw. kurativer vs. palliativer Intention gesehen (p=0.046 bzw. p<0.0001, Test
nicht angegeben), Grad 3- Toxizitdten oder héher wurden nicht beobachtet '8,

Eine aktuelle, retrospektive Studie zur SBRT fand bei 31 Patienten mit 33 AGM (mittlerer
Tumordurchmesser 3,9 cm, synchrone AGM 15,2 %), die extrahepatisch kontrolliert und
adrenal progredient waren, bei einer medianen BED von 112,5 Gy eine lokale Kontroll-Rate
von 97 und 93% nach 12 und 24 Monaten, insgesamt wurden 3 Lokalrezidive gezahlt. Das
mediane Gesamtuberleben betrug 33,5 Monate, Grad 3-Toxizitaten oder hoher wurden nicht
beobachtet '°.

Eine dritte Studie zur SBRT bei 35 Patienten mit 39 AGM (medianer Tumordurchmesser 2,9
cm, Bereich 0,7-9 cm, 20% Patienten mit synchronen AGM), einem medianen GTV von 19
cm® (1,3 -213,2) und einer medianen BED von 72 (30-124,8) zeigte im Ergebnis eine
Lokalrezidivrate von 7,6% nach 12 Monaten und 19,2 % nach 3 Jahren. Das mediane OS
betrug 19 Monate und korrelierte mit der TumorgréRRe (p=0.006). So war das OS bei Patienten
mit AGM<2,9 cm 54 Monate und fir Patienten mit AGM>= 2,9 cm 11 Monate, Grad 3-

Toxizitaten oder héher wurden nicht beobachtet'®.
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In diesen Studien zur SBRT bei AGM wurden gute lokale Kontrollraten mit teils 1angerem
medianen OS als in dem Patientenkollektiv der iBT- Studie erzielt. Major-Komplikationen
wurden dabei nicht beobachtet, allerdings wurde in einer Pilotstudie zur SBRT von AGM von
gastroduodenalen Ulzerationen in 2/18 Patienten berichtet (11%)'®". Teils wurde eine
signifikante Korrelation des OS mit der Tumorgrof3e angegeben, teils mit der applizierten BED.
Die iBT- Kohorte (Major-Komplikationen 3%) umfasste aber deutlich gréRere Tumoren als die
SBRT- Kohorten (mittlerer Tumordurchmesser und CTV 5,4 cm, 100,7 cm®) und wies weiterhin
einen wesentlich héheren Anteil an synchronen AGM (37%) auf. Nach Applikation einer
moderaten BED wurde mit einer ORR von 94% eine sehr gute Tumorkontrolle erzielt. Zudem
wurden die Daten der iBT- Studie prospektiv dokumentiert. Tumordurchmesser und synchrone
AGM waren hochsignifikante Pradiktoren fir das OS in unserer Studie. Der
Tumordurchmesser war in einer weiteren Studie (SBRT) ebenfalls signifikant mit dem OS
korreliert. In einer gepoolten Analyse von 13 Studien mit insgesamt 98 Patienten, deren
isolierte AGM bei nichtkleinzelligen Bronchialkarzinomen reseziert worden waren, hatten die
Patienten mit synchronen AGM in einer univariaten Abschatzung ein signifikant geringere
Gesamtlberlebens-Rate nach 12 und 24 Monaten (49,9 vs. 82,5% und 26,7 vs. 53,7%,
p=0.014)"%8,

Bei kleinen Tumoren scheint die SBRT unter Berlicksichtigung der aktuellen Literaturlage
effektiv zu sein und die Mdoglichkeit schwerer, interventionell bedingter Komplikationen
scheidet aus (siehe die Grad- 3 Blutung in der iBT- Kohorte). Der Vergleich der OS-Daten ist
aber auf Basis dieser Evidenz nur sinnvoll, wenn hochrelevante Faktoren wie die TumorgréfRe
und synchrone AGM, aber auch die Anzahl der Tumorlokalisationen einschlieRlich
extrahepatischer Manifestationen (definierend flir das oligometastasierte Stadium, multivariat
signifikant pradiktiv in der iBT- Kohorte fir das TTUP, p=0.032) adressiert werden. Eine
zukunftige, gepoolte Metaanalyse zur Radiatio von AGM (einschlieRlich SBRT und iBT) sollte
diese prognostisch bedeutsamen Charakteristika bertcksichtigen, um eine sinnvolle
Therapiestratifizierung im Hinblick auf die Frage, ob und welche Lokaltherapie bei AGM
eingesetzt wird, zu ermoglichen. Festzuhalten bleibt in diesem Zusammenhang, dass keinerlei
Evidenz auf einem akzeptablen Niveau fiir eine bevorzugt chirurgische Therapie auch von

isolierten AGM existiert'®.

8.2 iBT bei Nierenmalignomen, Lymphknoten und Pankreas sowie peritonealen

Absiedelungen

In einer Pilotstudie zur iBT von 20 Nierenmalignomen (18 primare Nierenzellkarzinome (NCC)
und 2 Metastasen (von kolorektalen bzw. hepatozellularen Karzinomen) wurden bei einer
mittleren TumorgréRe von 3,5 cm (1,2 -9,4) und einer D100 von 16,37 +/- 2,38 Gy 3

Lokalrezidive beobachtet, einer primaren lokalen Kontrollrate von 85% entsprechend. 2 dieser

50



Rezidive wurden dosiseskalierend erfolgreich erneut behandelt, was zu einer sekundaren
lokalen Kontrollrate von 95% flhrte. Das mediane OS lag bei 27,0 Monaten. Eine
periinterventionelle CTCAE Grad 3b-Blutung trat auf. Im Ubrigen wurden Sicherheitsaspekte
dieser Studie bereits ausfiihrlich in Kapitel 4.5 erortert'*? (Publikation 20).

13 Patienten mit 13 Pankreasladsionen (8 Metastasen und 5 Primartumore, davon 2
Lokalrezidive) wurden bei einem medianen Tumordurchmesser von 3 cm und einer D100 von
15,3 Gy mit der iBT behandelt'®® (Publikation 21). Bei einem medianen Follow-up von 6,7
Monaten (3,2-55,6) entwickelte eine behandelte Lasion ein Lokalrezidiv. Das mediane PFS
war 6,2 Monate, das mediane OS 16,2 Monate, fur Patienten mit sekundaren

Pankreasmetastasen waren das 7,4 und 45,6 Monate (Sicherheit Kapitel 4.5).

Eine sehr hohe lokale Kontrollrate bei einer vergleichsweise niedrigen medianen D100 von 15
Gy konnte in einer retrospektiven Studie bei 40 Metastasen von gastrointestinalen
Stromatumoren (GIST) erreicht werden, die auch 10 peritoneale Lasionen einschloss.

Sie betrug nach 25 Monaten 97,5% (1 Lokalrezidiv). Das mediane progressfreie Uberleben
bzw. Gesamtiiberleben lag bei 6,8 bzw. 37,3 Monaten® (Publikation 5).

In einer sehr frihen Studie bei einer heterogenen, hochpalliativen Kohorte von Patienten mit
extrahepatischen, extrapulmonalen Malignomen, die unter anderem retroperitoneale
Lymphknoten, die Bauchwand unter anderem Lokalisationen einschloss, betrug die lokale
Tumorkontrolle immerhin 76,5% nach 6 Monaten bei applizierten Einzeldosen zwischen 6 und
10 Gy in 4 Lokalrezidiven, wobei die dabei applizierten Einzeldosen vergleichsweise gering

waren'®.
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9 Zusammenfassung

Im globalen Ma3stab nahm die Anzahl der neuen Krebserkrankungen zwischen 2005 und
2015 um 33% zu, was vor allem mit der Zunahme der Weltbevodlkerung als auch der
zunehmenden Lebenserwartung zusammenhangt®. Die krankheitsspezifische Mortalitatsrate
ist in den letzten 20 Jahren dagegen zurlickgegangen, was zuvorderst auf die Fortschritte in
der Therapie zurlickzufiihren ist. Dabei hat auch die Evolution der lokalen Therapieverfahren
Anteil an dieser positiven Entwicklung?®.

Die Fortschritte in der medikamentésen Tumortherapie der letzten Jahre haben den
Stellenwert der systemischen Behandlung bei einer Reihe von Tumorentitdten im
metastasierten Stadium noch einmal erhéht. Ungeachtet dessen hat die metastasengerichtete
Tumortherapie in einer Reihe von Studien einen Wirksamkeitsnachweis erzielt. Bei einem Tell
der Patienten vor allem mit kolorektalen Lebermetastasen werden nach Resektion der
Lebermetastasen Langzeitiiberlebensraten erreicht, die an eine Kuration heranreichen. Da
aber selbst mit fortgeschrittenen Operationsverfahren lediglich etwa 20-30% (nach
neoadjuvanter systemischer Tumortherapie 40-50%) der Patienten einer Operation technisch
zuganglich sind, gibt es einen Bedarf an weiteren, effektiven Lokalverfahren 2%,

Die Mdglichkeiten der modernen radiologischen Verfahren flhrten zur Entwicklung
minimalinvasiver Therapien wie der Radiofrequenzablation (RFA), die die am weitesten
verbreitete Methode mit der starksten Evidenz darstellt*'. Die RFA und andere thermoablative
Lokaltherapien wie die Mikrowellenablation MWA sind im Hinblick auf die Lage und Grole

der zu behandelnden Tumoren jedoch technisch limitiert>">2.

Radiotherapeutische
Techniken, wie die perkutane stereotaktische Bestrahlung (SBRT) oder die CT- gesteuerte
interstitielle Brachytherapie (iBT), kdnnen diese Grenzen in unterschiedlicher Weise
Uberwinden, wobei — &hnlich wie bei der Thermoablation — fur die perkutane Behandlung eine
maximale Gréle und Anzahl effektiv behandelbarer Lasionen gilt>>®. Jenseits dessen sinkt
die Wirksamkeit der SBRT 78,

Bei der bildgefuhrten interstitiellen Brachytherapie wird eine Punktquelle, zum Beispiel
92Iridium, in den Tumor eingefiihrt. Sie erlaubt bei exakter, atemunabhéngiger Dosimetrie die
Einbringung sehr hoher Dosen bis zu 25 Gy als Einzelfraktion. Dabei fallt die Dosis zur
Peripherie hin stark ab, was im Allgemeinen eine effektive, tumorizidale Dosis bei Schonung
der umgebenden Strukturen auch bei sehr groflen und zentral gelegenen Tumoren
ermdglicht®®®*. Einerseits sprechen Patientenkomfort und Sicherheit fiir die einzeitige
Hypofraktionierung. Andererseits zeitigt die Radiatio mit hohen Einzeldosen (> 10-12 Gy)
zusatzliche therapeutische Phanomene, die Uber die strahlentherapeutischen Effekte mit
geringeren Einzeldosen hinausgehen. Hier wird unter anderem eine Apoptose-Induktion am

GefaRendothel postuliert®®®. Komplettremissionen sind nicht die Ausnahme.
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Die tiberproportionale Effektivitat wird durch initiale Studienergebnisse bestatigt 52646873,

In zahlreichen Pilotstudien und in randomisierten Vergleichen konnte bei verschiedenen
Entitaten prospektiv und retrospektiv eine hohe bis sehr lokale Tumorkontrolle von bis zu >90%
nach 12 Monaten gezeigt werden. Nachweisbar war dabei eine Dosisabhangigkeit, wobei die
hepatischen Absiedelungen der meisten Entitadten mit 15-20 Gy hervorragend lokal kontrolliert
werden kénnen, wahrend die notwendige D100 bei kolorektalen Karzinomen am hdchsten ist.
Die interstitielle Brachytherapie ist hinsichtlich der Leberfunktion sicher durchflhrbar.
Klassische RILD sind in eigenen Studien sowie ausweislich der publizierten Daten anderer
Arbeitsgruppen nicht beobachtet worden, atypische Falle mit ikterischem Anstieg der
Leberenzyme und Aszites wurden in Einzelfallen berichtet. Das Monitoring des
Funktionsverlustes des umgebenden Lebergewebes lasst sich ausgezeichnet mittels MRT mit
hepatozytenspezifischem Kontrastmittel durchfiihren. Die Grenzdosis flir den temporaren
Funktionsverlust nach 6 Wochen betragt im Mittel 9-10 Gy, das entsprechende Volumen geht
nach 24 Wochen auf die 14-16 Gy Isodosenlinie zurick, was der Grenzdosis fur den
permanenten Funktionsverlust entspricht.

Bei bis zu 5% der Patienten tritt eine Major-Komplikation Grad 3 oder héher auf'*®. Darunter
sind interventionelle Komplikationen wie Blutungen, aber auch postaktinische wie
gastroduodenale Ulzerationen, und gemischt bedingte wie infektiose Komplikationen. Nach
den Ergebnissen einer Studie pradestiniert eine biliodigestive Anastomose fir letztgenannte,
was durch eigene Erfahrungen einer noch unveréffentlichten Arbeit gestutzt wird.

Es gibt Hinweise auf eine hoéhere 30-Tage-Mortalitat bei Patienten mit hepatozellularem
Karzinom und Leberzirrhose, die sich auch sekundar aus dem erhdhten Blutungsrisiko ableiten
lassen (siehe auch unten)’®’2. Bei groRen, zentralen Lebertumoren sind klinisch relevante
Komplikationen der Gallenwege selten und in entsprechenden Studien nicht mit einer
Verklirzung des Gesamtluberlebens verbunden gewesen. Die ausgezeichnete
Behandelbarkeit dieser zentralen Lebertumoren durch die iBT ist ein Alleinstellungsmerkmal
gegenuber allen anderen lokalen Verfahren einschliel3lich der Chirurgie. Klinisch bedeutsame
Risikoorgane aul3erhalb der Leber sind Magen und Duodenum. Hier wurde in mehreren
Arbeiten ein Grenzwert fir die Entwicklung von postaktinischen gastroduodenalen Magen-
Darm-Ulzera zwischen 14 und 16 Gy Dmax/1cm?® ermittelt. In der klinischen Routine flihrt dies
dazu, dass ab einer relevanten gastroduodenalen Exposition von 8-10 Gy Dmax/1 cm?®
Protonenpumpenhemmer fiir 3-12 Monate verordnet werden und linkshepatische Tumoren
gegebenenfalls mehrzeitig behandelt werden missen. Ein anderer Ansatz ist es,
interventionell Okklusionsballons zwischen Magenwand und Leberrand zu platzieren, die zu

einer signifikanten Verringerung der Magenwand- Exposition fiihren.
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Die bildgefuhrte, interstitielle Brachytherapie ist im Gegensatz zur perkutanen Bestrahlung mit
der (minimal-) invasiven Einbringung von Kathetern verbunden, die die (z.B. "*Iridium-) Quelle
in den Tumor fuhren. Das damit verbundene Risiko auch schwerer Blutungen konnte im
Gegensatz zu den dosisabhangigen Effekten der Strahlentherapie initial schwerer
prognostiziert werden. Inzwischen gibt es jedoch eine gute Evidenz, die ein individuelles
Risikoniveau vor dem Eingriff abzuschatzen erlaubt. Es konnte ein signifikanter
Zusammenhang zwischen der Leberfunktionseinschrankung bei Leberzirrhose und dem
entsprechenden Blutungsrisiko gezeigt werden. Eine andere Arbeit zeigte fir Patienten nach
iBT oder RFA, dass unter periinterventioneller Thromboseprophylaxe mit niedermolekularen
Heparinen (NMH) Blutungsereignisse signifikant haufiger auftraten als ohne. Die Anzahl der
schweren Blutungen war in der Prophylaxegruppe um mehr als den Faktor 2,6 (alle
Lokalisationen) bzw. 3,3 (Leber) erhoht, und die 30- und 90 Tage-Mortalitat war unabhangig
von einer zeitnahen Blutungsstillung bei den Patienten mit schweren Blutungsereignissen
massiv erhoht. Eine postinterventionelle NMH-Gabe erhdhte die Blutungsrate nicht. Weiterhin
trat lediglich bei einer Patientin (ohne Prophylaxe) eine symptomatische Lungenembolie 2
Monate nach der Brachytherapie auf'®. Eine periinterventionelle NMH-Gabe ist auf Grundlage
der Ergebnisse dieser Studie der wichtigste Risikofaktor flr eine erhdhte Blutungsrate und
zwar noch vor einer Leberfunktionseinschrankung. Das Morbiditats- und Mortalitatsrisiko der
NMH-Gabe liegt weit Uber dem Risiko thromboembolischer Ereignisse im interventionell
behandelten onkologischen Patientengut mit einer nur kurzen Immobilisationszeit und
minimaler Invasivitat. Eine NMH-Prophylaxe kann also nicht generell empfohlen werden, sie
ist sogar, wenn nicht weitere thrombogene Komorbiditaten hinzukommen, kontraindiziert.
Weiterhin zeigte sich, dass der Verschluss der Punktionskanale mit Gelatineschwamm-
Pfropfen effektiv ist und sich hierdurch kein Nachteil der iBT- Patienten gegentber Patienten
nach Thermoablation ergibt.

Das Risiko von extrahepatischen Stichkanalmetastasen ist gering, und auch das Auftreten von
Lokalrezidiven nach iBT hat keinen Einfluss auf das Gesamtiiberleben. In entsprechenden
Studien wurde die Brachytherapie in diesen erfolgreich erneut eingesetzt.

Die publizierten Daten zum onkologischen Outcome nach iBT der Leber sind GUberwiegend gut
bis sehr gut, auch eingedenk der Tatsache, dass mehrheitlich Patienten in der Salvage-
Situation untersucht wurden. Die Uberlebensdaten sind lber verschiedene Studien und
Arbeitsgruppen hinweg konsistent. Im Median liegt das Gesamtliberleben (OS)
entitdtsunabhangig bei 20 Monaten. Dabei sind bei einem Teil der Patienten zu einem
signifikanten Prozentsatz auch langjahrige postinterventionelle Verlaufe méglich. Das langste
Gesamtuberleben nach iBT zeigten Patienten mit neuroendokrinen Lebermetastasen oder
metastasierten  gastrointestinalen  Stromatumoren sowie hepatisch metastasierte

Mammakarzinome. Ein begrenzter onkologischer Effekt muss bis dato, wenn auch bei
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limitierter Datenlage, fur die iBT von Lebermetastasen des Pankreas, aber auch von
Lungenkarzinomen postuliert werden.

Flr verschiedene Tumorentitaten wurden bei Patienten nach iBT, aber auch nach einer
multimodalen Therapie unterschiedliche, prognostisch bedeutsame Faktoren fiir das
Gesamtuberleben herausgearbeitet.

In einer randomisierten, prospektiven Studie wurden Patienten mit hepatozellularen
Karzinomen (HCC) entweder mittels CT-gesteuerter interstitieller Brachytherapie (iBT) oder
konventioneller transarterieller Chemoembolisation (cTACE mit Lipiodol und Doxorubicin)
nach Randomisation behandelt. Dabei ergab sich ein verlangertes TTUP und TTP fir die
Patienten im iBT- Arm gegenuber den Patienten im cTACE- Arm. Dass dieser Vorteil
numerisch, aber nicht auf Signifikanzniveau auf das Gesamtiberleben durchschlug, kann
einerseits mit den Limitationen dieser Studie zusammenhangen, wobei designbedingt eine
groRere Anzahl an Patienten aus dem cTACE- Arm nach dem Erreichen des primaren
Endpunktes eine iBT erhielten. Andererseits wies das eingeschlossene Patientenkollektiv eine
relevante Heterogenitat auf mit Patienten in allen BCLC- Stadien. Kein Vorteil flir den primaren
oder die sekundaren Endpunkte war fir das BCLC- A Stadium zu konstatieren, was damit
begrindet werden kann, dass die cTACE bei limitierter Anzahl und Grof3e offensichtlich
ahnlich effektiv war.

Die Ergebnisse dieser ersten, randomisierten Phase II-Studie zur iBT flie3en aktuell in die
Planung einer grofieren Phase-Ill Studie ein.

Es gibt sehr wenig vergleichende Daten zur interstitiellen Brachytherapie und der
Thermoablation bzw. der stereotaktischen Bestrahlung. Eine frihe Studie hat in einer
intraindividuellen, lasionsbasierten Matched-pair-Analyse eine signifikant hohere lokale
Kontrollrate nach iBT im Vergleich zur Thermoablation festgestellt, wenn Tumoren Gber 5 cm
mit einbezogen wurden'®®. Dieses Ergebnis (berrascht nicht, da die Brachytherapie — im
Gegensatz zur Thermoablation — auch bei Tumoren Gber 5 cm eine effektive lokale Kontrolle
erzielen kann.

In einer Pilotstudie wurden Vorteile der iBT bei der Erreichung der Zieldosis am Tumorrand im
Vergleich zu virtuellen SBRT-Planen festgestellt. Dies steht fraglich im Widerspruch zu einer
kleineren Studie einer anderen Arbeitsgruppe, die umgekehrt einen virtuellen iBT- Plan
erstellte, aber andere Endpunkte verwendete. Hier sind weitere Untersuchungen erforderlich.
Eine prospektiv randomisierte, sogar multizentrische vergleichende Studie wird es in
absehbarer Zeit nicht geben, da der Verbreitungsgrad der iBT- Technik und das dafur
notwendige interventionell-radiologische Know-how noch gering sind. Es ware dennoch
wilnschenswert, wenn zuklnftige Studienkonzepte unter Einschluss dieser beiden und

anderer lokalablativer Techniken eine Stratifizierung der Patienten adressieren wirde.
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Nichtsdestotrotz bleibt die Nicht-Invasivitat ein groRer Vorteil der SBRT, und die Effektivitat
moderner stereotaktischer Konzepte wurde in einer Vielzahl von Lokalisationen
nachgewiesen. Man darf auf Grundlage der bisherigen Evidenz annehmen, dass die invasive
Brachytherapie ihre Vorteile vor allem bei groRen Tumoren, kritischen Lokalisationen und in
ihrer Wiederholbarkeit ausspielt.

Auch auf3erhalb der Leber wurden die Effektivitadt und das Outcome nach iBT in Pilotstudien
in Nebennieren- und Nierenmalignomen, peritonealen Metastasen von gastrointestinalen
Stromatumoren sowie Pankreaskarzinomrezidiven und Pankreasmetastasen untersucht.
Dabei umfasste beispielsweise bei Nebenierenmetastasen die prospektiv dokumentierte iBT-
Kohorte deutlich gréRere Tumoren als in den publizierten SBRT- Kollektiven. Nach Applikation
einer moderaten BED wurde mit einem objektiven Ansprechen von 94% der therapierten
Lasionen (mit bildgebender Nachsorge) eine sehr gute Tumorkontrolle erzielt.
Tumordurchmesser und synchrone AGM waren hier hochsignifikante Pradiktoren fur das
Gesamtuberleben.

Die interstitielle Brachytherapie hat auf Grund ihrer besonderen Eigenschaften die Potenz,
lokale Therapie unbegrenzt zu erlauben. Voraussetzung fur eine im Sinne des Patienten
sichere und erfolgreiche Therapie ist das interdisziplindre onkologische Management. Die
Patientenselektion, die Wahl der richtigen Dosis — angepasst an die jeweilige Tumorentitat und
unter Bericksichtigung der Risikoorgane — sowie die Komplikationskontrolle sind dabei nicht
nur fir die Brachytherapie entscheidende Parameter. lhr Stellenwert im Reigen der
mannigfaltigen lokalen Therapiemoglichkeiten muss in prospektiven Studien weiter erortert
werden. Es bleibt sehr zu winschen, dass die Verbreitung dieser Technik zunimmt, um
multizentrische Studien erst zu ermdglichen. Studiendesign-Vorschlage wurden in dieser
Habilitationsschrift gemacht. Bereits auf Grundlage der bisherigen Evidenz zeichnet sich aber

die klinische Relevanz ihrer variablen und wenig limitierten Einsetzbarkeit ab.
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In vivo assessment of catheter positioning
accuracy and prolonged irradiation time on
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Ir high-dose-rate brachytherapy
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Abstract

Background: To assess brachytherapy catheter positioning accuracy and to evaluate the effects of prolonged
irradiation time on the tolerance dose of normal liver parenchyma following single-fraction irradiation with '** Ir.

Materials and methods: Fifty patients with 76 malignant liver tumors treated by computed tomography (CT)-
guided high-dose-rate brachytherapy (HDR-BT) were included in the study. The prescribed radiation dose was
delivered by 1 - 11 catheters with exposure times in the range of 844 - 4432 seconds. Magnetic resonance
imaging (MRI) datasets for assessing irradiation effects on normal liver tissue, edema, and hepatocyte dysfunction,
obtained 6 and 12 weeks after HDR-BT, were merged with 3D dosimetry data. The isodose of the treatment plan
covering the same volume as the irradiation effect was taken as a surrogate for the liver tissue tolerance dose.
Catheter positioning accuracy was assessed by calculating the shift between the 3D center coordinates of the
irradiation effect volume and the tolerance dose volume for 38 irradiation effects in 30 patients induced by
catheters implanted in nearly parallel arrangement. Effects of prolonged irradiation were assessed in areas where
the irradiation effect volume and tolerance dose volume did not overlap (mismatch areas) by using a catheter
contribution index. This index was calculated for 48 irradiation effects induced by at least two catheters in 44
patients.

Results: Positioning accuracy of the brachytherapy catheters was 5-6 mm. The orthogonal and axial shifts between
the center coordinates of the irradiation effect volume and the tolerance dose volume in relation to the direction
vector of catheter implantation were highly correlated and in first approximation identically in the T1-w and T2-w
MRI sequences (p = 0.003 and p < 0.001, respectively), as were the shifts between 6 and 12 weeks examinations (p
= 0.001 and p = 0.004, respectively). There was a significant shift of the irradiation effect towards the catheter entry
site compared with the planned dose distribution (p < 0.005). Prolonged treatment time increases the normal
tissue tolerance dose. Here, the catheter contribution indices indicated a lower tolerance dose of the liver
parenchyma in areas with prolonged irradiation (p < 0.005).

Conclusions: Positioning accuracy of brachytherapy catheters is sufficient for clinical practice. Reduced tolerance
dose in areas exposed to prolonged irradiation is contradictory to results published in the current literature. Effects
of prolonged dose administration on the liver tolerance dose for treatment times of up to 60 minutes per HDR-BT
session are not pronounced compared to effects of positioning accuracy of the brachytherapy catheters and are

therefore of minor importance in treatment planning.
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1 Background

Single-fraction '**Ir high-dose-rate brachytherapy (HDR-
BT) of the liver is an ablation technique which has
shown promising results with respect to safety and
efficacy in the treatment of nonresectable primary and
secondary liver malignancies [1-3]. HDR-BT provides
steep dose gradients at the surface of the target volume
due to the low y-ray energy of '*’Ir and use of a point
source, and thus can be used to treat several malignan-
cies in one session or recurrent malignancies sequentially
without seriously impairing the functional hepatic reserve
[4]. To prevent recurrence at the tumor margins, catheter
placement and dwell positions of the '** Ir point source
have to be carefully planned [5]. The accuracy of dose
application is predominantly dependent on catheter posi-
tioning. Computed tomography (CT) was used to moni-
tor catheter implantation, and 3D CT datasets acquired
in breath-hold were used for treatment planning. For
irradiation patients were transferred from the CT unit to
the brachytherapy unit. Dislocation of catheters during
patient transfer might be a potential source of error with
respect to correct dose application at the target site.
Additionally, the liver is an elastic organ and could be
deformed between catheter implantation and irradiation.

The treatment of larger tumors with an '**Ir point
source requires the implantation of approximately 1
catheter for each 1 - 2 ¢cm of tumor diameter. The con-
tributions of several catheters with numerous dwell
positions to the planned dose in a large part of the tar-
get volume lead to regional prolongation of irradiation.
Several authors describe an increased normal tissue dose
tolerance for prolonged radiation therapy or pulsed dose
rate (PDR) radiation therapy [6,7] even if the total irra-
diation time is less than one hour [8].

The present study aims at addressing two methodical
aspects of HDR-BT: First, to investigate the limits of
catheter positioning accuracy and its clinical importance.
Second, to investigate if effects of prolonged irradiation
times on the tolerance dose of normal liver parenchyma
are important for clinical practice and may have to be
taken into account in treatment planning.

2 Methods

Study population

In this study we retrospectively analyzed irradiation
effects on normal liver tissue in 50 consecutive patients
who underwent CT-guided single-fraction HDR-BT as
part of a clinical phase II study prospectively assessing
local tumor control. In 50 HDR-BT sessions a total of
76 solid primary or secondary liver tumors were treated
(1 - 4 malignant tumors per session). The study was
approved by the local ethics committee. Written
informed consent was obtained from all patients.
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Interventional technique

The interventional technique has been described in
detail elsewhere [9]. In brief, a T2-weighted (T2-w)
respiratory-triggered ultrafast turbo spin echo (UTSE)
and a T1-weighted (T1-w) breath-hold gradient echo
(GRE) sequence with administration of the hepatocyte-
specific contrast agent gadobenate dimeglumine (Gd-
BOPTA (Multihance), Bracco, Princeton, NJ) were
acquired to delineate primary and secondary liver
lesions (see Follow-up section below). The brachyther-
apy catheters were positioned using CT guidance
(Somatom 4, Siemens, Erlangen, Germany), i.e.,, CT
scans were acquired continuously during the interven-
tional procedure with an image reconstruction rate of
12 per second to monitor actual catheter location. They
were placed in 6F angiographic sheaths (Radiofocus,
Terumo, Japan), which were implanted in Seldinger
technique within the tumors. The angiographic sheaths
were sutured to the skin. After catheter positioning, a
spiral CT scan of the liver (matrix size, 512 x 512; slice
thickness, 5 mm; increment, 5 mm) enhanced by intra-
venous administration of iodine contrast medium (100
ml Ultravist 370; flow, 1 ml/s; start delay, 80s) was
acquired in breath-hold technique for treatment plan-
ning. Four catheters were implanted on average per
HDR-BT session (range, 1 - 11 catheters).

Treatment planning and irradiation

Treatment was planned using the BrachyVision software
package, version 7.1 (Varian Medical Systems, Palo Alto,
CA). The dwell positions and irradiation times were
optimized to ensure delivery of the prescribed dose to
the entire clinical target volume (CTV), see Figure 1.
The 24-channel HDR afterloading system (Gammamed
12i, Varian, Charlottesville, VA) employed a 1921 source
(nominal source strength, 370GBq). A dose of 15, 20, or
25Gy was prescribed, which was planned to enclose the
lesion (clinical target volume). Compromises were
necessary if organs of risk such as the stomach, small
intestine, or a large bile duct were very close to the tar-
get. No upper limit was defined for the dose within the
tumor volume. To preserve liver function after irradia-
tion, one third of the liver parenchyma should receive a
dose of less than 5Gy. The effective irradiation time
needed to apply the target dose with all catheters was
corrected according to the actual ' Ir source strength.
We usually limit the maximum irradiation time to 60
minutes to increase patient comfort. The catheters were
then sequentially connected to the afterloading system
according to the prescribed enumeration, and irradiation
was started at the most distant dwell position in each
catheter. All dwell positions within one catheter were
sequentially irradiated without any delay. An interval of
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Figure 1 Geometry. The 3D visualization shows a CT slice with the
calculated dose in Gy overlayed. The dose is applied using two
catheters. The two catheters were visualized in 3D using surface
rendering of the catheters labeled in the CT scan.

approx. 2 - 3 minutes was required for connecting each
catheter. Manual sequential connection of the catheters
was necessary because only a single adapter was avail-
able for connecting the catheters to the afterloader. The
exposure times were in the range of 844 - 4432 seconds.

Follow-up

A total of 161 MRI examinations were performed 6 + 2
weeks and 12 + 2 weeks after HDR-BT. The MRI proto-
col comprised the following sequences (Gyroscan NT
Intera, Philips, The Netherlands) [10]: T2-w respiratory-
triggered UTSE (echo time/repetition time (TE/TR), 90/
2100 ms; echo train length (ETL), 21; slice thickness, 8
mm, acquired in interleaved mode with no gap) with fat
suppression to assess the extent of interstitial edema
and T1-w breath-hold GRE (TE/TR 5/30 ms; flip
angle,30°; slice thickness, 8 mm, acquired in, interleaved
mode with no gap) 2 h after intravenous injection of 15
ml gadobenate dimeglumine (Gd-BOPTA (Multihance),
Bracco, Princeton, NJ). The hepatocyte-specific contrast
agent gadobenate dimeglumine allowed visualization of
the extent of hepatocyte dysfunction. The underlying
mechanism of intracellular uptake is a polyspecific
organic anionic transport [11-13].

Image registration

Merging of the 3D dosimetry data calculated by BrachyVi-
sion with the corresponding follow-up MRI scans was
accomplished using an independent image registration
implementation within the 3D visualization software
Amira 3.1 (Mercury Computer Systems, Berlin, Germany).
The image voxel-property-based registration method
allowed affine transformation (12 degrees of freedom: 3

Figure 2 Image registration. A) T2-w image coregistered with the
planning CT. Note that only the liver was coregistered and
therefore good matching of the images was only achieved for the
liver. B) T2-w image showing segmented lesion and isodoses at 12-
week follow-up. A prononounced shift of the irradiation effect with
respect to the planned dose distribution as shown in this example
was typically not found.

rotations, 3 translations, 3 scalings, and 3 shears) by
exploring the normalized mutual information (NMI) [14],
see Figure 2A. The liver including a 1-cm margin was seg-
mented in the treatment planning CT. The segmented
data served as reference for registration to optimize regis-
tration accuracy for the liver. Registration accuracy was
validated using intrahepatic vessel bifurcations as land-
marks. Three to four landmarks were set in the CT and
MRI image data of ten patients. Distances between the
landmarks in the coregistered images (CT vs. MRI) were
determined using the differences between the absolute
positions determined with Amira. A total of 120 coregis-
tered landmark combinations were evaluated.

Calculation of normal liver tissue tolerance dose
The borders of hyperintensity on T2-w images (intersti-
tial edema) and hypointensity on late Gd-BOPTA-
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enhanced T1-w images (hepatocyte dysfuntion) around
the irradiated liver tumors were outlined, see Figure 2B.
The volume of each irradiation effect was determined.
As the next step, we used this volume to calculate the
3D-isodose, which was confined to the liver and encom-
passed a corresponding volume (+ 1%). The calculated
isodose was taken as a surrogate for the tolerance dose
of normal liver tissue assuming consistency between an
observed radiation effect and the dose applied [9]. The
volume encompassed by the isodose surface will be
referred to as tolerance dose volume in the following.
The mismatch areas between both volumes were investi-
gated in detail for the effect of prolonged irradiation
time, see Figure 3.

Measurement of lesion volume shift in relation to
planned volume
Potential inaccuracies of the treatment planning proce-
dure or catheter dislocation were analyzed by calculating
the shift between the center coordinates of the irradia-
tion effect volume and the tolerance dose volume using
the coordinate system of the planning CT. Only those
brachytherapies were evaluated in which the catheters
were implanted unidirectionally, i.e., in parallel (n = 38).
The direction vector of an implanted catheter was cal-
culated from the coordinates of the catheter skin entry
site and the catheter tip in the treatment planning CT.
If more than one catheter was implanted, an average

e

Figure 3 Mismatch areas. T2-w image showing segmented
irradiation effect and 16.2Gy isodose encompassing the
corresponding tolerance dose volume. A very pronounced shift of
the irradiation effect with respect to the isodoses is shown to illus-
trate the likely maximum inaccuracy of catheter positioning.
Mismatch areas in which we observed a dose response at doses
smaller than the tolerance dose of the total irradiation effect are
indexed with "“MA+" and mismatch areas in which we did not
observe a dose response at doses higher than the tolerance dose of
the total irradiation effect are indexed with "MA- ",
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coordinate from the coordinates of the entry sites and
of the catheter tips was calculated. The direction vector
of catheter implantation was converted into a unit vec-
tor g with unit length 1 cm.

The shift vector g describing the shift between the
irradiation effect volume and the tolerance dose volume
was calculated from the center coordinates of both
volumes. The scalar product of the unit vector and the
shift vector, 5., =¢- S, was taken as a measure of the
shift between irradiation effect volume and tolerance
dose volume axial to the direction vector of catheter
implantation. It serves as a surrogate for catheter dislo-
cation within the catheter track. The vector product of
both vectors, S 4, = |é x §\, provides a measure of the
orthogonal shift between the center coordinates of the
irradiation effect volume and the tolerance dose volume
in relation to the direction vector of catheter implanta-
tion. Since movement of the brachytherapy catheters
within the liver is limited to the catheter track the
orthogonal shift results mainly from methodical limita-
tions of image registration due to local liver deforma-
tion. The vector product thus serves as an additional
surrogate for registration inaccuracy.

An asymmetry coefficient of the scalar and vector pro-
duct was calculated to differentiate between a systematic
shift and registration inaccuracy:

_ |Saxial| - Sortho
0.5(|Saxiall + Sortho)

A positive value of the asymmetry coefficient indicates
a shift predominantely parallel to the direction vector of
the implanted catheter, whereas a negative value indi-
cates a shift predominantly orthogonal to the direction
vector of the implanted catheter.

(1)

S

Evaluation of prolonged irradiation time

Irradiation took up to 4432 seconds (= 74 minutes)
using multiple catheters with numerous dwell positions
of the '"?Ir source. Therefore, in areas with significant
dose contribution of several catheters, dose delivery
time was prolonged and may be characterized as pulsed
dose administration. The effects of regionally longer,
pulsed irradiation were investigated in areas where the
extent of hepatocyte dysfunction and edema was not
consistent with the applied dose. Only radiation effects
induced by at least 2 brachytherapy catheters were
assessed (n = 48).

We used a boolean tool implemented in Amira 3.1 to
identify nonoverlapping areas of the irradiation effect
volume and the corresponding tolerance dose isovolume
(confined to the liver). These areas will be referred to as
mismatch areas in the following. Mismatch areas where
edema or hepatocyte dysfunction occurred at doses
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smaller than the tolerance dose of the total irradiation
effect are indexed with "MA+”. Conversely, mismatch
areas in which edema or hepatocyte dysfuntion did not
manifest at doses exceeding the tolerance dose of the
total irradiation effect are indexed with “MA-", see
Figure 3. The "MA+” and “MA-" mismatch areas by
definition have identical volumes.

A comprehensive description of the time course of
irradiation in brachytherapy is difficult since multiple
catheters with numerous dwell positions contribute to
dose fractionation in each voxel. First, the total voxel
dose, D;,; (x,,z), depends on the voxel position. Second,
the dose contribution of each catheter, D;(x, y, z),
depends on the voxel position, (x,y,z), where i is the
catheter number. Third, each voxel is irradiated with a
different dose administration scheme, D;,; (x,,2) = X,
Dy(x,y,z), where n is the number of catheters. The Bra-
chyVision software allows separation of the total dose
map, Dy, (x,,2), into n separate dose maps, D,(x,y,z), for
each catheter i, see Figure 4. We calculated a total of
202 separate treatment plans using the treatment plan-
ning system to determine the contribution of each
catheter to the total of 48 irradiation effects. To esti-
mate the prolongation of irradiation by the '**Ir HDR
source we calculated a catheter contribution index, Ip(x,
¥,2), that uses the number of dose contribution pulses:

n ' 2
Ip(x,7.2)] =n—" (2 ' % - 1) ?
i1 tot\ A )y

The irradiation of a single voxel is prolonged as the
number of dose-contributing catheters increases. There-
fore, the catheter contribution index increases with the
number of contributing catheters. In case of a single con-
tributing catheter, Ip = 0. In case of two equally contribut-
ing catheters, D; /D,,, = 0.5, and Ip = 2.0. Ip is always in
the range between 0 and 2. The separate treatment plans
were combined in a voxelwise approach using an arith-
metic module implemented in Amira 3.1, see Figure 5.

Catheter contribution index Ip(x,y,z) was then aver-
aged over the 3D maps of the mismatch areas, Ip(MA+)
and Ip(MA-). We calculated an asymmetry coefficient
with the following formula

Ip(MA+) — Ip(MA—)

Cr = 0.5(Ip(MA+) + Ip(MA—)) ®)

to compare the averaged catheter contribution indices
Ip(MA+) and Ip(MA-) calculated using Eq. 2. A value of
the asymmetry coefficient > 0 indicates that the catheter
contribution index in “MA+” is higher than in “MA-”,
vice versa a value of the asymmetry coefficient < 0
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Figure 4 Dose separation. The 3D visualization shows a coronal
CT reconstruction with the calculated dose in Gy overlayed using
the patient in Fig. 1. The dose is applied using two catheters. The
two catheters were visualized in 3D using surface rendering of the
catheters labeled in the CT scan. A) Total dose, Dyot , OVerlayed.

B) Dose applied by the cranial catheter, D;. C) Dose applied by the
caudal catheter, D, .
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Catheter Contribution Index Dose [Gy]

0 5 10 15 20 25

Figure 5 Catheter contribution index. The image showing the
separated isodoses of two catheters for the patient in Fig. 1 and
Fig. 4. The separated doses of the cranial and caudal catheter (Fig.
4) are used to calculate the catheter contribution index (Eqg. 2)
shown in color coding. In case of two equally contributing
catheters, D/D,o; = 0.5 and Ip = 2.0. Ip is always in the range
between 0 and 2.

indicates that the catheter contribution index in “MA+”
is lower than in “MA-".

Statistical analysis

The Generalized Estimating Equation (GEE) model was
employed to statistically assess limits of catheter posi-
tioning accuracy and the effects of prolonged irradiation
times on the tolerance dose of normal liver parenchyma.
For a dataset consisting of repeated measurements (2
MRI sequences, 2 follow-up dates) of a variable of inter-
est, a GEE model allows the correlation of outcomes
within one individual to be estimated and taken into
appropriate account in the equation which generates the
regression coefficients and their standard errors [15,16].
The GEE model was calculated with SAS, Version 9.1
(SAS Institute Inc., Cary, NC, USA). A p < 0.05 was
considered significant.

3 Results

The validation of image registration accuracy using
landmarks yielded a mean deviation of 2.64 mm (25%
quartile width (Q,5 ): 0.28 mm, 75% quartile width
(Q75): 4.51 mm). Thus registration accuracy proved to
be sufficient for evaluating catheter positioning accuracy.
A total of 161 MRI examinations of 62 irradiation
effects were performed 6 and 12 weeks after HDR-BT.
Table 1 shows the mean volume and threshold dose of
hepatocyte dysfunction (T1-w images) and interstitial
edema (T2-w images) and corresponding liver tolerance
doses as well as the standard deviation between the
examinations at 6 and 12 weeks (6W and 12W).
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Table 1 Normal liver tissue tolerance dose and volume of
irradiation effect

6w T1-w 12w T1-w 6w T2-w 12w T2-w

n= 44 36 48 33
Dose/Gy 137 + 48 16.7 £ 50 143 + 6.2 166 + 64
Volume/ 190.3 + 1272 + 1900 + 1570 +
cm’ 1586 1188 1664 1435

Mean normal liver tissue tolerance dose and volume (+ standard deviation)
for interstitial edema assessed by hyperintensity on T2-w images and
hepatocyte dysfunction assessed by hypointensity on T1-w images six/twelve
weeks (6w and 12w) after HDR-BT (n: number of MRI examinations evaluated).

A total of 96 follow-up MRI examinations of 30
patients with 38 irradiation effects were assessed to ana-
lyze methodical limitations of catheter positioning accu-
racy. Only patients with unidirectionally implanted, i.e.,
nearly parallel, catheters were included in the evaluation.
The median number of catheters inserted was 2 (Q5:1,
Q;5: 3 catheters; range: 1-8 catheters).

Table 2 presents the axial, orthogonal, and total shifts
(in mm) between the center coordinates of the irradiation
effects and tolerance dose volumes in relation to the
direction vectors of catheter implantation. The mean
axial shift of hepatocyte dysfunction (T1-w images) was
-5. 3 + 5.4 mm and of interstitial edema (T2-w images)
-5. 6 £ 6.0 mm in plane, indicating a shift of the irradia-
tion effect volume against the corresponding tolerance
dose volume in the direction of the catheter entry sites.
The orthogonal shift as a surrogate for registration inac-
curacy due to liver deformation was 4.0 £ 2.5 mm on
T1-w images and 4.6 + 2.6 mm on T2-w images.

The orthogonal and axial shifts between the center
coordinates of the irradiation effect volume and the tol-
erance dose volume in relation to the direction vector of
catheter implantation were highly correlated in the T1-
w and T2-w MRI sequences (p = 0.003 and p < 0.001,
respectively), as were the shifts between 6 and 12 weeks
examinations (p = 0.001 and p = 0. 004, respectively).

The asymmetry coefficient of the orthogonal and axial
shifts of the center coordinates of the irradiation effect

Table 2 Shift between irradiation effect and planned
dose distribution

T1-w T2-w

n= 47 49

Axial shift/mm -53+54 -56 +60
Orthogonal shift/mm 40+ 25 46 £26
Total shift/mm 7.7 +44 84 + 44
ACs 1.14 + 043 1.04 + 049

Mean axial, orthogonal, and total shift between center coordinates of the
irradiation effect and planned dose distribution in relation to the direction
vector of catheter implantation for T1-w and T2-w MRI data. Both follow-up
dates, 6w and 12w, were evaluated together. A negative value of the axial
shift indicates a shift into the direction of the catheter entry site. T1-w =
hepatocyte dysfunction, T2-w = interstitial edema, n = number of MR
examinations assessed.
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and corresponding tolerance dose volume in relation to
the direction vector of catheter implantation, ACs, was
1.14 + 0.43 for hepatocyte dysfunction and 1.04 + 0.49
for interstitial edema, indicating that the axial shift as a
surrogate for catheter dislocation within the catheter
track was predominant (p < 0.005). The asymmetry
coefficient was significantly affected by the MRI
sequence used (p = 0.014) but not by the change in the
irradiation effect volume between the 6-week and 12-
week examinations (p = 0.48).

A total of 129 follow-up MRI examinations of 44
patients with 48 irradiation effects were assessed to ana-
lyze the effect of prolonged irradiation time on the tol-
erance dose of normal liver parenchyma. All irradiation
effects were induced by at least 2 brachytherapy cathe-
ters. The median number of catheters per irradiation
effect was 4 (Qq5: 3; Q75: 6 catheters; range: 2-11 cathe-
ters). The average time for complete application of the
radiation dose was 1865 + 758 seconds (range: 844 -
4432 seconds).

The volumes of the mismatch areas, “MA+” and “MA-
”, averaged over the 6-week and 12-week follow-up MRI
examinations and T1-w and T2-w acquisitions, was 40.6
+ 28.9 cm® (23.5 + 10.1%). The differences between the
mismatch area volumes with regard to 6-week and 12
week follow-up examinations and T1-w and T2-w MRI
are small, see Table 3. The average dose in “MA+” is
approximately 12Gy 6 weeks and 14Gy 12 weeks after
the intervention. The average dose in “MA-”, is

Table 3 Mean dose, deviation of mean dose from normal
liver tissue tolerance dose, and dose protraction in
mismatch areas

6W Tl-w 12W T1-w  6W T2-w 12W T2-w

n 35 27 40 27
DIMA+)/Gy 120+£43 141+44 118+£54 140463
DIMA-)/Gy 232+ 119 285+ 110 222+ 116 277 +151
ADMA+)/Gy 21+£28 -32+19 -21+£43 -30+31
ADMA-)/Gy 91+75 112+68 83+66 107 £88
Io(MA+) 167 +033 169+ 026 167 +031 170+ 027
Io(MA-) 1454039 1354037 145+037 139+036

AC, 017 +£028 025+027 016+026 023 +022

V (MA +/MA)/cm® 420 + 267 382+ 312 408 +29.2 430 + 33.1
V(IMA +/MA-)/% 218+ 111 239+78 231+08 270+90

D(MA+), D(MA-): Average dose in mismatch areas; “MA+" for response at doses
smaller than the tolerance dose and “MA-" for missing response at doses
exceeding the tolerance dose.

AD(MA+), AD(MA-): Difference between the average dose in “MA+"and “MA-"
and corresponding tolerance dose of the irradiation effect.

Io(MA+), Io(MA-): Catheter contribution index in “MA+" and “MA-".

AC, : Asymmetry coefficient between the catheter contribution indices in “MA
+" and “MA-".

V (MA +/MA-): Volume of the mismatch areas “MA+" and “MA-" in percent and
absolute value which is per definition identical for both areas.

Errors are given as standard deviation.

Page 7 of 10

approximately 22-23Gy 6 weeks and 28Gy 12 weeks
post intervention, see Table 3. The difference between
the average doses in the mismatch areas is significant (p
< 0.0001). The values for the catheter contribution
indices in the mismatch areas, Ip(MA+) and Ip(MA -), as
well as the asymmetry coefficients of the catheter contri-
bution indices in the mismatch areas, AC; , with respect
to hepatocyte dysfunction and interstitial edema and the
corresponding follow-up dates are displayed in Table 3.
The mean of AC; is > 0 in each subgroup, indicating
that the catheter contribution index in “MA+” is slightly
higher than in “MA-". Ip(MA+) and Ip(MA-) are signifi-
cantly affected by the volume loss of the irradiation
effect between the 6-week and 12-week follow-up exam-
inations and consecutive shifts of the mismatch areas
towards the high dose regions of the dose plan (p =
0.0014). There is no significant difference between Ip
(MA+) and Ip(MA-) with respect to hepatocyte dysfunc-
tion and interstitial edema (p = 0.9).

4 Discussion

In this study, we sought to assess two methodical
aspects of HDR-BT: first, limits of catheter positioning
accuracy and, second, effects of prolonged irradiation on
the tolerance dose of normal liver parenchyma. The
mean shift between the center coordinates of the irra-
diation effect volume and corresponding tolerance dose
volume in relation to the direction vector of catheter
implantation is - 5 mm in plane, indicating a shift of
the irradiation effect in the direction of the catheter
entry site. The shift is within the slice thickness of 5
mm of the treatment planning CT but larger than could
be explained by registration inaccuracy, which is = 3
mm, and inaccuracy due to local liver deformation in
the follow-up images, resulting in an overall registration
inaccuracy of ~ 4-5 mm.

Determination of catheter positioning accuracy might
be limited by the delineation of the brachytherapy cathe-
ters in the treatment planning CT since applicator geo-
metry is entered manually. Partial volume effects in the
treatment planning datasets could be a potential source
of error in the treatment planning procedure, especially
for catheters in oblique direction, since correct place-
ment of the starting point of the catheter is dependent
on conspicuity of the catheter tip.

Another limitation is the dislocation of catheters
between acquisition of the planning CT and irradiation.
Although the angiographic sheaths containing the cathe-
ters were secured to the skin by suture, retraction of the
brachytherapy catheters within the catheter tracks might
potentially occur due to patient movement, e.g., when
the patient is transferred from the CT unit to the bra-
chytherapy unit, and liver movement during respiration.
However, the extent of the shift between an irradiation
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effect and the center of the planned dose distribution
does not suggest a significant dislocation of the bra-
chytherapy catheters within the catheter tracks.

The systematic shift between the irradiation effect
volume and planned dose distribution has to be consid-
ered in treatment planning when defining the CTV to
avoid underdosage of the tumor periphery. In our institu-
tion, the CTV comprises the tumor volume visible on
contrast-enhanced CT scans plus a 5-mm safety margin.
With regard to treatment planning, we conclude that a
slice thickness exceeding 3 mm potentially impairs cathe-
ter positioning accuracy. We furthermore propose that it
would be beneficial to increase the safety margin of the
CTV in the direction of the catheter tips from 5 to 10
mm to avoid underdosage and consecutive recurrence at
the tumor margin. The amount of mismatch (Table 3)
between planned dose distribution and irradiation effect
volume is determined by the registration accuracy or pos-
sibly by biological effects but does not allow to assess the
reproducibility of the CTV. Two studies evaluated the
accuracy of target positioning in extracranial stereotactic
radiotherapy (ESRT) using special patient fixation. For
mobile soft tissue targets, such as liver metastasis, Wulf
et al. [17] reported mean target deviations of 0.9 + 4.5
mm, 0. 9 £ 3.0 mm, and 3.4 + 3.2 mm in the craniocau-
dal, anteroposterior, and lateral directions, respectively,
when breathing control was applied. The mean 3D devia-
tion of the targets was 6.1 + 4.6 mm.

For single-fraction therapy, Herfarth et al. [18]
reported mean target set-up deviations between treat-
ment planning and treatment of 4. 0 £ 2.5 mm, 2.2 + 1.
8 mm, and 2.2 £+ 1.7 mm in the craniocaudal, anteropos-
terior, and lateral directions, respectively. The mean 3D
deviation of the targets was 5.7 + 2.5 mm.

The total in-plane deviation of the target location in
our study was slightly higher, 4-6 + 2-6 mm. However,
we determined the effective positioning accuracy by
comparing the shift between the irradiation effect in fol-
low-up MRI and planned dose distribution. The authors
quoted above compared treatment planning images with
control CT datasets acquired before treatment [17,18]
and did not evaluate the treatment effect.

Based on metric analysis of target mobility and set-up
inaccuracy in the CT simulation prior to or during
treatment, safety margins for defining the planning tar-
get volume (PTV) of about 5 mm in axial and 5 - 10
mm in craniocaudal direction are commonly added to
the CTV in ESRT of lung and liver tumors [19]. In con-
trast to the present study, Wulf et al. evaluated the
reproducibility of the CTV of lung and liver tumors
within the planning target volume (PTV) over the entire
course of hypofractionated treatment in CT simulation
prior to application of each fraction [19]. The mean
volume ratio of the PTV to the CTV was 2.2 + 0.6 in
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liver targets. The authors showed that especially liver
tumors with a CTV exceeding 100 cm® were susceptible
to target deviation exceeding the standard safety mar-
gins for PTV definition. They suggested to increase the
PTV by adding a larger safety margin to ensure ade-
quate target dose deposition in these CTVs. In bra-
chytherapy, the applicator moves to a certain extent
together with the target and there is no need to increase
the safety margin for larger tumors.

Catheter dislocation in brachytherapy was mainly
investigated in fractionated HDR brachytherapy of the
prostate, which differs from the technique used here in
that a much larger number of catheters are implanted
for more than one day. Imaging techniques (cone beam
CT and CT) were used to assess catheter dislocation
between the first and second fraction, i.e., over 24
hours. Foster et al. found a mean catheter displacement
of 5. 1 mm, resulting in a significantly (p < 0.01)
decreased mean prostate Vigg (volume receiving 100Gy
or more) from 93.8% to 76.2% [20]. Five patients had
maximum catheter displacement exceeding 10 mm.
Simnor et al. found a mean movement in caudal direc-
tion relative to the prostate base between the first and
second fraction of 7. 9 mm (range 0-21 mm). Planning
target volume dose Dggy was reduced without move-
ment correction by a mean of 27.8% [21]. Kim et al.
found an average (range) magnitude of craniocaudal
catheter displacement of 2.7 mm (- 6.0 to 13.5 mm)
using bone markers and 5.4 mm (-3.75 to 18.0 mm)
using the center of two gold markers [22]. Catheter dis-
location in fractionated HDR brachytherapy of the pros-
tate is in the same range as in the present study but,
because of the much more complex irradiation geome-
try, the impact on dose coverage is much larger.

We assessed the effect of prolonged irradiation times
on the tolerance dose of normal liver tissue to determine
its relevance for treatment planning. A catheter contribu-
tion index served as a surrogate for prolonged pulsed
dose administration in nonoverlapping areas of the irra-
diation effect volume and the corresponding tolerance
dose volume. The catheter contribution index was
slightly but significantly higher in “MA+” than in “MA-”,
indicating a prolongation of dose application in “MA+”
compared to “MA-". Based on published data, we would
have expected to find an increased tolerance dose of the
liver parenchyma in areas irradiated for a longer time, i.
e., by several catheters [6,7], even if the overall irradiation
time is less than one hour [8]. However, we found a
decreased tolerance dose of the liver parenchyma in areas
where the radiation dose was applied by several catheters
for a prolonged period of time.

We hypothesize that the effects of prolonged irradia-
tion on the tolerance dose of normal liver tissue might
have been obscured by other factors. For instance,



Ludemann et al. Radiation Oncology 2011, 6:107
http://www.ro-journal.com/content/6/1/107

biological effects such as reactive inflammatory changes
may mimic irradiation effects, or scarring of the liver
tissue induced by catheter insertion may cause retrac-
tion of the irradiation effect towards the catheter entry
site. Furthermore, we propose that inaccuracies in the
positioning of the brachytherapy catheters are more pro-
nounced in areas where several catheters contribute to
the total irradiation dose and that the total applied
effective dose in “MA+” was higher than would have
been expected from the treatment plan. Since steep
dose gradients are an inherent quality of interstitial
HDR-BT, the shift of active dwell positions of one or
several catheters towards the tumor periphery would be
sufficient to significantly increase the applied dose out-
side the CTV. As the number of catheters increases, the
probability of a dose shift due to slight inaccuracy in
catheter positioning likely increases as well.

We conclude that the effects of prolonged irradiation
time are of minor importance for interstitial HDR-BT
compared to other factors such as positioning accuracy
of brachytherapy catheters and do not have to be taken
into account in treatment planning in HDR-BT if the
total irradiation time does not significantly exceed one
hour.

The study has several limitations. Obviously one key
issue of the study is the registration accuracy. The vali-
dation of registration accuracy was based on corre-
sponding vessel bifurcations identified in the planning
CT and follow-up MR images by an experienced radiol-
ogist [23,24]. We applied affine registration, allowing 12
degrees of freedom, which compensates for whole organ
deformation and yielded an accuracy of ~ 3 mm with
respect to vessel bifurcations within the central parts of
the liver, comparable to other studies [25,26]. Affine
registration has been proven to be precise and robust
for liver registration [25-27]. However, local liver defor-
mation resulting from compression by adjacent organs
(such as the stomach), different respiration levels, or the
implanted catheters in the treatment planning CT data
might not be sufficiently compensated for. To ade-
quately compensate for these effects a finite element
model-based deformable image registration would have
been superior [23,24]. We tried to compensate for the
limitations of affine registration by restricting the regis-
tration to the liver [25]. Using this procedure, we
achieved a registration accuracy with a mean deviation
of 2.64 mm, which was smaller than that of the nonrigid
registration used by Elhawary et al. [28], for which the
authors reported a mean target registration error of. 4.1
mm and a mean 95”-percentile Hausdorff distance of 3.
3 mm.

Second, the catheter contribution index has to be con-
sidered a rough simplification, merely providing a first
estimate of the effect of prolonged dose administration.
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Dose administration was considered highly prolonged if
the index was 2 (meaning that each catheter of the bra-
chytherapy implant contributed < 50% of the irradiation
dose in the mismatch area). It was considered fairly pro-
longed if the value was between 1 and 2 (indicating that
more than 25% of the total irradiation dose in the mis-
match area was applied by more than 1 catheter), and
nonprolonged if the value was < 1 (meaning that 75% or
more of the total irradiation dose in the mismatch area
was applied by 1 catheter only). Nevertheless, the tool is
sufficient to rule out practically relevant effects of pro-
longed dose administration in HDR-BT in vivo.

5 Conclusions

In conclusion, positioning accuracy of brachytherapy
catheters is sufficiently precise with approx. 5-6 mm.
Accuracy was within the 5-mm slice thickness of the
treatment planning CT. Thus positioning accuracy is
potentially affected by inaccuracy in the delineation of
the brachytherapy catheters during treatment planning
due to partial volume effects in the planning CT.
Retraction of the catheters within the catheter tracks
during transfer of the patient from the CT unit to the
brachytherapy unit might occur; however, this retraction
is not pronounced. Therefore, CT-guided HDR-BT can
be safely performed, even if CT and brachytherapy are
not performed in the same unit. Effects of prolonged
irradiation times on the tolerance dose of normal liver
tissue are negligible compared to positioning accuracy
of brachytherapy catheters and do not have to be taken
into account in treatment planning if the total irradia-
tion time does not significantly exceed one hour.
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CLINICAL INVESTIGATION Liver

LOCAL RESPONSE AND IMPACT ON SURVIVAL AFTER LOCAL ABLATION
OF LIVER METASTASES FROM COLORECTAL CARCINOMA BY COMPUTED
TOMOGRAPHY-GUIDED HIGH-DOSE-RATE BRACHYTHERAPY

JENS Rickg, M.D.,* KoNRAD MOHNIKE, M.D.,* Macies PEcH, M.D.,* MaX SEIDENSTICKER, M.D.,*
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Purpose: To determine local tumor control after CT-guided brachytherapy at various dose levels and the prognos-
tic impact of extensive cytoreduction in colorectal liver metastases.

Methods and Materials: Seventy-three patients were treated on a single-center prospective trial that was initially
designed to be randomized to three dose levels of 15 Gy, 20 Gy, or 25 Gy per lesion, delivered in a single fraction.
However, because there was a high rate of cross-over of subjects from higher to lower dose levels, this study is bet-
ter understood as a prospective trial with three dose levels. No upper size limit for the metastases was applied. We
assessed time to local progression, progression-free survival, and overall survival.

Results: According to safety constraints cross-over was performed. The final assignment was n = 98, n = 68, and
n = 33 in the 15-Gy, 20-Gy, and 25-Gy groups, respectively. Median diameter of the largest tumor lesion in each
patient was 5 cm (range, 1-13.5 cm). Estimated mean local recurrence-free survival for all lesions was 34 months
(median not reached). The group assigned to 15 Gy after cross-over displayed 34 local recurrences out of 98 lesions;
20 Gy, 15 out of 68 lesions; 25 Gy, 1 out of 33 lesions. The difference between the 25-Gy and the 20-Gy or 15-Gy
group was significant (p < 0.05). Repeated local tumor ablations were the most prominent factor for increased sur-
vival and dominated additional systemic antitumor treatments.

Conclusions: Local tumor control after CT-guided brachytherapy of colorectal liver metastases demonstrated
a strong dose dependency. The role of extensive minimally invasive tumor ablation in metastatic colorectal cancer
needs to be further established. © 2010 Elsevier Inc.

Liver metastases, Local ablation, Brachytherapy, Colorectal carcinoma.
INTRODUCTION surgical resection of liver metastases has been adopted as

the standard of care, also on the basis of the observation that
long-term survival or cure is usually limited to these patients.
In advanced colorectal cancer the goal of therapy is to
eliminate cancer, reduce cancer burden, stabilize cancer, or
slow cancer progression (9). Percutaneous ablative therapies

Tremendous advances have been shown recently by the in-
troduction of various new active agents for the treatment of
metastatic colorectal cancer (1-3). However, despite the in-
troduction of these new treatments, the 5-year survival rate

for metastatic colorectal cancer remains just 10% (4).
Surgical resection of liver metastasis is often limited, de-
spite the fact that 25-35% of patients have the liver as their
sole site of disease and could be considered potentially to
have regionally confined metastasis (5). The evidence for
a benefit of surgical resection is based on retrospective stud-
ies only, and the advantage of resection has also been called
into question by some investigators owing to a proposed lead
time bias and extreme patient selection (6-8). However,

achieve substantial tumor kill by directly applying chemicals,
temperature changes, or radiation to solid tumors, and they
are most widely accepted for their application in the treatment
of liver tumors (10—14). These image-guided ablation tech-
niques offer the advantage of reduced morbidity and mortal-
ity, as well as lower procedural costs when compared with
traditional surgical methods. They can also be performed
on an outpatient basis, repeated over time, or combined
with other anticancer treatments. Their intention usually is
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palliative, even though some investigators claim curative po-
tential on the basis of retrospective data (15).

A new ablation technique has been introduced recently
overcoming the size limit of approximately 4 to 5 cm that
usually applies for thermal tumor ablation by radiofrequency
ablation or laser. This new technique, referred to as CT-
guided brachytherapy, merges image-guided intervention
with high-dose-rate interstitial irradiation. It has been proven
not to be affected by cooling effects, and it has demonstrated
safety and efficacy in various locations of the body (16—18).
The aim of the present study is to prove the effectiveness of
CT-guided brachytherapy in providing local tumor control in
surgically nonresectable colorectal liver metastases at various
dose levels. We additionally tried to define the impact of ex-
tensive local tumor ablation of liver metastases on overall
survival (OS). This study is based on a single-center trial, ini-
tially designed to be prospectively randomized. However, be-
cause a high rate of cross-over events from higher to lower
dose levels occurred, the trial data are better understood as
a prospective trial with three dose levels.

METHODS AND MATERIALS

Patients

Patients with histologically confirmed colorectal carcinoma and
metastatic disease limited to the liver were eligible to participate
in this study. Absence of extrahepatic disease was confirmed by
clinical evaluation and diagnostic imaging, including abdominal
and chest CT. No upper size limit for the liver lesions was applied.
We excluded patients with =10 lesions, patients with >3 lesions =5
cm, and patients with 4-10 lesions and =2 lesions exceeding 3 cm.
Additional eligibility criteria included preserved liver function with
bilirubin >3 mg/dL, a prothrombin time >50%, preserved hemato-
logic function with a platelet count of >50,000/mm?>, Karnofsky in-
dex =70%, and Eastern Cooperative Oncology Group status 0-2.

Study design

The primary endpoint of this prospective single-center, Phase I1I
trial was time to local progression (TLP; ““‘local tumor control’’) af-
ter applying CT-guided brachytherapy. Patients were randomly as-
signed to receive minimal tumor-enclosing doses of 15 Gy, 20 Gy,
or 25 Gy (as D100, i.e., the dose enclosing the target volume). A
cross-over to lower the applied target doses to 20 Gy or 15 Gy
was performed if (/) the calculated irradiation time exceeded 60
min, if (2) more than two thirds of normal liver parenchyma received
>5 Gy, if (3) stomach, duodenum, or colon received >15 Gy per 1-
mL surface, or if (4) gallbladder received >20 Gy per 1-mL surface.
The true dose delivered was reassessed immediately after end of
treatment using the contrast-enhanced planning CT. Secondary end-
points included progression-free survival (PFS) and OS. All patients
were open for additional medical treatment, such as chemotherapy,
even though adjuvant therapy was not generally recommended.
Patient surveillance was continued after the primary endpoint had
been reached, with patients receiving standard medical care or
repeated local tumor ablations in case of tumor progression if at
all applicable. No dose level was predefined in these patients.
However, repeated brachytherapy treatments followed the same
dose constraints with respect to risk organs as applied in the study
protocol.
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We additionally performed an independent analysis of patients
from the time point of any tumor progression. We assessed the influ-
ence of various treatment strategies applied, such as repeated tumor
ablation, chemotherapy, or best care.

No protective measures against radiation hepatitis, such as corti-
sone or anticoagulants, were applied. Adverse events related to the
procedure, as well as late toxic effects, were graded according to the
National Cancer Institute Common Toxicity Criteria, version 2. Pa-
tients underwent a clinical examination and laboratory tests before
the first intervention and 3 days, 6 weeks, and every 3 months after
intervention. At these time points imaging procedures were per-
formed, including contrast-enhanced MRI (gadolinium ethoxyben-
zyl diethylenetriaminepentaacetic acid; Primovist, Bayer Schering,
Berlin, Germany) and additional abdominal and chest CT upon sus-
pected tumor progression by rising carcinoembryonic antigen levels
or other clinical evidence.

The study protocol was written in conformance with the declara-
tion of Helsinki and approved by the local ethics committee. All pa-
tients provided written, informed consent.

Interventional and irradiation technique

The technique of CT-guided brachytherapy has been described in
detail elsewhere (16). Positioning of the brachytherapy catheters
was performed with fluoroscopy CT (Siemens, Erlangen, Germany).
For treatment planning purposes, a spiral CT of the liver (slice thick-
ness, 5 mm; increment, 5 mm) enhanced by i.v. application of iodide
contrast media (100 mL Ultravist 370; flow, 1 mL/s; start delay, 80
s) was acquired with breathhold technique immediately after posi-
tioning of the brachytherapy applicators in the tumor volume. Prac-
tically, one catheter per 1 to 2-cm tumor diameter was applied.

The high-dose-rate afterloading system (Gammamed; Varian
Medical Systems, Charlottesville, VA) used a 92 source of 10
Ci. The source diameter was <1 mm. The duration of the irradiation
was typically 20—40 min.

For treatment planning, Varian Brachyvision software was used.
The relative coordinates of the catheters as well as the tumor bound-
aries including a safety margin of 5 mm were determined manually
in the three-dimensional CT dataset after being transferred in the
treatment planning unit. A dose exposure of 5 Gy to more than
two thirds of the liver served as a prospective constraint. Fifteen
grays per milliliter organ surface was defined as the maximum expo-
sure to stomach, duodenum, or colon, as well as 8 Gy/mL to the spi-
nal cord. The organ surface was specified by outlining the organ in
the treatment planning system. After irradiation, a gastric prophy-
laxis (pantoprazole 1 x 40 mg/d for 3 months and magaldrate
H,O-free on demand) was prescribed if the gastric or duodenal mu-
cosa was calculated to have received more than 10 Gy/mL.

Assessments

Local tumor control (i.e., stable disease, partial or complete remission)
after brachytherapy treatment was determined by contrast-enhanced
MRI (gadolinium ethoxybenzyl diethylenetriaminepentaacetic acid)
and defined as any of the following: (/) absence of symmetric lesion
growth =25% compared with baseline starting at 3 months after
irradiation, or (2) absence of asymmetric lesion growth at any time
during follow-up. Any suspected tumor recurrence was best differen-
tiated from hepatic parenchyma necrosis in late contrast-enhanced
T1-weighted images (120 min after irradiation). Partial response
was defined as a lesion volume loss =50%, and complete response
was defined as lesion disappearance. Response criteria for nonirradi-
ated lesions followed the Response Evaluation Criteria In Solid
Tumors. Progression-free survival was measured from the first inter-
vention to the date of the first assessment showing progression.
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Statistical methods

The accrual goal was 60 lesions per study arm to provide a statis-
tical power of 80% at a significance level of 0.05. An interim anal-
ysis was performed when an unexpectedly high rate of cross-over
events occurred, and the study was closed thereafter. We decided
to emphasize the analysis of dose levels as assigned after cross-
over, and we added data on intent-to-treat as well as an analysis
of treatments as effectively applied (i.e., D100).

Time to local progression, PFS, and OS were estimated using the
Kaplan-Meier method and compared using the log—rank, Breslow
and Tarone-Ware tests. Repeated local treatments of a study lesion
were excluded from lesion-based analysis. For lesion-based analysis
and limited to TLP we enhanced the Cox proportional hazards
model with a robust sandwich estimate to exclude bias by patients
displaying more than one lesion. In addition, we performed a Cox
regression with and without a competing risk analysis (e.g., risk
of death before observation of local recurrence). We assessed the as-
sociation of TLP with the dose applied after cross-over, lesion size,
lesion shape (oligonodular or presence of satellite metastases vs.
round), and number of lesions.

Progression-free survival and OS were assessed on the basis of
patient only, without reference to the doses applied. We used a stan-
dard Cox proportional hazards model with respect to lesion size, le-
sion shape, number of lesions, unilobar vs. bilobar tumor spread,
synchronous vs. metachronous disease, salvage chemotherapy dur-
ing follow-up, and repeated tumor ablation.

Definitions

We introduced two categories of lesion appearance on MRI or
CT: round or oligonodular. ‘‘Round lesions” were defined by an al-
most symmetric or spheroid shape with a regular margin; “‘oligo-
nodular lesions’” were defined by an irregular shape, such as piled
clouds. Satellite lesions had their isocenter within 1 cm of the orig-
inating liver metastasis. The category ‘‘oligonodular lesion”
included radiologically visible satellite lesions.

Patient characteristics

Between January 2003 and January 2006, 73 patients with 199
colorectal liver metastases were randomly assigned to CT-guided
brachytherapy with a minimal target dose of 15 Gy (n = 64 metas-
tases), 20 Gy (n = 67), and 25 Gy (n = 68). According to safety con-
straints or excessive irradiation time, cross-over was performed
from the 20-Gy or 25-Gy arm to the 15-Gy or 20-Gy arm in 38 le-
sions. Hence, the final assignment to the dose levels was as follows:
15 Gy (n = 98), 20 Gy (n = 68), and 25 Gy (n = 33). The effective
treatment applied per each treatment arm (average D100) was 12.8
Gy in the 15-Gy group, 15.7 Gy in the 20-Gy group, and 18.8 Gy in
the 25-Gy group.

Patients presented with one to eight lesions (mean, 2.2; median,
2). The lesion size ranged from 1 to 13.5 cm (mean, 3.6 cm; median,
3.1 cm). The mean and the median diameter of the largest tumor le-
sion in each patient was 4.9 and 5 cm, respectively. The median
(range) lesion size per dose group as assigned after cross-over was
3.2 (1-13.5), 3.1 (1-9.6), and 3.0 (1-6) cm for the 15-Gy, 20-Gy,
and 25-Gy groups, respectively. The median (range) tumor size
per intent-to-treat had been 4 (1-11.3), 3.2 (1.2-9.6), and 2.5
(1-7.2) cm, respectively.

Table 1 displays further disease- and treatment-specific details.
All patients had no evidence of extrahepatic disease at randomiza-
tion.

Table 1. Demographic and clinical characteristics of the
patients (n = 73)

Age (y), mean (range) 63.6 (28-86)
Male sex (%) 67.1
Time since diagnosis (mo), mean (95% CI) 20.3 (16.0-24.7)
Metachronous liver disease (%) 42.5
Synchronous liver disease® (%) 57.5
Previous chemotherapy (%)

First line 86

Second or third line 39.7
Liver resection (%) 329
Previous thermal ablation (RFA, laser) (%) 20.5

Abbreviations: ECOG = eastern cooperative oncology group per-
formance status; RFA = radiofrequency ablation.

* Diagnosis of liver metastases within 6 months after diagnosis of
the primary tumor.

Local tumor control

Local tumor recurrence was observed in 50 of 199 lesions
(25.1%). According to the Kaplan-Meier method, the estimated
mean TLP for all lesions was 34 months (median not reached).

The patient group assigned to 15 Gy after cross-over displayed 34
local recurrences out of 98 lesions; 20 Gy, 15 recurrences out of 68
lesions; 25 Gy, 1 recurrence out of 33 lesions. The difference be-
tween the 25-Gy and the 20-Gy or 15-Gy group was significant
(p < 0.05). The mean (median) local recurrence-free survival was
27.1 (25.6) months in the 15-Gy group, 31.1 (median not reached)
months in the 20-Gy group, and 46.4 (median not reached) months
in the 25-Gy group. The Kaplan-Meier curve for local recurrence-
free survival is displayed in Fig. 1.

Per intent to treat, the 15-Gy group displayed 22 local recur-
rences out of 64 lesions; 20 Gy, 20 recurrences out of 67 lesions;
25 Gy, 8 recurrences out of 68 lesions (Fig. 2). Dose groups as
intended to treat displayed mean (median) local recurrence-free
survival of 26.5 (22.5) months in the 15-Gy group, 27.3 (median
not reached) months in the 20-Gy group, and 42.3 (median not
reached) months in the 25-Gy group. The difference between the
25-Gy and the 20-Gy or 15-Gy group was significant (p < 0.05).
The Kaplan-Meier curve for local recurrence-free survival is dis-
played in Fig. 2.

At univariate analysis, dose assigned after cross-over, the dose ef-
fectively applied (D100), lesion shape (oligonodular displaying
higher frequencies of local tumor recurrence after ablation), and
tumor diameter had a significant impact on TLP (p < 0.05).

Multivariate analysis revealed significantly improved local tumor
control with an increase of the D100, or with round vs. oligonodular
shape (p < 0.001). Lesion size did not have a significant impact on
local tumor control anymore. Adding a competing risk analysis,
only lesion shape remained as a significant prognostic factor for
TLP. Per dose assigned after cross-over, lesion shape and dose level
remained as significant prognostic factors for TLP in a multivariate
analysis including the competing risk analysis. Per intent to treat,
only lesion shape had a prognostic impact. When lesion shape
was omitted from the multivariate analysis, lesion size and dose
level had a significant influence on TLP. This was true for the
D100, the dose as assigned after cross-over, as well as for the in-
tent-to-treat dose level (p < 0.05). The hazard ratios applying the
D100 were 1.176 (lesion size) and 0.923 (D100); applying the
dose as assigned after cross-over, 1.186 (lesion size) and 0.856
(dose as assigned); applying the intent-to-treat dose level, 1.169 (le-
sion size) and 0.919 (intent-to-treat dose).
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Fig. 2. Time to local progression (dose per intent-to-treat).
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Table 2. Multivariate analysis: variables investigated as potential predictors for PFS and OS after first local ablation

PFS (log-rank/Cox)

OS (log-rank/Cox)

Variable P HR P HR
Age (<65, 65+) 0.776 1.077 0.522 0.835
Lesion size* 0.188%; 0.02} 1.0821; 1.270* 0.760 1.020
Synchronous disease (yes/no) 0.085 0.620 0.244 0.710
Lesion shape (round, oligonodular) 0.036"; 1.228* 1.966"; 1.701* 0.013"; 2.323* 0.014"; 2.976
Unilobar or bilobar disease 0.706 1.150 0.295 1.530
Total no. of liver lesions 0.907 0.989 0.442 0.911
Local recurrence N/A N/A 0.924 0.972

Abbreviations: PES = progression-free survival; OS = overall survival; HR = hazard ratio.

* Largest lesion at the time of first local ablation.
t Includes local recurrence.
1 Excludes local recurrence.

Additional treatments after first tumor progression

Fifty-three patients received additional brachytherapy of hepatic
tumor recurrences. Twenty-seven patients received a single treat-
ment, 23 patients two local treatments, 2 patients three local treat-
ments, and 1 patient four additional liver brachytherapies. The
doses applied ranged from 10 to 25 Gy (mean, 18.5 Gy; median,
20 Gy). Systemic chemotherapy treatments in case of tumor pro-
gression were applied in 46 of 67 patients with tumor progression.
Twelve of 46 patients qualified for additional targeted therapies.
The mean duration of chemotherapy after progression was 7 months
(range, 1-17 months). All but 4 patients had received at least first-
line chemotherapy before trial inclusion.

PFS and OS

The median duration of follow-up was 15.2 months (including
MRI for assessment of local recurrence). For survival, patients
were followed 41 months at median (18 still alive). Mean and me-
dian PFS was 8.6 and 6 months for all patients, respectively.
When local tumor recurrences were excluded, the mean PES was
10.5 months.

Mean (median) OS after first ablation, first diagnosis of liver me-
tastases, and first diagnosis of the primary tumor were 27.9 (23.4),
53.5 (46.7), and 65 (56.2) months, respectively.

A patient-based multivariate analysis using the Cox proportional
hazards model was used to determine the impact of variables asso-
ciated with PFS or OS after first ablation. Dose levels did not play
any role in these analyses. The variables considered were postprog-
ression therapy (chemotherapy, repeated local ablations), age (<65,
=65 years), lesion size, synchronous disease (yes/no), lesion shape
(round vs. oligonodular or presence of satellite metastases), unilobar
or bilobar disease, and total number of liver lesions.

A significant association of decreasing OS was apparent for an
oligonodular lesion shape or the incidence of satellite lesions. The
incidence of local tumor recurrence after first local tumor ablation
did not influence OS on a patient-based analysis. Oligonodular
shape was associated with a decrease of PFS only if local tumor pro-
gression of the study lesion was included. Excluding local recur-
rences, only an increasing tumor diameter of the initial lesion was
significantly related to a decrease of PFS (Table 2).

Variables significantly increasing OS were repeated brachyther-
apy and chemotherapy in case of tumor progression after the first
successful study treatment. Repeated local tumor ablations were
the most prominent factor for increased survival and dominated ad-
ditional systemic antitumor treatments (Table 3). Best outcomes

were observed with multimodality regimens combining local and
systemic treatments after first progression after local ablation. Ac-
cording to the Kaplan-Meier method, median OS after first tumor
progression (n = 67) was 11.1 months in patients with no further lo-
cal or systemic therapy; 26.3 months in patients with brachytherapy
and systemic chemotherapy; 19.3 months with chemotherapy only;
and 22.2 months with brachytherapy only. Differences in survival
between patients receiving combined local and systemic treatments
vs. patients with either local or systemic treatment proved to be sig-
nificant (p < 0.05).

DISCUSSION

Computed tomography—guided brachytherapy has been
validated for safety and efficacy in previous trials in colorec-
tal metastases, including studies in tumors for which
common thermal ablation techniques have lacked appropri-
ateness, such as in tumors >5 cm or tumors adjacent to risk
structures (e.g., liver hilum and hepatic bifurcation) (17).
The inherent value of this technique is its ubiquitous avail-
ability, the ease and cost-effectiveness of its use, and the ap-
plicability in almost any region of the human body (18). In
contrast to stereotactic external-beam irradiation, the method
is independent from patient movements or target motion,
such as through breathing. Lesion size may also be a limita-
tion in stereotactic irradiation (19, 20). Our study was primar-
ily designed to evaluate the duration of local response after
brachytherapy treatment of colorectal liver metastases. Our

Table 3. Multivariate analysis: variables investigated as
potential predictors for OS after first local ablation and further
progression (n = 67)

OS (log—rank/Cox)

Variable p HR
Systemic chemotherapy 0.049 1.818
Further local ablations 0.032 1.952
Extent of progression* 0.067 1.302

Abbreviations: OS = overall survival; HR = hazard ratio.
* Intrahepatic solitary vs. intrahepatic disseminated or extrahe-
patic spread.
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results show a clear dose dependency, with no local recur-
rences observed if the minimum dose in the target (the true
D100) exceeded 20.4 Gy. However, the frequent cross-over
between the study arms with dose reduction to a prescription
of 20 Gy or 15 Gy indicates some limitations of this method.
In large tumors, excessive irradiation time and unpredictable
risks when irradiating very large volumes hamper the deliv-
ery of >20 Gy in a single fraction. However, in future this
problem may be overcome by simply treating large tumor
volumes intermittently. In effect, tumors >8 cm (for example)
could be treated in two or more sessions, or fractionated irra-
diation schemes may be applied. In concordance with the lit-
erature, we encountered no symptomatic radiation hepatitis
despite very large or multiple tumors treated in individual
patients (21).

Data on the clinical value of minimally invasive tumor ab-
lation techniques as an adjunct in oncologic treatment strate-
gies are scarce, and the future role of minimally invasive
tumor ablation in different tumor types is unclear today.
With respect to colorectal carcinoma, surgical resection has
proven prognostic advantages, and it also offers a chance
for long-term survival or cure. However, advances in surgical
techniques have expanded the indications for liver surgery.
As a consequence, risk factors such as anatomic or nonana-
tomic resections result in an increasing proportion of patients
with positive resection margins after liver surgery. Surpris-
ingly, a positive margin after re-resection did not alter the pa-
tients’ prognosis in a study by Welsh et al. (22), whereas
patients with R1 resection at the time of their first liver sur-
gery demonstrated a significantly lower OS compared with
RO resection. The investigators conclude that patients with
recurrent liver metastases should be considered for repeat re-
section, despite the increased risk of an involved margin.
Compared with the patients recruited by Welsh et al. (22),
our own study patients represented a cohort with poorer prog-
nosis, with 33% after liver resection, and 86%, 40%, and 21%
of patients after first-, second-, or third-line chemotherapy,
respectively. The indication for local tumor ablation was
truly palliative, with extensive cytoreduction often performed
in a salvage situation. Still, the rate of complications was
quite low, and patient discomfort was usually minimal, de-
spite tumor dimensions reaching up to 13.5 cm in diameter.
In this rather dismal study cohort, the local recurrence rate
was 25% for all lesions and <5% if a minimal dose of
25 Gy was prescribed (this prescription led to an average
dose of 18.8 Gy delivered, i.e., D100). This compares to
8.8% R1 resection in the total surgical study cohort of Welsh
et al. (22) and 17.9% in cases of re-resection, or 35% R1 re-
section in patients with extended anatomic and nonanatomic
resection (22). We conclude that in patients with an increased
risk of a positive resection margin at liver resection, mini-
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mally invasive tumor ablation should be considered. Accord-
ing to Welsh er al. (22) these risks include bilobar disease,
multiple tumors (three or more), large tumors (>10 cm), ex-
tended anatomic or nonanatomic resections, and re-resection.

Extensive cytoreduction by interstitial irradiation or ther-
mal techniques in combination with systemic therapies is in-
triguing but has not yet been validated. Data from
randomized trials are still not available. In our study cohort,
both repeated local tumor ablations and further chemother-
apies had a positive impact on the prognosis, with local abla-
tions dominating systemic therapies. We propose that this
positive impact of CT-guided brachytherapy resulted from
the extensive tumor load that was effectively treated in
each single session. However, most favorable survival
outcomes were achieved by the combination of local ablative
measures with further systemic therapies. It remains unclear,
though, whether a patient selection bias was at least in part
responsible for these results. Nevertheless, our data strongly
support the initiation of randomized study protocols designed
to assess survival after concepts combining local tumor abla-
tion with systemic or targeted therapies.

Three variables proved to influence local tumor control:
minimum dose delivered to the target volume, lesion shape,
and lesion size. However, larger lesions were associated
with lower doses, thus increasing the risk for local recur-
rence. Whereas round lesions with a regular outer rim dis-
played favorable local control rates, oligonodular lesions
frequently led to recurrent tumor growth during follow-up.
Irregular lesion shape has been discussed previously as
a sign of greater aggressiveness as well as an indicator for in-
creased microsatellite presence within 1 cm of the tumor
(23, 24). We recommend that in lesions displaying oligonod-
ular shape, the dose prescription should be 25 Gy to cover ra-
diographically invisible microsatellites through the dose
gradient reaching beyond the macroscopic tumor margin. If
this dose is not applicable, treatment of such lesions may
be intermittent, or fractionated regimens should be used. At
this time no data are available on fractionated regimens,
and safe devices that could be kept in place for an extended
period, such as 2 or 3 days, need to be developed.

In summary, local tumor control after CT-guided brachy-
therapy of colorectal liver metastases demonstrated a strong
dose dependency. No recurrences were observed if the true
dose delivered exceeded 23 Gy. However, we frequently ob-
served underdosing as compared with the prescribed dose
levels, and treatment planning has to be revised carefully in
the clinical setting. Repeated local ablations were the most
dominant factor for survival in patients with advanced colo-
rectal cancer. The role of extensive minimally invasive tumor
ablation in the treatment of metastatic colorectal cancer needs
to be established in randomized trials.
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COMPUTED TOMOGRAPHY-GUIDED HIGH-DOSE-RATE BRACHYTHERAPY IN
HEPATOCELLULAR CARCINOMA: SAFETY, EFFICACY, AND EFFECT ON SURVIVAL
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Purpose: To determine the saftety and efficacy of computed tomography (CT)-guided brachytherapy in hepato-
cellular carcinoma (HCC).

Methods and Materials: A total of 83 patients were recruited, presenting with 140 HCC- lesions. Treatment was
performed by CT-guided high-dose-rate (HDR) brachytherapy with an iridium—192 source. The primary end-
point was time to progression; secondary endpoints included local tumor control and overall survival (OS). A
matched-pair analysis with patients not receiving brachytherapy was performed. Match criteria included the Can-
cer of the Liver Italian Program (CLIP) score, alpha-fetoprotein, presence, and extent of multifocal disease. For
statistical analysis, Kaplan-Meier and Cox regression were performed.

Results: Mean and median cumulative TTP for all patients (n = 75) were 17.7 and 10.4 months. Five local recur-
rences were observed. The OS after inclusion reached median times of 19.4 months (all patients), 46.3 months
(CLIP score, 0), 20.6 months (CLIP score, 1) 12.7 months, (CLIP score, 2), and 8.3 months (CLIP score, =3).
The 1— and 3—year OS were 94% and 65% (CLIP score, 0), 69% and 12% (CLIP score, 1), and 48% and
19% (CLIP score, 2), respectively. Nine complications requiring intervention were encountered in 124 interven-
tions. Matched-pair analysis revealed a significantly longer OS for patients undergoing CT-guided brachytherapy.
Conclusion: Based on our results the study treatment could be safely performed. The study treatment had a ben-
eficial effect on OS in patients with advanced HCC,with respect to (and depending on) the CLIP score and com-
pared with OS in a historical control group. A high rate of local control was also observed, regardless of applied
dose in a range of 15 to 25 Gy. © 2010 Elsevier Inc.

Liver malignancies, Hepatocellular carcinoma, Radiotherapy, Local ablation.

INTRODUCTION criteria (solitary lesion =5 cm or three or fewer lesions
with diameter =3 cm) (2).

The established treatment of choice is transarterial chemo-
embolization (TACE), frequently in combination with ther-
moablative techniques (3-5), resulting in 3-year OS rates
of up to 47% in some studies (6). Effectiveness and feasibility

are limited by factors such as advanced-stage cirrhosis and

In European studies, 5-year survival rates up to 51% have
been shown for hepatocellular carcinoma (HCC) suitable
for resection (1). Unfortunately, 70% to 80% are not candi-
dates for resection because of advanced cirrhosis, multiple
lesions, or diffuse tumor growth and comorbidity. Liver
transplantation is the only potentially curative option at pres-

ent, with 5-year post-transplantation survival rates of up to
70% for patients with limited disease. Apart from the short-
age of organs available for transplantation, the number of pa-
tients qualified for transplantation is restricted by the Milan

portal vein thrombosis (PVT). Thermal ablation is usually
performed by radiofrequency ablation in tumors up to
5 cm; this method has shown 2—year survival rates of
61% to 98% in randomized controlled trials (RCTs) (7-9).
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Recently, a randomized controlled trial comparing radiofre-
quency ablation, TACE, and combined TACE and radiofre-
quency ablation treatment in large tumors showed
prolonged survival in favor of combined treatment (3). Ste-
reotactic irradiation has been described, either alone or in
combination with TACE (10). There is also some experience
with proton-beam therapy (11-16). The precision of these
percutaneous techniques, despite technical advantages such
as respiration-gated irradiation, are potentially limited by
patient or breathing motion.

Recently, computed tomography (CT)—guided brachyther-
apy of liver tumors has been introduced, a local radioablative
high-dose-rate (HDR) brachytherapy technique in which an
iridium—192 source is temporarily inserted through catheters
placed under CT guidance. The therapeutic effect of this new
technique is not influenced by cooling of surrounding large
vessels and patient movement, and the method is not limited
by tumor size or PVT. It requires facilities that are widely
available, and it is comparatively inexpensive (17-22).

In this prospective series of 83 patients examining safety
and preliminary efficacy, we sought to determine the efficacy
of CT-guided brachytherapy in the treatment of nonresect-
able HCC. In addition, in a matched-pair analysis, we com-
pared OS in the study cohort with OS in a historical control
group given other or no treatments.

METHODS AND MATERIALS

Patients

From November 2002 to July 2007, 83 patients (17 female and
66 male), presenting with 140 lesions of HCC, were registered in
the study. Most patients presented with relapse after various pre-
treatments, including liver resection. Of the patients, 18 had no pre-
vious treatment. We consecutively included patients with four or
fewer tumor nodules visible in either contrast-enhanced MRI or
CT. All patients had been rated unesectable by visceral surgeons
due to extensive tumor spread or increased operative risk or patients
had refused surgery. No upper limit was placed upon the tumor di-
ameter. Patients without a clearly defined tumor margin in MRI or
CT and patients presenting with hepatic impairment in Child-Pugh
Class C were excluded. Further inclusion criteria included an
ECOG performance status of O to 2, Karnofsky index >70%, platelet
count >50,000, prothrombin time of at least 50%, and bilirubin <50
umol/l. Ascites and portal vein occlusion were not exclusion crite-
ria. Decision was made in interdisciplinary consensus.

All 83 patients were included in the assessment of OS. Eight pa-
tients were lost to detailed follow-up (i.e., dates of death were re-
corded but without further information). Hence, TTP and local
recurrence-free survival were estimated on the basis of 75 patients
and 126 lesions for which at least the first MRI follow-up examina-
tion after 6 weeks was performed. In 48 cases, diagnosis was con-
firmed by histopathology. The remaining 35 cases were diagnosed
according to the criteria of the Consensus Conference of the Euro-
pean Association for the Study of Liver Disease (23). Six patients
presented with limited extrahepatic disease at the time of interven-
tion (see Results); in 1 of these patients, extrahepatic CT-guided bra-
chytherapy to a metastasis of the abdominal wall was also
performed. Details of patient characteristics including Child-Pugh
stage, Cancer of the Liver Italian Program (CLIP), and Barcelona

Clinic Liver-Cancer [classification] (BCLC) score are shown in
Table 1, and details of lesions and treatment in Table 2.

Study design

The central aim of this trial was to assess the safety and efficacy of
CT-guided brachytherapy in the treatment of HCC. The endpoint of
the primary was time-to progression (TTP). Secondary endpoints
were overall survival (OS) and local tumor control. We extended
our analysis by a matched-pair analysis comparison of the study
cohort with a ““standard care’ control group with respect to OS.
The study protocol was written in conformance with the Declaration
of Helsinki and approved by the local ethics committee. All patients
provided written informed consent to participate.

Interventional and irradiation technique

The technique of CT-guided brachytherapy has been described in
detail elsewhere (24, 25). Briefly, we performed irradiation by the
HDR brachytherapy technique, using a 10—Ci iridium—192
source. Positioning of the brachytherapy catheters was performed
by fluoroscopy CT. After positioning of the catheters, a three-di-
mensional, contrast-enhanced CT dataset with a slice thickness of
5 mm was acquired and transferred to the treatment planning unit
(Patients 1-24, Abacus; Patients 25-61, BrachyVision [both by Var-
ian Medical Systems, Palo Alto, California]; Patients 62—83, Plato
[Nucletron B.V., Veenendaal, the Netherlands]). The coordinates
of the catheters in three dimensions and the tumor margin were
determined manually based on contrast-enhanced CT (Fig. 1). For
analgesia/sedation, fentanyl, and midazolam were used according
to individual requirement.

Dose

To preserve the liver parenchyma, dosing was adjusted such that
not more than two-thirds of the normal liver tissue received an ex-
posure of >5 Gy. The maximum exposure was limited to 15 Gy
per 1 ml for the stomach and intestine and 8 Gy per 1 ml for the spi-
nal cord. If exposure of the gastric wall or duodenal mucosa was >10
Gy/ml of the organ at risk, then proton-pump inhibitors were pre-
scribed (pantoprazol 40 mg ¢.d. for 3 months).

The target dose was defined as the minimum dose taken up by the
visible tumor margin. In the 114 lesions treated in a single session,
we prescribed minimum target doses between 15 and 25 Gy, with
lower doses in cases in which the tumor volume was large or where
adjacent structures were at risk of high exposure. Two patients refused
repeated sessions for personal reasons and received a total of 12 Gy
(for final assignment to dose levels, see Results). The dose to the tumor
was reduced if the stomach or intestine was exposed to >15 Gy/ 1 ml,
or if more than two thirds of the hepatic parenchyma received >5 Gy.

Twelve patients with very large tumors (median diameter, 11.3
cm) were treated in a multiple-session approach at intervals of
2 weeks, with the target volume divided into regions. Dose levels
assigned were 12 Gy (n =6) or 15 Gy (n = 6) applied to each region,
and potential dose overlap in the tumor volume was ignored. Be-
cause of extensive overlap of irradiation fields and because of the
large overall treatment volumes, no higher doses were administered
to these patients (for their treatment and lesion characteristics of
these patients, see Results).

Assessments

We performed contrast-enhanced MRI after 6 weeks and then
every 3 months after the intervention, to assess local tumor control
of every single treated lesion, defined as either of the following: (a)
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Table 1. Patient characteristics (N = 83)

Child-Pugh class A: 53 (64%)

CLIP score at the time of inclusion 0: 17 21%)
2:25 (30%)
4: 2 2%)

BCLC score A: 51 (61%)

Diameter of the patient’s largest lesion (cm)
Range, 1-15
Diameter of the patient’s largest lesion (cm)
according to the CLIP score (0, 1, 2, 3,
and more points)

B: 30 (36%)
1: 26 (31%)
3: 11 (13%)
5:2 (2%)

B: 12 (14%) C: 20 (24%)

Mean, 5.8; median, 5.2

0: 5.0 cm (range, 1.0-12.0)
1: 4.4 cm (range, 1.2-10.0)
2: 5.4 cm (range, 1.7-10.7)

=3: 7.0 cm (range, 2.0-15.0 cm)

43 (52%)
48 (58%)

Patients displaying more than one lesion

Disease confirmed by histopathology

Known extrahepatic cancer disease at the
time of intervention

Age (y)

Previous liver resection 18 (22%)

Abdominal wall: 1 (1%) Lung: 4 (5%)
Bones: 1 (1%)
Mean 67.6; range, 43.3-85.5

Abbreviations: BCLC Barcelona Clinic Liver-Cancer [classification]; CLIP = Cancer of the Liver Italian Program.

absence of symmetric lesion growth =20% compared with baseline,
starting 3 months after irradiation (taking into account the postradia-
tion edema peaking 6 weeks after radiotherapy (26), or (b) absence of
asymmetric lesion growth during follow-up. Time to progression
(TTP) was assessed according to the modified RECIST (Response
Criteria In Solid Tumors) criteria (27) and defined as the time from
the first CT-guided brachytherapy to the date of the first assessment
showing intrahepatic progression, i.e., local progressions of the
treated lesions and/ or occurrence of new lesions, or extrahepatic pro-
gression. Overall survival (OS) was defined in two ways: from the
first diagnosis of HCC to the date of death, and from inclusion (and
first CT-guided brachytherapy) to the date of death. Each follow-
up visit also included clinical examinations and assessment of labo-
ratory variables (i.e., liver enzymes, bilirubin, and alpha-fetoprotein).

Statistical methods

Time to local progression, TTP, and OS including matched-pair
analysis were estimated by the Kaplan-Meier method and compared
by using the log-rank, Breslow, and Tarone-Ware tests. Repeated lo-
cal treatments of a study lesion were excluded from lesion-based
analysis of local tumor control. The Cox proportional hazards model
was used to assess the association of survival with BCLC and CLIP
scores (28-30), lesion size, total number of liver lesions, multifocal
disease, and minimum dose at the tumor margin.

For matched-pair analysis, a local data base of 256 HCC patients
presenting at our institution from 2002 to 2006 was searched. Match
criteria were CLIP score, alpha-fetoprotein (0-30; 30-100; 100—
200; 200—400; >400 mg/1), and presence (1 and 2 or more) and
extent of multifocal disease (fewer than three vs. three or more
lesions). We exclusively considered fuel-matched pairs for analysis,
achieved for 57 of 83 patients in the original study cohort. We as-
sessed OS of the matched patients, and we also stratified the patients
into subgroups according to CLIP score and the number of nodules
(multifocal disease or single lesion). Characteristics of the treatment
and control group are shown in Table 3.

RESULTS

TTP and OS

Median follow-up including MRI to assess TTP was 9.6
months (range, 1.2-58.4 months). Median TTP for all pa-
tients (n=75) was 10.4 months (Fig. 2); for the single-session

treatment, these were respectively 12 months, and for multi-
ple-session treatment (with larger tumor burden, as discussed
above) 8.4 months. In univariate Cox regression, higher
CLIP and BCLC scores (p = 0.008 and 0.034, respectively)
were significantly associated with a decreasing TTP. The as-
sociation with diameter of the largest lesion (p = 0.449) was
statistically insignificant, whereas that with multifocal
disease suggested a tendency of association, albeit without
statistical significance (p = 0.06).

Median OS was estimated for all 83 patients. A total of 60
patients had died at the time of analysis for OS. Median fol-
low-up for OS for the 23 patients alive was 33.8 months after
inclusion and 42.0 months after first diagnosis of HCC. Me-
dian OS after inclusion (and first CT-guided brachytherapy)
was 19.4 months (Fig. 3), with cumulative 1-year and
3-year survival rates of 64% and 25%, respectively. Our
data revealed strong dependence upon the CLIP score
(Fig. 4). According to the CLIP score at the time of inclusion,
median OS after inclusion was 46.3 months (CLIP score, 0),
20.6 months (CLIP score, 1), 12.7 months (CLIP score, 2),
and 8.3 months (CLIP score, =3). The 1— and 3—year OS
were 94% and 65% (CLIP score 0), 69% and 12% (CLIP score
1) and 48% and 19% (CLIP score 2), respectively. Median OS
after the date of diagnosis of the HCC was 58.9 months for
CLIP score 0 (CLIP score, 1: 39.9 months; CLIP score, 2:
23.5 months; CLIP score, =3: 13.5 months). The 1— and
3—year OS were 94% and 86% (CLIP score, 0), 89% and
59% (CLIP score, 1), and 76% and 40% (CLIP score, 2), re-
spectively. In a univariate Cox regression, OS was signifi-
cantly associated with the CLIP and BCLC score as well as
with the diameter of the largest lesion. No significant correla-
tion was found with age, multifocal disease or Child-Pugh
stage. When the CLIP and BCLC scores and the diameter of
the largest lesion were included in a multivariate model, the
CLIP score proved to be the only predictor (p < 0.02).

Matched-pair analysis
We identified 57 pairs of patients meeting all match criteria
(see Methods and Materials) The treatment characteristics of
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Table 2. Lesion and treatment characteristics

All lesions (lesions, N = 126)

Mean, 4.4; median, 3.4; 95% CI,
3.8-5.0; SD, 3.3; range, 1-15

12 Gy, n = 8; 15 Gy, n = 64; 20 Gy,
n=236;25Gy,n=18

12 Gy, n = 1; 15 Gy, n = 2; 20 Gy,
n=2;25Gy,n=0

Mean MRI follow-up (mo) 12.0

1-Year cumulative local 95%
control rate

Tumor diameter (cm)

Dose at the tumor margin,
no. of lesions
Local recurrences

Single-session treatments (lesions: N = 114)

Mean, 3.7; median, 3.1
95% CI, 3.3-4.2; SD, 2.5;
range, 1-12

12 Gy, n =2; 15 Gy, n = 58; 20 Gy,
n=236;25Gy,n=18

12 Gy, n =0; 15 Gy, n = 2; 20 Gy,
n=2;25Gy,n=0

1-Year cumulative local 96%
control rate

Tumor diameter (cm)

Dose at the tumor margin,
no. of lesions
Local recurrences

Multiple-session treatments (lesions N = 12)

Mean, 10.9; median, 11.3; 95% CI,
8.9-12.8; SD, 3.1; range, 6—15
12Gy,n=6;15Gy,n=6

Tumor diameter (cm)

Dose at the tumor margin,
no. of lesions
Local recurrences 12Gy,n=1;15Gy,n=0
1-Year cumulative 91%
local control rate

Abbreviation: MRI = magnetic resonance imaging.

both the treatment and the control group are shown in Table
4. In the treatment group, 41 patients presented in Child-Pugh
Class A and another 16 in Child-Pugh Class B; in the control
group these were 45 and 12 patients, respectively. The me-
dian tumor diameter of the largest lesion was 5.2 cm in the
treatment group and 5.0 cm in the control group. At the
time of analysis, 38 patients in the treatment group had
died compared with 39 in the control group. Whereas the
treatment group displayed a median OS after first diagnosis
of 37.5 months, respectively, the control group showed a me-
dian OS of 18 months (Fig. 5). The difference was significant
(»p < 0.0001), and results favoring the treatment group re-
mained significant in all analyses of subgroups according
to CLIP score (Table 4).

Local tumor control

In all, five local tumor progressions were observed in all
126 lesions. The 1—year cumulative local control rate was
95% for all lesions. Of the 12 lesions treated in two or three
sessions rather than a single session, one lesion (12-Gy min-
imum dose) relapsed. Four of 114 lesions treated in a single
session relapsed. In univariate and multivariate analysis of
the single- and multiple-session treatments, neither tumor di-
ameter nor minimum dose at the tumor margin had a signifi-
cant influence on local recurrence—free survival.

SN

Fig. 1. Contrast-enhanced planning computed tomography, with
catheters guiding the source, the planning target volume, and the iso-
dose lines of the treatment plan.

Complications

We performed 124 CT-guided brachytherapy sessions
with 83 patients with one to three lesions (mean, 1.5
lesions) per treatment. Complications requiring intervention
(n=9) were five bleeding events, three abscesses, and one
radiation-induced gastric ulcer. Eight of these nine compli-
cations proved to be reversible. One treatment-related death
was encountered after hemorrhage and consecutive multior-
gan failure after delayed detection of injury to the intercos-
tal artery (0.8%). All other bleedings (n = 4) were
embolized successfully by an endovascular method. The
three abscesses were all treated successfully by percutane-
ous drainage and antibiotics. A radiation-induced gastric ul-
cer was treated symptomatically by administration of
a proton-pump inhibitor. Three patients died within the
30 days following the intervention; two of these deaths

Table 3. Patient and treatment characteristics of the control
and treatment groups

Control group,
no. of patients

Treatment group,
no. of patients*

Median age, y (range) 67.3 (44.3-85.3) 66.7(43.3-84.0)

Gender M/W: 42/15 M/W: 45/12
Treatment

Liver resection 8 13
TACE 26 21
Thermoablation 0 11
Systemic 8 4

chemotherapy

PEI 5 2
SIRT 2 0
Liver transplantationT 2 4
No (other) treatment 6 18
Unknown 5 0

Abbreviations: M = men; PEI = percutaneous ethanol injection;
SIRT = yttrium—90 selective internal radiotherapy; TACE = trans-
arterial chemoembolization; W = women.

* Treatments other than CT-guided brachytherapy.

T Date of liver transplantation was assigned as “censored’” in both
groups.
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Fig. 2. Time to progression in study patients.

were caused by uncontrolled variceal bleeding not related
to our intervention, and the third was caused by a fatal
lung embolism 15 days after the intervention, to which it
was considered unrelated. The 30—day mortality was
thus 4 of 83 patients (4.9%) and the perioperative mortality
1 of 83 patients (1.2%).

Liver function after treatment

We found no evidence for radiation-induced liver disease
(RILD) in our patient group. However, 2 patients showed im-
paired liver function within the 4 months after brachytherapy
without evidence of hepatic tumor progression, not meeting
the criteria for RILD (minimum twofold increase in anicteric
elevation of alkaline phosphatase and nonmalignant ascites
or fivefold increase of elevated transaminases over pretreat-
ment levels).

One patient, initially in Child-Pugh Class B, developed
progressive ascites and an anicteric elevation of liver
enzymes starting 2 months after treatment of a single lesion
6 cm in diameter. The patient died 7 months after the first
treatment. Another patient, initially Child-Pugh Class A, de-

1,0
- Survival Function
O Censored

0,8 1

0,6

04 -

Cumulative survival

0,2 1

0,0 1

0 10 20 30 40 50 60
Survival after inclusion, months

Fig. 3. Overall survival in study patients after computed tomogra-
phy—guided brachytherapy.
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Fig. 4. Overall survival in study patients after computed tomogra-
phy—guided brachytherapy according to Cancer of the Liver Italian
Program (CLIP) score.

veloped a reversible icteric elevation of liver enzymes
6 weeks after the last of four brachytherapy sessions, spread
over 14 months, in which six different lesions had been
treated. However, in neither case was more than two thirds
of the liver exposed to a dose of >5 Gy.

DISCUSSION

Treatment of unresectable hepatocellular carcinoma re-
mains a therapeutic challenge but seems worthwhile,
given the poor prognosis for untreated tumors (31). Hepa-
tocellular carcinoma is clinically chemotherapy resistant
to numerous cytotoxic agents. Immunotherapy has also
so far failed to improve survival (32-35). Recently, prom-
ising results have been obtained for sorafenib, an oral
multikinase inhibitor of vascular endothelial growth factor

Table 4. Matched-pair analysis (Kaplan-Meier) according to
the CLIP score

Overall survival (mo)

Treatment group Control group

CLIP score Median 95% CI Median 95% CI p (log rank)

0-1 423 33.0-51.5 267 21.8-31.5 0.000
2 22.8 12.8-32.7 5.0 2.8-7.2 0.003
=3 18.3 7.8-28.9 3.8 2.6-4.9 0.007
All 37.5 24.0-51.0 18.1 9.4-26.8 0.000
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Fig. 5. Overall survival in study patients after first diagnosis of
hepatocellular carcinoma (matched pairs analysis).

receptor and platelet-derived growth factor (36). Hepato-
cellular carcinoma rarely gives rise to extrahepatic metas-
tases; therefore local ablative techniques cause maximum
damage to the tumor while preserving the organ function
and thus are the only currently available tumor-specific
therapy. In a recent analysis based on 5,317 patients
receiving various treatments, local ablation was associated
with a 5-year survival rate of 20% (37). As mentioned
above, thermal ablative techniques are of limited value
in highly vascularized and large HCC, and their therapeu-
tic effect is hampered by the close proximity of large ves-
sels or risk-prone structures such as the liver hilum.
Lesions often exceeding 4 to 5 cm in diameter at the
time of diagnosis, which places another limitation upon
thermal ablation. Up to now, experience in radiotherapy
of hepatocellular carcinoma in particular is limited. Early
trials of whole-liver irradiation showed a low response
rate and OS, and also a very high toxicity rate of up to
60% to 80%. More recently, 3D conformal radiotherapy
has allowed increasing radiation doses without increasing
complication rates. This has resulted in an OS of 15.2
months with 21% and 9% of patients developing Grade
3 and 4 toxicity (respectively) in a Phase II trial with con-
comitant hepatic arterial floxuridine (38). Nevertheless,
studies have revealed the radiosensitivity of HCC. In
our study population, outcome was predicted by clinical
scoring systems rather than tumor size. The CLIP score
was the best predictor of overall survival and time to pro-
gression, although BCLC has been shown to be an accu-
rate predictor of survival in other studies (39). The best
outcome regarding overall survival was obtained for pa-
tients with a CLIP score of 0, with a 65% surviving 3 years

after inclusion. Although tumors were quite large, with
a median of 5 cm (range, 1 to 12 cm), the outcome was
comparable to 3-year survival rates after RFA of lesions
of majoritarian =3 cm (40), revealing the effectiveness
of CT-guided brachytherapy regardless of tumor size in
contrast to thermal ablation. Matched-pair analysis
revealed a highly significant impact of performing
CT-guided brachytherapy on OS compared with patients
receiving conventional therapy. We found no significant
dose dependence for doses between 15 and 25 Gy. Very
high local tumor control rates were achieved with moder-
ate and well-tolerated doses of 15 Gy applied at the tumor
margin; therefore, the great majority of lesions can be
treated effectively in a single session. In view of a median
OS, TTP and theoretical time to local progression of 19.4,
10.4, and 47.2 months and regarding the impact of the
CLIP-score, causes of death were the underlying cirrhosis
and/or intra- or extrahepatic progression outside of the
treated nodule, rather than local tumor progression.

In general, a limited effect on OS was seen in very large
tumors that were treated in several sessions, even though
there were long-term survivors with very large tumors
treated solely by CT-guided brachytherapy. Combined
therapy could prolong OS in these patients, as suggested
by trials combining TACE and radiotherapy (3). Irradia-
tion in combination with sorafenib could also be a reason-
able approach because of its radiosensitizing potential
(41, 42).

The frequency of irreversible treatment-related events
was very low, and reversible events occurred at an accept-
able frequency. In cirrhotic patients with HCC, complica-
tions from interventional procedures are in general more
frequent than in other similar indication (e.g., colorectal
liver metastases; personal data) not associated with cirrho-
sis, as shown for RFA by other authors (43-45). We con-
sider cirrhotic patients to be at high risk because of their
liver function impairment and the relatively high portion
of patients with coagulation disorders. Altogether, and es-
pecially considering the comorbidity of cirrhotic patients,
it can be concluded that CT-guided brachytherapy is rea-
sonably safe if patients are monitored carefully, especially
for the first 24 hours after intervention. The impact on liver
function is low, because of the steep decrease in dose
outside the target volume.

CONCLUSION

In summary, our results suggest that CT-guided brachy-
therapy is an effective and safe method for treating patients
with advanced HCC, most of whom will, at the same time,
have cirrhosis. A substantial improvement in TTP and OS
was seen in the prospectively recruited patients, and this
was significantly higher compared with a historical control
group in a retrospective matched-pair analysis. Future studies
should investigate the combination of local irradiation tech-
niques and sorafenib.
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Purpose: The aim of the study was the evaluation of feasibility, safety and effectiveness of interstitial
brachytherapy for the treatment of hepatic metastases of breast cancer.

Materials and methods: Forty-one consecutive patients with 115 unresectable hepatic metastases of
breast cancer were included in this phase-II-trial. They were treated in 69 interventions of CT-guided-
interstitial-brachytherapy of the liver. Brachytherapy was applied as a single fraction high-dose-irradia-
tion (15-25 Gy (Gray)) using a '?Ir-source of 10 Ci. Nineteen patients presented systemically pretreated
extrahepatic tumors. Primary endpoints were complications, local tumor control and progression-free
survival.

Results: The median tumor diameter was 4.6 cm (1.5-11 cm). The median irradiation time per interven-
tion was 26.5 min (range: 7-47 min). The applied median minimal dose at the CTV (clinical target vol-
ume) margin was 18.5 Gy (12-25 Gy). In 69 interventions and during the postinterventional period,
one major complication (symptomatic post-interventional bleeding) (1.5%) and six minor complications
occurred (8.7%). The median follow-up time was 18 months (range: 1-56). After 6, 12 and 18 months,
local tumor control was 97%, 93.5% and 93.5%, intra- and extrahepatic progression free survival was
53%, 40% and 27%, and overall survival was 97%, 79% and 60%, respectively.

Conclusion: CT-guided-brachytherapy is safe and effective for the treatment of liver metastases of breast

Keywords:
Brachytherapy
CT-guided intervention
Breast cancer

Liver metastases

cancer.
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In Germany breast cancer is one of the most frequent maligno-
mas with an incidence of approximately 51,000 patients and
19,000 diagnosis related deaths per year [1].

Liver metastases are a general crucial problem for morbidity
and mortality [2,3]. In contrary to liver metastases of colorectal
cancer a curative surgical resection is not possible in patients with
breast cancer, owing to the systemic nature of the disease [3,4].
However, findings of several studies have shown that surgical
treatment of hepatic metastases from breast cancer may prolong
survival in certain patients [4-7]. In the recent past minimal inva-
sive image guided therapies such as radio-frequency-ablation
(RFA) and interstitial laser therapy (ILT) were established as ther-
apeutic alternatives with promising results [8]. However, for both
of these thermo ablative therapies, the general limitations for an
effective treatment are tumor sizes greater than 4-5 cm, hyperper-
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fused tumors and location, e.g. thermosensitive structures or
bigger vessels with a resulting cooling effect or proximity to bile
ducts in the liver hilus, which might cause complications such as
jaundice [9]. This could hamper tumor destruction and induce a
higher risk of incomplete tumor ablation [10,11].

We introduced a technique for brachytherapy of solid tumors
by applying CT-guidance and 3D CT-data for dose planning. Ideally,
local irradiation is performed as a high dose, single fraction brach-
ytherapy under tomographic guidance (CT or MRI). The individual
irradiation planning using the 3D data set of spiral CT or MRI after
percutaneous placement for brachytherapy catheters optimizes
the therapeutic success by exact dose application and coverage of
target volume. The method is independent of inherent patient mo-
tion such as respiration. This exact dosimetry minimizes possible
complications by preventing damage to structures at risk around
the target volume. Initial data suggest that this method is as safe
and effective as thermal ablation such as RFA or ILT in the treat-
ment of liver and even safer in lung tumors [12,13]. In addition,
no known restrictions exist with respect to the maximum tumor
size or cooling effects of tumor perfusion or adjacent blood vessels
for CT-guided brachytherapy [14-16].
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The results of CT guided brachytherapy in treatment of liver
metastases of breast cancer are reported in this study. Primary
endpoints were complication rate, local tumor control and progres-
sion-free survival.

Materials and methods

Patient population

The study population comprised 41 consecutive patients with
hepatic metastases of breast cancer. Median age was 55 years
(range: 34-82 years). Preinterventional treatment of the patients
included first line (n=7), second line (n=9), third line (n=11),
fourth line (n = 8), fifth line (n = 4) chemotherapy and two patients
with unknown preinterventional chemotherapy (n=2). One hun-
dred fifteen liver malignomas were treated in 69 interventions
with CT-guided interstitial high-dose-rate (HDR) brachytherapy.
All patients were determined not to be candidates for surgical
resection by interdisciplinary consensus and had been rated unre-
sectable by visceral surgeons, due to relative or absolute
contraindications.

Twelve patients had pretreated bone metastases (29%), two pa-
tients had pretreated metastases in the bone and lung or lymph
nodes, and five patients had pretreated metastases in the lung
(n=3; 7.3%) or lymph nodes (n = 2; 4.9%). Pretreatments consisted
of systemic chemotherapies, hormonal treatment, and radiation
therapy and bisphosphonates in case of bone metastases. In total
19 patients presented extrahepatic tumor manifestations (46.3%).
Eligibility criteria consisted of: ECOG-PS 0-2 (Eastern Cooperative
Oncology Group Performance Status Scale), erythrocytes
>3.3 x 10'?/1, thrombocytes >50 x 10%]1, leucocytes >3 x 107/,
hemoglobin >10 g/dl, prothrombin time > 50% and partial throm-
boplastin time (PTT) <50 s, as well as absence of infection. Written
informed consent was obtained from all patients. The study was
approved by the local ethics committee.

Intervention

The technique of CT-guided brachytherapy has been described
in detail in the literature [17]. We used Fluoroscopy CT guidance
(Somatom Plus 4, Siemens, Germany; Toshiba Aquillion 16 slice, Ja-
pan) for applicator positioning in the tumor.

Immediately after catheter placement, a spiral CT of the liver
was acquired for 3D treatment planning. For sedation and pain
management during the intervention an initial dose of 75 pg fenta-
nyl and 1 mg midazolam i.v. was administered. Additional pain
medication was titrated in increments of 25 pg fentanyl or
0.5 mg midazolam i.v. as needed. To prevent postinterventional
bleeding at the puncture site, Gelfoam (Gelaspon, Chauvin ankerp-
harm, Germany) was applied through each brachytherapy sheath
during removal.

Radiation properties and treatment planning

The irradiation plan and the irradiation were performed by a
physicist and radiooncologist using the treatment planning unit
BrachyVision (Varian medical systems, Charlottesville, VA). The
dosage calculations implemented in BrachyVision conform to the
recommendations of the AAPM TG43 [18]. BrachyVision performs
its volume optimization using the Nelder-Mead Simplex optimiza-
tion method [19,20]. A 10 Ci (Curie) '*?Iridium afterloading with a
radiation source diameter <1 mm was used. The target dose
enclosing the lesion was applied as a single fraction. Dose gradients
follow the inverse square law, for typical treatment doses fall off to
clinical irrelevant numbers in 10-20 mm distance. To preserve li-
ver function after irradiation at least one-third of the liver had to

receive less than 5 Gy. Careful delineation of the clinical target vol-
ume was performed in every CT slice with the afterloading cathe-
ters in place (Fig. 1).

Intention of radiation treatment planning was a complete
(100%) confinement of the CTV with the prescribed target dose. In-
side the CTV high dose inhomogeneties were regularly seen rang-
ing from the minimal applied dose (D100) at the margin of the
CTV to maximum doses of several hundred Gray in the smallest
volumes next to the applicator. For a typical treatment average
doses of 80-150 Gy for the CTV and a V5 of the liver of several hun-
dred milliliters were seen.

Follow up

MRI was performed 3 days, 6 weeks and every 3 months after
the intervention. The MR parameters were T2-weighted ultra turbo
spin echo (UTSE; TE/TR 90/2100) with and without fat suppression,
T1-weighted gradient echo (GRE; TE/TR 5/30, flip angle 30°) plain,
dynamic sequences and sequences 20 min post i.v. injection of
0.1 ml/kg Gd-EOB-DTPA (Primovist, Bayer-Schering Healthcare).
Baseline and follow up visits concluded of a clinical examination,
assessment of adverse events and serological and hematological
parameters including indicators of the liver function: AST, ALT,
AP, GGT, bilirubin, PCHE, albumin and PT.

Statistical analysis

Statistical analysis was calculated using the Wilcoxon test, the
Kaplan-Meier method and the Log-rank test.

Results

Interventional procedure, irradiation and complications of
brachytherapy

The median tumor diameter was 4.4 cm (1-11 cm). Between
one and six lesions were treated during each session (41 x 1 lesion,
14 x2,7 x3,2x4,1x5and 2 x 6). According to the tumor size
and configuration between 1 and 11 brachytherapy applicators
were positioned (median: 4). The applied median minimal irradia-
tion dose at the CTV-margin was 18.5 Gy (12-25 Gy). If surround-
ing structures or organs, e.g. stomach or intestines were inside the
region of high dose irradiation, the tumor surrounding the dose
had to be reduced to avoid side effects. The maximum dose applied
to stomach or duodenum was 15 Gy per 1 ml organ volume. The
minimal tumor surrounding dose was then 2 x 12Gy,
22 x15Gy, 1 x 18 Gy, 29 x 20Gy and 15 x 25 Gy according to
D100, i.e. 100% of the CTV receiving the respective dose. Patient
characteristics are listed in Table 1.

The median irradiation time was 26.5 min (range: 7-47 min).
30 day mortality was 0%. Minor complications were fever and shiv-
ering (n=2), subcapsular hematoma (n=1), hepatic bleeding
through the puncture site (n = 2) and postinterventional jaundice
(n=1) which resolved without therapeutic intervention (total:
8.6%). One major complication in 69 interventions (1.4%) was ob-
served. This patient experienced a symptomatic post interven-
tional blood loss through the puncture site requiring a blood
transfusion of 1000 cc. The patient recovered without further
intervention. During follow up laboratory tests frequently docu-
mented a mild and asymptomatic increase of AST, ALT as well as
serum bilirubin, GammaGT and AP immediately after the interven-
tion. No changes were recorded for liver function parameters, such
as PCHE, PT or serum albumin. No postinterventional radiation in-
duced liver disease (RILD) was found during long term follow up.
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Fig. 1. Screen shot of the BrachyVision software: outlined clinical target volume (CTV) in the liver (segment 6 and 7) with implanted brachytherapy catheters in the axial
planning CT (top left) and 3D-model of target-volume (top right) with the minimal surrounding irradiation dose of 20 Gy for this tumor manifestation. In between these
catheters irradiation dose elevations up to 300-400 Gy can be calculated and visualized virtually with the BrachyVision software (Varian medical systems, Charlottesville,
VA). Coronal and sagittal reconstruction lower left and right. (1 = target volume; 2 = 20 Gy isodose; 3 = 10 Gy isodose; 4 = 5 Gy isodose).

Therapeutic response

The median follow up time was 18 months (range: 1-
56 months). According to the Kaplan-Meier method, local tumor
control after 6, 12 and 18 months was 97%, 93.5% and 93.5%,
(Fig. 2)respectively. At 6, 12 and 18 months, systemic progression
free survival was 53%, 40% and 27%, (Fig. 2)respectively. Twenty-
four patients (58.5%) showed intrahepatic tumor progression, eight
patients intra- and extrahepatic progression (19.5%) and three pa-
tients just extrahepatic progression (7.3%) during follow up. The
mean time to progression was 8.1 months (range: 1.3-33 months).
Overall survival was 97%, 79% and 60%, respectively (Fig. 2). No
clear dose dependency was observed. Whereas 3 out of 20 patients
receiving 12 and 15 Gy suffered from local recurrence after 6 and
11 months, two other patients experienced local failures with
20 Gy and 25 Gy after 21 and 3 months, respectively.

During follow up, 17 patients (41%) were treated repeatedly
with interstitial brachytherapy only in response to intrahepatic
progression or local tumor recurrence. Five other patients received
a combination of systemic chemotherapy and interstitial brachy-
therapy upon intrahepatic progression. All other patients with in-
tra- and/or extrahepatic progression received further systemic
chemotherapy only.

A comparison of patient groups with a different extent of prein-
terventional treatment showed a significant difference in their
overall survival. However, local tumor control was not significant
between these patients. Mean time to progression was unfavorable
in the strongly pretreated group of the fourth and fifth line prein-
terventional chemotherapy with 4 and 5.2 months, respectively.
The mean time to progression was 7.3, 9 and 14 months for the
three other groups (first, second and third line chemotherapy) with
a total of 27 patients (Table 2). Adjuvant chemotherapy was
administered in 14 patients only (34%). Mean time to progression

for the patient group with adjuvant chemotherapy was 8.5 months
(range: 3-20 months). In comparison, the mean time to progres-
sion for the patient group without adjuvant chemotherapy was
9 months (range: 1.4-33 months, not significant). No significant
difference in the time to progression occured between patients
with positive or negative receptor status (herceptin (p =0.352),
estrogen (p=0.31) and progesterone receptors (p =0.681)). In a
subgroup analysis of patients with positive estrogen receptor sta-
tus and preinterventional chemotherapy line not more than “third
line”, a significantly longer time to progression (p = 0.038) was evi-
dent. Another subgroup analysis of HER 2 receptor positive pa-
tients (n=14) demonstrated that patients who received
herceptin post intervention (n = 8) displayed a prolonged time to
progression as compared to HER 2 receptor positive patients who
did not receive herceptin (n = 6). However, this difference did not
prove to be significant, but a tendency is indicated. There was also
no significant difference in the time to progression for patients
with or without pretreated bone metastases.

Discussion

CT-guided brachytherapy has been described in the literature as
safe and effective for the treatment of primary or secondary tu-
mors in liver, lung and also for extrahepatic or extrapulmonary tu-
mors [12-15,17,21-23].

In this study, interstitial brachytherapy as a palliative treatment
for hepatic metastases from breast cancer were examined for effec-
tiveness, safety and technical success. Local tumor control after
brachytherapy of 115 lesions was quite satisfactory (Fig. 2). No
dose dependency of local tumor control was observed if a minimal
dose of 15 Gy was applied. However, in case of local recurrence,
due to the relative independence of brachytherapy to the size of
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Fig. 2. This graphic demonstrates local tumor control (+), progression free survival
(®@) and overall survival (—+—) in the Kaplan-Meier method. Local tumor control of
115 intrahepatic metastases of mamma carcinoma treated by interstitial brachy-
therapy. According to the Kaplan-Meier method local tumor control after 6, 12 and
18 months the local tumor control was 97%, 93.5% and 93.5%. After 6, 12 and
18 months progression free survival was 53%, 40% and 27%. Overall survival after 6,
12 and 18 months was 97%, 79% and 60%, respectively.

the tumor volume treated and the low impact on liver function, CT-
guided brachytherapy could be repeated [14,15].

Local tumor control for laser ablation (ILT) as another local
treatment option for hepatic metastases of mamma carcinoma is
also quite satisfactory and varies in the literature between 83%
and 92% after 10-17 months [8,16,24]. Compared to thermal abla-
tion, CT-guided brachytherapy has proven to be advantageous with
respect to tumor size and tumor perfusion [14]. Furthermore, most
authors believe that RFA or ILT is limited to approximately 4-5 cm
if complete tumor ablation is intended [8,16]. For brachytherapy,
the maximum limit for effective tumor ablation has not yet been
determined, although treatment of tumor sizes of up to 15 cm have
been reported [21]. Additionally, in thermal ablation large blood
vessels adjacent to the tumor or strong tumor perfusion account
for adverse cooling effects, potentially prohibiting complete tumor
ablation [25].

A different technique of brachytherapy was described by
Kettenbach et al. [26]. Brachytherapy catheters were introduced
under MR-image guidance, which is comparable to the approach
under CT-fluoroscopy. For the treatment planning they used con-
ventional X-ray with marked wires and transferred these image
data in their planning systems. In this study as described, immedi-
ately after catheter placement, a spiral CT of the liver was per-
formed for 3D treatment planning to know the exact catheter
position in the CTV. In comparison to Kettenbach et al. the treat-
ment planning for the CTV and the organs at risk in this study
seems to be more precise, which might explain the difference to
their conclusion that MR-guided brachytherapy is feasible for liver
metastases with diameter of less than 3 cm. However, they

Table 2
Comparison of groups with different preinterventional chemotherapy lines.

concluded also further developments of their technique were nec-
essary for a promising therapy.

Stereotactic body radiation therapy (SBRT) has been described
in the literature as a feasible technique for local irradiation of liver
metastasis [27-29]. Current protocols state doses of 60 Gy in three
fractions (a 20 Gy), maximum numbers of three metastases and a
maximum diameter of 6 cm. Whereas applied nominal doses in
Brachytherapy are lower (20 versus 60 Gy), the actual average
doses can be much higher due to dose inhomogeneity and very
high doses in central, possibly hypoxic, tumor areas. This might
be an explanation for the lower nominal doses required for local
tumor control compared to SBRT. The stated doses indicate the
D100, thus specifying the minimal dose covering 100% of the plan-
ning target volume. To compare equitably with dose prescriptions
of other methods (for example SBRT, where dose prescriptions in
standard protocols are covering 80-90% of the PTV), D90 of treated
patients becomes relevant. For a standard treatment with a D100
of 15 Gy, D90 averages to 21.1 Gy (range 18-23.6 Gy).

The size of a metastasis is not a limiting factor for image guided
brachytherapy. In this study lesions up to 11 cm were successfully
treated. Also, several lesions can be easily treated in a single ses-
sion. The steep dose gradient in contrast to SBRT facilitates sparing
of healthy liver tissue. All local recurrences in this study occurred
in marginal regions of comparably large lesions, which further sup-
ports the idea of beneficial effects of higher central doses.

Owing to the systemic nature of the disease, progression-free
survival (Fig. 2) was 53%, 40% and 27% in our patients after 6, 12
and 18 months, respectively. Overall survival after 6, 12 and
18 months was 97%, 79% and 60%, respectively (Fig. 2). However,
previous studies have proven more favorable outcomes for survival
in breast cancer patients with resection of their hepatic metastases
[4,30,31]. In these patients, overall survival after 1, 3 and 5 years
was 77-94%, 50-66%, and 31-42%, respectively as compared to pa-
tient groups with rather diffuse metastastic disease demonstrating
1-year survival rates of only 27.6% [30]. Vlastos et al. described a 5-
year-survival rate of 61% for patients with isolated liver metasta-
ses. He postulated that patients should fit specific preintervention-
al criteria for improved survival, like stabile disease under
preinterventional chemotherapy, no extrahepatic tumor and fewer
than four intrahepatic metastases [32]. In contrary to this study, in
our study also patients in advanced tumor stages were included. In
contrast also to common surgical approaches our only restrictions
were the absence of disseminated metastastic disease such as pa-
tients with diffuse liver metastases or extrahepatic disease domi-
nating liver disease. We also included true salvage patients who
had undergone up to the fifth line preinterventional chemotherapy
(Table 2). We believe that this rather unfavorable patient selection
explains the difference in the overall survival as compared to sur-
gical resection. We, however, believe that in light of this poor pa-
tient selection survival data are promising.

We found that even for advanced tumor stages, interstitial
brachytherapy is a helpful option or complement in the treatment
of liver metastases, and it might be life-extending with a good

Preinterventional Number Number of Adjuvant Mean follow Mean time to Type of progression Local Survival after
chemotherapy of metastases treated chemotherapy up in months  progression in (intrahepatic/ recurrence  12/18/
patients by brachytherapy (range) months (range) extrahepatic/both) 24 months in %

First line 7 25 1 20 (6-52) 9 (1.4-19.4) 3/0/1 1 100/100/100
Second line 9 22 5 21 (5.5-52) 7.3 (2-28) 5/1/2 0 75/45/45
Third line 11 24 6 19 (3-36) 14 (1.5-33) 7/1/2 1 89/78/78
Fourth line 8 30 1 19.2 (4.5-56) 4 (2-6) 5/0/2 3 80/60/60

Fifth line 4 11 1 9.2 (5.3-14.6) 5.2 (2-10) 3/0/1 0 25/0/0

*“Two patients are missing as no data of preinterventional chemotherapies were available.
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quality of life as a palliative treatment option for patients, who are
not suitable to resection. There is clear evidence, that it can be ap-
plied safely with a small rate of severe adverse events. In 69 inter-
ventions only one major complication occured. A radiation induced
liver disease (RILD) was not observed. Previous studies on CT-
guided brachytherapy have also demonstrated a very small num-
ber of major complications in the treatment of patients with sec-
ondary liver malignancies [12-14]. Given that, minimal invasive
tumor ablation by brachytherapy or thermal methods represents
an indication for local tumor ablation even with extrahepatic tu-
mor spread [14-16,31,33]. A limitation of this study might be the
short follow-up period in the present cohort of 18 months.

In conclusion, CT-guided brachytherapy proved to be a safe and
effective treatment for liver metastases of breast cancer as a palli-
ative treatment option for patients who are not suitable for surgi-
cal resection. Further studies should target the ideal point in time
for local tumor ablation in oncological treatment concepts for
metastastic breast cancer. In light of favorable outcomes after
extensive minimal-invasive cytoreduction, best candidates for
combined local and systemic therapies still need to be identified.
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Treatment of metastatic, imatinib refractory, gastrointestinal stroma
tumor with image-guided high-dose-rate interstitial brachytherapy
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ABSTRACT PURPOSE: Evaluation of efficacy and safety of CT- or MRI-guided high-dose-rate interstitial
brachytherapy (iBT) in the treatment of advanced, imatinib refractory, metastatic gastrointestinal
stroma tumors (GISTs) was the objective of this retrospective study.

METHODS AND MATERIALS: A cumulative number of 40 unresectable metastases (30 hepat-
ic, 10 peritoneal) were treated with iBT in 10 selected patients with histologically proven GISTs.
Six patients had peritoneal disease, and 5 patients were even progressing under sunitinib (second
line)—thus iBT was applied as a salvage maneuver. IBT uses an interstitially introduced '**iridium
source in a high-dose-rate irradiation regime to destroy vital cells in a single fraction. Response to
treatment was assessed clinically and with acquisition of MRI/CT every 3 months.

RESULTS: Local tumor control was reached in 97.5% of all treated metastases during a median
time of 25 months—only one local relapse was observed during followup. The median diameter of
the irradiated lesions was 2.4 cm (range 0.6—11.2 cm); a median dose of 15 Gy (range 6.7—
21.96 Gy) was applied. The median progression-free survival after iBT was 6.8 (range 3.0—20.2)
months; the median overall survival was 37.3 months (range 11.4—89.7). Two major complications
(Common Terminology for Adverse Events grade 3) occurred following the intervention: local
hemorrhage and pneumothorax, successfully dealt with by angiographic embolization and pleural
drainage, respectively.

CONCLUSIONS: In selected patients with metastatic, imatinib refractory GISTs, iBT safely en-
ables high rates of local tumor control and presents an alternative, anti-neoplastic treatment option
even in a salvage situation. © 2018 American Brachytherapy Society. Published by Elsevier Inc. All
rights reserved.

Keywords: GIST; Interstitial brachytherapy; Local ablation; Local tumor control; Salvage; TKI resistance

Introduction interstitial cells of Cajal in the lamina muscularis mucosae,
which physiologically function as pacemakers of the
gastrointestinal motility. Reported incidences of distant me-
tastases from GISTs ranges between 23% and 47%, thereof
20—60% in the liver; 50% of th tients h it 1
count for 1—3% of all GI tract neoplasms, following . o1 the Jver o 07 these patients have peritonea

. ) disease (2,3). About 15—20% of patients with GIST have
gastric and colorectal cancer (1). GISTs arise from the . . .

metastatic disease at diagnosis.

Overactivation or gain-of-function mutations in the KIT
and PDGFRA genes, which code for tyrosine kinase recep-
tors, are responsible for proliferation and survival of GIST
tumor cells. According to a gene analysis study, KIT muta-

Gastrointestinal stroma tumors (GISTs) are the most
common type of mesenchymal tumors in the gastrointes-
tinal tract with a yearly incidence of 1—2/100000 and ac-
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about 15% of these tumors. Since its introduction, the tyro-
sine kinase inhibitor (TKI) imatinib serves as the backbone
of metastatic GIST therapy—up to 80% of patients show an
initial response to treatment (5,6). Mutations of a KIT exon
11 have been demonstrated to be associated with better pro-
gression free survival (PFS) and overall survival (OS) than
mutations of KIT exon nine or wild-type GISTs. (7) KIT
exon nine mutations have been identified as the most
important adverse prognostic factor for risk of progression
and death. (7) Resistance to imatinib is often a result of sec-
ondary gene mutations, developed typically 18—24 months
after initial successful systemic therapy in more than 50%
of all cases. Therefore, the median time of recurrence is
around 2 years. Primary TKI resistance is defined as the ev-
idence of disease progression during the first 6 months of
imatinib treatment, and secondary resistance is defined as
tumor progression after 6 months of initial tumor response
or stable disease. Before treatment with TKI agents, the
prognosis for patients with metastatic GIST was poor with
a median overall survival of less than 2 years (8). The OS
for limited metastatic GISTs under imatinib treatment has
been described in different trials; a median overall survival
of 57, 53, and 45 months was reported in three studies (9).

Although international guidelines currently do not pri-
marily recommend a surgical approach for extensive meta-
static GISTs, the combination of systemic therapy
(Imatinib) with metastasis resection shows a tendency to
prolong survival in highly selected patients. (10) In cases
of limited metastatic disease, guidelines suggest treatment
of progressing lesions with resection or ablation while
continuing systemic TKI treatment. (7) However, evidence
based on prospective, randomized trials with unselected pa-
tients is still lacking. Besides, few patients are prospects for
surgery because of tumor dissemination or general condi-
tion/comorbidities.

Radiofrequency ablation (RFA), either intraoperative or
transcutaneous, is an alternative method to achieve tumor
control, which had been applied to other tumor entities
and was evaluated for patients with hepatic GIST metasta-
ses by a few reports with a low number of patients.
(2,11,12).

An alternative local ablative measure to RFA is intersti-
tial brachytherapy (iBT), which is based on the application
of internal radiation in contrast to thermal ablation methods
like RFA. IBT employs '**Iridium, a highly active, gamma-
radiation emitting radionuclide, which is transiently
installed inside the target lesion. CT- or MRI-guided iBT
has been proven to be a safe and effective procedure to treat
primary or secondary liver and extrahepatic tumor entities
by several investigators in the past. (13—16).

To our knowledge, no study has assessed the efficacy of
image-guided high-dose-rate (HDR) iBT in the treatment of
metastatic GISTs. The purpose of this retrospective study
was to evaluate safety and efficacy of iBT application for
the treatment of metastatic GISTs in a collective of 10 pa-
tients with 40 GIST metastases.

Methods and materials
Patient characteristics

Ten patients with histologically proven GISTs and a cu-
mulative number of 40 unresectable metastases received
treatment with iBT in our department between August
2009 and February 2016 and were enrolled in our retro-
spective study. Every patient was in a metastatic and pro-
gressive stage of disease at the time of referral to our
department. Our study was approved by the local ethics
committee.

Study design and eligibility criteria

Local tumor control (LTC) was the primary endpoint of
this retrospective study; overall safety of iBT was the sec-
ondary endpoint.

Each individual patient’s case with GIST was discussed
at an interdisciplinary board of oncologists, interventional
radiologists, and visceral surgeons who determined the
indication for iBT for each patient individually.

The inclusion criteria were (1) resection impossible or
unfavorable because of risk or (in case of liver metastases)
loss of liver function, (2) patient unwilling to undergo sur-
gery, (3) oligometastatic/controllable disease extent (=5
metastatic lesions on initial investigation), and (4) adequate
coagulation parameters (thrombocytes > 50000/nl, pro-
thrombin >50%, partial thromboplastin time < 50 s).
Exclusion criteria were correspondingly (1) lack of consent
and (2) uncontrollable tumor spread.

Interventional technique and irradiation

Preliminaries

Before the local ablation procedure took place, a whole-
body contrast enhanced CT, and in case of hepatic tumor
involvement, a Gb-EOB-DTPA—enhanced MRI (Primovist,
Bayer Pharma, Leverkusen, Germany) was acquired for
staging and treatment planning purposes. Laboratory pa-
rameters and physical status were checked preintervention
with iBT.

Procedure

In a first step, local anesthesia (lidocaine) as well as
intravenous analgesia (fentanyl) and sedation (midazolam)
were administered, adapted to the individual weight,
discomfort, and pain level of each patient. In the next step,
the target lesions were punctured using an 18-gauge needle
under CT-fluoroscopic guidance (Toshiba, Aquilion, Japan)
or real time 1.0 T MRI (Panorama 1.0 T, open MR system,
Philips Healthcare). After this, a flexible 6-french catheter
sheath (Radifocus, Terumo, Tokyo, Japan) was placed
applying the Seldinger’s technique over a stiff angiography
guidewire (Amplatz, Boston Scientific, Marlborough,
USA). In a last step, the 6-french afterloading catheter
(Afterloadingkatheter, Primed Medizintechnik Gmbh,
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Halberstadt, Germany) was introduced, and the extra-
corporal catheter ending transiently fixated to the skin with
a cutaneous suture and sterile bandages. The angulation and
number of catheters were determined individually in
consideration of organs at risk in close proximity and target
lesion size. Finally, to confirm correct catheter positioning
and to plan the following irradiation, a CT scan in breath-
holding technique or a gadolinium-enhanced MRI was ac-
quired. The clinical target volume (CTV) and the adjacent
organs at risk (e.g. gastrointestinal tract) were highlighted
by the interventional radiologist in every CT or MRI slice.

Irradiation design and dosimetric analysis

Design

Detailed and individual treatment strategy was planned us-
ing the acquired data set and the software system Oncentra
(Nucletron, Elekta Ab, Stockholm, Sweden), an integral part
of the HDR-afterloading system. The three-dimensional coor-
dinates (X, y, z) of each inserted catheter’s tip and exit at the
tumor margin were determined and transferred into the treat-
ment planning system. The calculated isodose lines were
controlled in every slice and if necessary adjusted depending
on the target lesion margins. Each target lesion’s boundary
was established individually for every inserted catheter. An
example of the interventional technique is illustrated in Fig. 1.

Irradiation

The HDR brachytherapy/afterloading system (Nucle-
tron, Elekta Ab, Stockholm, Sweden) applied an
"2ridium source with a nominal activity of 10 Ci or
370 GBq, which was administered as a single fraction
irradiation. The applied reference dose of 12 Gy was
defined as the anticipated minimum dose to enclose the
target lesion entirely and was installed in a single fraction.
Even higher doses were possible and certain at the tumor
center. A security margin of 5 mm surrounding the target
lesion defining the CTV was incorporated to prevent new
peripheral tumor incidences. Before radiation planning,
the inserted brachytherapy catheters are fixated to the
skin; hence, they maintain position and stay intratumoral
even during body movement or respiration; therefore, in
this case, PTV is equal to CTV. Organs at risk, such as
the proximal gastrointestinal tract (empiric dose <
14 Gy/mL), (17) in close proximity to the target lesions
were taken into consideration and the irradiation dose
correspondingly adjusted.

Catheter removal

Finally, after the irradiation was completed, the catheters
were removed, and the punctures sites sealed by insertion
of gelfoam or injection of fibrin tissue glue. Patients stayed

Fig. 1. (a): Baseline Gd-EOB-DTPA enhanced T1w MRI. White arrow indicates gastrointestinal stroma tumor metastasis in liver segment 6. (b) Demon-
strates inserted brachytherapy catheters in the liver lesion (white arrow) and in a second extrahepatic peritoneal lesion (black arrow). Lines represent isodoses
with red line showing 12 Gy. (c—f): Followup and local control documentation of hepatic lesion 3 (c), 6 (d), 9 (e), and 30 (f) months after iBT. Note the Gd-
EOB-DTPA enhancement defect (dark rim around lesion) after iBT in (c) and recovery in (d-f). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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in our postinterventional observation unit for a short period
of time before transfer to the ward.

Followup

Schedule

Evaluation of response to iBT treatment was done every
3 months after local ablation procedure; a contrast-
enhanced whole-body CT and a Gb-EOB-DTPA—enhanced
liver MRI in case of liver involvement as well as a clinical
and laboratory checkup were performed.

Adverse events

Potential adverse events associated with the local ther-
apy were recorded and defined corresponding to the “Com-
mon Terminology for Adverse Events” (CTCAE) version
4.03 and according to the guidelines of the Society of Inter-
ventional Radiology (18).

Definitions of local tumor control rates (primary
endpoint) and remission criteria

Definition

LTC after brachytherapy was defined corresponding to
the Choi Criteria for GISTs categories as stable disease,
partial remission, and complete remission. An increase in
diameter >20% during followup was deemed to be pro-
gressive disease.

Pitfalls

Assessment of tumor response in routine followup ex-
aminations had to be done meticulously because of two
crucial factors: (1) radiation hepatitis can often mimic tu-
mor growth, (2) GIST metastases not only change in size
but also in density; a typical described progression pattern
addressed in the Choi criteria is a lesion becoming partially
hyperdense (‘‘nodule within the mass’’).

Statistical methods

The study was retrospective. Local tumor control as pri-
mary endpoint and OS as well as progression-free survival
were calculated (from the time of each patient’s first local
therapy) by employment of the Kaplan—Meier method with
SPSS version 22 (SPSS, version 22.0, SPSS, Chicago, Illi-
nois). The secondary endpoint, safety, was evaluated
descriptively.

Results

Ten patients with histologically proven GISTs were
treated with iBT in our institution between August 2009
and February 2016. The median patient age at the time of
diagnosis was 58.5 (range 37—68) years with a male to fe-
male ratio of 9:1 (Table 1).

The primary GIST site was six in the stomach, three in
the small intestines, and one in the rectum. The mutational
status of our patients is unknown; no genetic analysis has
been performed. Eight patients had resection of the primary
before referral to our institute. Recurrence operation, partial
hepatectomy, and whipple operation were performed in 1
patient each. Before the local treatment, every patient un-
derwent the first line therapy with imatinib. Five patients

Table 1
Patient characteristics

Total number of patients 10

Patient sex

Men 9
Women 1
Age at time of diagnosis
Median 58.5
Range 37—68
Primary tumor localization
Stomach 6
Small intestines
Rectum 1
Metastases (cumulative)
Liver 30
Peritoneal 10
Metastases timeframe
Metachronous 6
Synchronous 4
Lesion size (cm)
Median 24 (Q; =1.5,Q;3 =3.7)
Range 0.6—11.2
Irradiation dose (iBT) (Gy)
Median 150 (Q; = 122, Q5 = 16.4)
Range 6.7—22.0
Irradiation time (iBT) (min)
Median 28.5 (Q; = 17.5, Q3 = 40.3)
Range 2.3—69.3
Number of catheters/lesion
Median 1
Range 1-11
Local tumor control (LTC) 39/40 (97.5%)
Median time (month) 25
Followup time (month)
Median 24.6 (Q; = 7.9, Qz = 41.1)
Range 2.3-929
Time to progression (month)
Median 6.8 (Q; = 5.5,Q; = 8.0)
Range 3.0—20.2
Overall survival after iBT (month)
Median 37.3 (Q; = 20.6, Q3 = 47.3)
Range 11.4—89.7
OS from time of diagnosis (month)
Median 107 (Q; = 65.8, Q; = 160.3)
Range 41-203
Previous treatment (before iBT)
First line (Imatinib) 10 (100%)
Second line (Sunitinib) 5 (50%)
Resection 8 (80%)
iBT image guidance
CT 34
MRI 6
Time of hospitalization (days)
Median 4
Range 3—6
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received second line therapy with sunitinib. TKI systemic
therapy was continued in 7 patients after the local therapy
and before disease progression.

Treatment characteristics

The locations of GIST metastases were as follows: 30
hepatic and 10 peritoneal. Most patients’ metastases were
treated in several iBT sessions (an overview is given in
table 2). The median target lesion diameter was 2.4 cm
(range 0.6—11.2). CT guidance was used in 34 interven-
tions, and MRI guidance was used in 6. A median of one
(n = 1) catheter was placed into each tumor (range 1—11
catheters). The prescribed minimal tumor reference dose
was 12 Gy. In some cases, the nominal dose had to be
adjusted because of tumor size or proximity of organs at
risk, which led to a median applied dose of 15.0 (range
6.7—22.0 Gy). Total irradiation time varied between 2.3
and 69.3 min with a median of 28.5 min. The time of hos-
pitalization ranged from 3 to 6 days with a median of
4 days. Two patients experienced a major adverse event
(CTCAE grade 3): local hepatic hemorrhage, which was
dealt with successfully by embolization in digital subtrac-
tion angiography and prolonged hospitalization (4 days);
pneumothorax, which required a pleural drain. The location
of the treated tumor in the single case of pneumothorax was
liver segment VIII, and because of the pericapsular locus, a
needle forerun was needed to minimize the risk of potential
liver hematoma. Furthermore, the access was impeded by a
deep sulcus/recessus, which was punctured during catheter
placement resulting in a pneumothorax.

Elevated inflammatory parameters (CTCAE grade 1)
were observed in 3 patients, who consequently received
postinterventional antibiotics; no sign of abscess or any
other focus in imaging or followup examinations was seen.
One patient was given antibiotics as a precaution; no sign
of infection was detected after iBT.

Local tumor control, overall survival, progression-free
survival

LTC was achieved in 97.5% of all treated lesions over a
median time of 25 months in the Kaplan—Meier analysis;

Table 2
iBT intervention overview

Number of iBT Treated Time interval
Patient interventions metastases between iBTs (months)
1 2 172 10
2 3 1/1/1 8/4
3 2 172 9
4 3 1/1/1 0,5/1
5 2 1/3 0,5
6 6 3/1/2/2/3/2 22/17/15/15/0,5
7 1 1 -
8 2 171 7
9 2 1/3 4
10 2 2/1 1

only one relapse was noticed during followup (Fig. 2). The
median progression-free survival was 6.8 (range 3.0—20.2)
months (Fig. 3), and the median overall survival 37.3 (range
11.4—89.7) months (Fig. 4). The current OS status of all pa-
tients with GIST in the collective: 6 dead and 4 alive.

Discussion

The treatment of metastatic GISTs remains challenging to
this date, especially in the case of hepatic involvement or
peritoneal disease, which are the most common sites of
relapse occurrences (19). International guidelines like Euro-
pean Society for Medical Oncology and National Compre-
hensive Cancer Network (NCCN) from 2018 differentiate
between widespread and limited progressive disease. (7,20)
TKI dose escalation and change of therapeutic regimen (sec-
ond line) with an imaging followup to reassess treatment
response and evaluate further options are recommended for
widespread progression. However, for metastatic GISTs that
show limited disease progression, a more aggressive
approach is suggested (NCCN, European Society for Medi-
cal Oncology); TKI should be continued, and progressing le-
sions should be considered for treatment with resection,
RFA, or (chemo) embolization. In the case of even further
disease progression despite imatinib or sunitinib, regorafenib
treatment or other options like antineoplastic agents or clin-
ical trials can be attempted.

The role of surgery in metastatic or recurrent disease is
controversial, and meticulous case selection is crucial. The
potential benefit is difficult to anticipate and quantify. Raut
et al., some of the first investigators to publish results of
surgically treated metastatic GISTs in the imatinib era,
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Fig. 2. Local tumor control after iBT of gastrointestinal stroma tumor
metastases.
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Fig. 3. Progression-free survival (calculated from the time of iBT) of pa-
tients with metastatic gastrointestinal stroma tumor after treatment with
iBT.

reported an OS of 29.8 months and a median PFS of
7.7 months for patients with limited disease progression
(n = 32). (21) Similar, subsequent, retrospective studies
confirmed those observations. The EORTC-STBSG collab-
orative study (n = 239), the largest series of patients treated
at high-volume centers in Europe, with different disease
extent patients groups reported a median OS of 1.5 years
from time of metastasectomy in the patient group progress-
ing at the time of surgery (22).
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Fig. 4. Graph shows overall survival (calculated from the time of iBT) of
patients with metastatic gastrointestinal stroma tumor ablated with iBT.

If complete resection is not feasible, one main goal and
indication of either local ablation or surgery in a limited
progression setting refractory to imatinib is to minimize tu-
mor clone selection with secondary mutations, which other-
wise cements TKI resistance and consequently hinders
further systemic treatment. The greater the number of tu-
mor cells exposed to TKI treatment and the higher the tu-
mor growth rate (mitotic counts), the higher the chance of
molecular evolution and secondary TKI resistance. Second-
ary TKI resistance following tumor clone outgrowth and se-
lection is one of the major difficulties in metastatic GIST
treatment. Xia et al. came to the conclusion that patients
with poor imatinib response show improved survival after
resection of liver metastases and reported a 3-year survival
rate of 89.5%, indicating a benefit of cytoreduction. (23)
However, intra-/perioperative tumor rupture bears a consid-
erable risk of tumor cell spillage into the peritoneal cavity
and consecutive potential for development of peritoneal
carcinomatosis. Furthermore, the NCCN guidelines point
out that incomplete resections (R1 or even R2) are frequent
and complication rates are high; therefore, careful selection
of eligible patients is advised. Finally, the lack of any ran-
domized, prospective data precludes an unequivocal or gen-
eral recommendation for surgery.

Local ablation therapy, however, presents a promising
and alternative treatment option, applicable as a stand-
alone measure or combined with surgery. In the study by
Sun Yoon et al., combined intraoperative RFA with surgery
in highly selected patients, resecting large lesions and care-
fully ablating smaller ones to preserve as much liver func-
tion as possible; (19) 24 patients were treated with
intraoperative RFA; 5-year OS rate of 87.7% and two major
complications (biliary stricture and hepatic abscess) were
reported. The high survival and low recurrence rates of that
study have been attributed to the highly selected patient
cohort: RFA inclusion criteria with a tumor size <3 cm,
an exact intraoperative positioning and the pre and postop-
erative imatinib therapy. Pawlik ef al. treated metastatic
GISTs with intraoperative radiofrequency ablation and re-
ported a median OS of 47.2 months. (24).

In contrast to RFA, the application of iBT to metastatic
GISTs as an internal, high-dose single fraction radiation
method has not been explored so far. IBT has been tested
and validated on different primary and secondary liver tu-
mor entities by few researchers in the past (13,15,16). Liver
malignancies originating from hepatocellular carcinoma
and colorectal cancer were some of the first entities treated
with iBT; local tumor control rates of 95% and 88% after
12 months were reported.

Corresponding to these figures, the results of our study
(Figs. 2—4, Table 1) demonstrate a high local tumor control
rate of 97.5% over a median time of 25 months, a mOS of
37 months, and a PFS of 6.8 months (calculated after iBT)
for our patients despite being in an advanced, progressive
stage. Median OS from the time of GIST diagnosis was
107 months; at that time 4 patients already had synchronous
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metastases. Half of our patients were even progressing
while receiving second line therapy (sunitinib) and 6 of
10 patients had peritoneal disease; thus iBT was applied
as a salvage maneuver with the intention to delay further
progression. Demetri et al. demonstrated in a randomized
controlled trial that the median PFS for patients with
imatinib-refractory metastatic GISTs treated with sunitinib
is 24.6 weeks. (25) In summary, taking the salvage situation
of our patient collective into consideration, the OS and PFS
results are at least similar or even better than those of com-
parable surgical or RFA data.

In contrast to the rather conventional, external fraction-
ated EBRT, whose role is currently limited to rare cases of
GIST bone metastasis according to guidelines, brachyther-
apy applies a highly active '**Iridium radionuclide to met-
astatic lesions internally. It decays by emitting gamma (y)
radiation at an activity of around 10 Ci or 370 GBgq.
Commonly known restrictions of thermal ablation measures
like RFA do not apply to brachytherapy. There are no gen-
eral limits to tumor size, no cooling effects from nearby
vessels, and fewer restrictions concerning adjacent risk
structures. The issue of potential needle-track metastasis
was addressed specifically by radiation of the interventional
access as a precaution.

The occurrence and severity of peri and postinterven-
tional complications were low. Two major adverse events
(Grade 3), a local hepatic hemorrhage treated with emboli-
zation and a pneumothorax requiring a pleural drain, were
recorded. Time of hospitalization was not overly prolonged
in these cases; both patients stayed in our ward for 4 days.
According to literature, major adverse events (Grade 3 and
4) after iBT are observed in 3% of cases and are usually
dealt with by angiographic embolization in case of active
hemorrhage. (26,27) In comparison, a prospective cohort
study, where cytoreductive surgery was performed on pa-
tients with sunitinib therapy, 15% of patients experienced
a major complication (Grade III). (28).

Short term, postinterventional hospitalization was a
safety precaution to monitor potential and occult hemor-
rhage or other side effects. Patients could usually be dis-
charged after 48 h.

TKI therapy after iBT was discontinued in 3 patients for
unknown reasons. Besides, duration of TKI administration
after local therapy is also unknown in our patient collective.
Early TKI cancellation at any given time is known to bear a
high risk of recurrences and certainly has a significant
impact on PFS and OS. (29).

Limitations of this study, equal to other data assessing
different therapeutic options for metastatic GISTs, are the
low patient number and the retrospective nature. The lack
of genetic analysis and therefore missing mutational status
was considered another limitation. However, recent
research indicates that, contrary to general expectation,
mutational status does not have a significant prognostic in-
fluence concerning a surgical or local ablative approach;
(30) cytoreduction through surgery or ablation is assumed

to have a countering effect on the negative impact of KIT
exon nine mutations. Nevertheless, the potential gain of cy-
toreduction for TKI refractory patients is still far from
understood.

There is an urgent need for a prospective randomized
trial with a large patient collective and a control group to
validate promising therapeutic options for metastatic GISTs
like brachytherapy.

The success of local ablation methods in selected pa-
tients in general should be considered an incentive for
wider application. Patients with metastatic GIST, especially
those who are not eligible for extensive surgery, might
benefit particularly not only because of direct cytoreduction
but also because of lower risk of tumor clone selection and
development of secondary TKI resistance.

Conclusion

The results of our study confirm the overall safety of the
image-guided HDR iBT procedure. This local ablation
method enables excellent rates of local tumor control for
metastatic GIST lesions—even in a salvage situation—and
indicates prolonged survival in selected patients ineligible
for surgery.
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Abstract

Purpose: Computed tomography (CT) or magnetic resonance imaging (MRI) guided brachytherapy provides high
tumor control rates in hepatocellular carcinoma (HCC) and colorectal liver metastases. In contrast to thermal ablation
methods such as radiofrequency ablation (RFA), much less restrictions apply with respect to tumor location or size. In
this study, we determined the efficacy and safety of CT- or MRI-guided brachytherapy in metastatic melanoma.

Material and methods: Fifty-two metastases of malignant melanoma in 14 patients were included in this retro-
spective study. Local tumor control and safety were evaluated as primary and secondary endpoints. Furthermore, we
evaluated overall survival and progression free survival. Tumor locations were liver (n = 31), lung (n = 15), adrenal
(n =3), lymph nodes (n = 2), and kidney (1 = 1). Treatment planning was performed using three-dimensional CT or
MRI data acquired after percutaneous applicator positioning under CT or open MRI guidance. Subsequently, single
fraction high-dose-rate (HDR) brachytherapy was applied using a *?Iridium source. Clinical and cross-sectional fol-
low-up were performed every 3 months post intervention.

Results: The median diameter of treated lesions was 1.5 cm (range: 0.7-10 cm). Doses between 15 and 20 Gy were
applied (median dose: 19.9 Gy). The mean irradiation time ranged between 7-45 minutes. After treatment, there was one
patient with a cholangitis. After a median follow up of five months, the median local tumor control was 90%. The me-
dian overall survival of the patients was 8 months. The median progression free survival of the patients was 6 months.

Conclusion: Image-guided HDR brachytherapy is a safe and effective treatment procedure in metastatic malignant

melanoma.

J Contemp Brachytherapy 2015; 7, 2: 154160
DOI: 10.5114/jc0.2015.51095

Key words: brachytherapy, CT- and MRI-guided intervention, high-dose-rate, malignant melanoma, metastases.

Purpose

Patients with distant unresectable metastases of ma-
lignant melanoma have an impaired prognosis despite
treatment strategies using combined chemotherapies or
targeted drugs [1,2]. With distant metastases, median
survival is 6-8 months with a 5-year survival rate of ap-
proximately 10% [2]. An important role in the treatment
of advanced, unresectable metastases of malignant mel-
anoma should be the reduction of clinical symptoms by
reduction of the tumour volume, and therefore the im-
provement of quality of life. Due to the limited efficacy
of systemic treatments, visceral, lung, or lymph node me-
tastases may quickly become symptomatic despite being
locally confined. At present, local treatment options such

as surgery, or local tumour ablation do not play an im-
portant role because the evidence on their prognostic im-
pact is rare. These treatment options currently are limited
to highly selected patients. Patients with visceral metasta-
ses are considered to be less qualified for local treatments
than patients displaying lung metastases only or in com-
bination with metastatic lymph nodes [3-5]. Regarding
local ablation techniques, thermal ablation such as radiof-
requency ablation (RFA) is limited by a size restriction of
3-5 cm and a close proximity to risk organs [6,7]. Further-
more, a location near blood vessels decreases the effectiv-
ity of thermal ablation due to consecutive heat sink effects
[6,7]. Beside percutaneous treatments like RFA, also tran-
sarterial chemoembolization (TACE) was analyzed in the
treatment of liver metastases of melanoma [8].
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Recently, computed tomography (CT)-guided brachy-
therapy has been introduced, which may overcome some
of the aforementioned limitations. Whereas local tumour
control in hepatocellular carcinoma (HCC) and colorectal
carcinoma is > 90% after 1 year despite tumour sizes up to
15 cm, cooling effects or proximity to risk organs play no
or just a minor role [9]. However, no data has been pub-
lished evaluating the efficacy of high-dose-rate (HDR)
brachytherapy on visceral or other malignant melanoma
metastases. In this study described herein, we assessed
safety and efficacy of image-guided HDR brachytherapy
in patients with metastases of malignant melanoma.

Material and methods
Patient characteristics

Between February 2007 and April 2012, 14 patients
with malignant melanoma with an overall amount of
52 unresectable metastases were included in this retro-
spective study. There were 37 visceral metastases, includ-
ing 31 hepatic metastases, 4 lesions located in the adrenal
gland and kidney, and 2 lymph node metastases. In ad-
dition, 15 pulmonary metastases were treated. No patient
with pulmonary lesions had a history of previous lung
surgery. All the patients who underwent lung treatments
had a clinically fully compensated lung function. The
patient population comprised 12 men and 2 women; the
median age was 66 years (range: 50-81 years) (Table 1).
All patients had been pretreated with systemic chemo-
therapy or chemo-immunological treatment. In detail,
eight patients were pretreated with interferon alpha. Af-
ter treatment with interferon alpha, six patients showed
a progressive disease. Furthermore, one patient who was
pretreated with interferon alpha finished the therapy
because of side effects. Four patients were treated with
Dacarbazine and three patients received Fotemustine. All
patients displayed tumor progression at the time of refer-
ral to our institution for local treatment.

Study design and eligibility criteria

In this retrospective study, primary endpoint was the
local tumor control and secondary endpoint was the safe-
ty of CT- or magnetic resonance imaging (MRI)-guided
HDR brachytherapy. The indication for the HDR brachy-
therapy was determined for all patients in an interdisci-
plinary consensus of dermatologists, oncologists, visceral
surgeons, and interventional radiologists. The inclusion
criteria for performing image-guided brachytherapy were
technically unresectable tumor due to its location or due
to e.g. reduced liver function or low residual tissue, med-
ical contraindication for resection or comorbidities, and
denial of operation. In case of pulmonary lesions, we per-
formed pulmonary function tests before the treatment to
secure sufficient lung capacity. A Karnofsky Index > 70%
as well as appropriate coagulation parameters (thrombo-
cytes > 100,000/nl, prothrombin > 50%, partial throm-
boplastin time < 50 s), and liver parameters (bilirubin
< 30 pumol/1) qualified for the treatment. The administra-
tion of anticoagulants like coumarin derivatives and inhib-
itors of platelet aggregation were discontinued 7 days prior

to intervention and changed to low-dose heparin if neces-
sary. The exclusion criteria for performing brachytherapy
were a diffuse uncontrollable tumor spread.

Interventional technique and irradiation

The detailed methodology of CT-guided brachythera-
py has been described elsewhere [10]. In brief, placement
of the brachytherapy applicators was performed under
guidance of a Fluoroscopy-CT (Toshiba, Japan) (for me-
tastasis with a diameter > 20 mm) or an open MRIat 1.0 T
(Panorama HFO, Philips Healthcare, Best, The Nether-
lands) for smaller liver lesions (Fig. 1A-D). Thirty lesions
were treated under CT guidance, twenty-two metastases
under open MRI guidance. After adequate patient posi-
tioning, puncture of the lesion was performed employing
an 18-gauge needle. An angiography sheath of 6 F diam-
eter (Radiofocus, Terumo™, Tokyo, Japan) was inserted
over a stiff angiography guide wire (Amplatz, Boston
Scientific, Boston, USA). Finally, 16-gauge brachythera-

Table 1. Patient characteristics

Value

Total number of patients 14
Sex

Men 12

Women 2
Age (years)

Median 66

Range 50-81
Metastases (n) 52

Hepatic 31

Pulmonary 15

Adrenal 3

Retroperitoneal lymph nodes 2

Kidney 1
Type of metastases (n)

Synchronous =

Metachronous 14
Tumor size (cm)

Median 1.5

Range 0.7-10
Previous treatment

Interferon alpha 7

Dacarbazin 4

Fotemustine 3
Median follow-up (month) 5

Journal of Contemporary Brachytherapy (2015/volume 7/number 2)



156

Tina Bretschneider, Konrad Mohnike, Peter Hass et al.

L ™Y

\-'llluu:-l‘-

Fig. 1. Local tumor control in a 58-year-old female patient with histological proven malignant melanoma metastases. A) Preop-
erative axial contrast-enhanced liver magnetic resonance imaging (MRI) (liver specific contrast agent Gd-EOB-DTPA) shows
two metastases in segment V in the right liver lobe (open arrow), former partial resection of the liver segment IV (outlined
arrow). B) Both metastases were treated by open MRI high-dose-rate brachytherapy using one catheter. C) Treatment planning
and dosimetric analysis, tumor encircling isodoses (red line indicates 20 Gy). D) Follow-up contrast-enhanced liver MRI at

3 months shows the shrinking ablation zone with local control of the treated lesions

py catheters (Nucletron, Elekta AB, Stockholm, Sweden)
were placed in the sheaths. For treatment planning pur-
poses, a contrast-enhanced CT in breathhold technique
was acquired after placement of the catheters. The HDR
afterloading system (Nucletron, Elekta AB, Stockholm,
Sweden) used a *?Iridium source of 10 Ci. The source di-
ameter was <1 mm. In mean 2 applicators were inserted
(range 1-5).

Treatment planning and dosimetric analysis

Treatment planning was performed using the soft-
ware system Oncentra (Nucletron, Elekta AB, Stockholm,
Sweden) integrated in the HDR-afterloading system.
Firstly, a careful delineation of the target volume was
performed in every CT/MRI slice with the afterloading
catheters in place. Secondly, the relative coordinates
(X, y, z) of the catheters were determined, considering the
tip and the exit at the margin of the tumor, and trans-
ferred into the planning system. The given boundary of

the target was individually addressed for every catheter
by specifying the distance to the reference point. A ref-
erence dose of 15-20 Gy was prescribed in our patients,
which was by definition identical to the minimum dose
enclosing the lesion, and applied as a single dose. The an-
atomic optimization routine of the planning software was
employed with the specified set of reference points. Iso-
dose lines relative to the target contours were controlled
and matched slice by slice by varying input parameters of
the planning system. We considered dose limitations in
treatment planning for treated tumors adjacent to organs
at risk (OAR), such as the gastric wall or duodenum for
tumors in the left liver lobe (< 15 Gy/ml), or the spinal
canal (10 Gy/ml) for treated retroperitoneal lymph node
metastases, adrenal gland, or kidney.

All procedures were performed under local anesthe-
sia. Midazolam and fentanyl i.v. were given for sedation
and analgesia according to the individual discomfort lev-
el of each patient during the intervention. For catheter re-
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trieval, gelfoam or fibrin tissue glue was injected through
each brachytherapy sheath during removal.

Follow up and safety assessment

Clinical visits, supplemented by CT or MRI, were
performed after 6 weeks and then every 3 months after
treatment. We included standard laboratory tests. Ther-
apy-related adverse events were defined according to
the guidelines of the Society of Interventional Radiolo-
gy (SIR) [11]. Liver toxicity after CT/MRI-guided HDR
brachytherapy was assessed according to the definition
of radiation-induced liver disease (RILD), characterized
by the occurrence of ascites accompanied by elevated al-
kaline phosphatase levels or by a serum bilirubin level of
>3 mg/dl, and ascites 1-2 months after HDR brachyther-
apy with an absence of tumor progression or bile duct ob-
struction [12]. There was no need for lung tests in the fol-
low up period because no clinical symptoms were shown.

Definitions of remission criteria and local control
rates

Local tumor control after CT or MRT-guided brachy-
therapy was defined according to RECIST 1.1 response
criteria and classified either as stable disease (SD), par-
tial (PR), or complete remission (CR) of the treated le-
sion. Any increase > 20% in diameter of a singular lesion
was interpreted as progressive disease (PD). However,
restrictions apply for lung and liver follow up. Since in
both, lung and liver tissue adjacent to the target volume,
focal radiation pneumonitis or radiation hepatitis may
mimic tumor growth. For liver tumors, we therefore lim-
ited tumor measurements to hepatobiliary phase imaging
> 20 min. post i.v. application of gadoxetic acid (Primov-
ist®). For lung tumors, we measured tumor response not
in comparison to the baseline, but to the first follow up
examination in order to compensate for lung tissue alter-
ations adjacent to the clinical target volume.

Statistical methods

All results were analyzed in a non-randomized and
retrospective approach. To evaluate the local tumor con-
trol, the overall survival and the progression free surviv-
al statistical analysis was performed employing the Ka-
plan-Meier method with SPSS version 19 (SPSS, version
19.0; SPSS, Chicago, Illinois). The secondary endpoint
safety was evaluated descriptively.

Results
Treatment characteristics

The median diameter of the metastases was 1.5 cm
(range: 0.7-10 cm). There were 5 lesions with a maximum
tumor diameter between 5 and 10 cm, which were treated
with 5 or 6 catheters. Metastases with a maximum tumor
diameter of 2 to 5 cm received 1 or 2 catheters depending
on the geometrical position of the first catheter implant-
ed, or depending on specifics of adjacent critical organs.
Patients with tumor < 2 cm received a single applicator
per lesion only. All lesions were treated once by a single

fraction HDR brachytherapy. The prescribed minimal tu-
mor dose (D;,) was 20 Gy. However, in some patients,
the minimal dose had to be lowered to spare adjacent risk
structures. The applied minimal doses inside the clinical
target volume (CTV) ranged from 15 to 20 Gy (median
dose Dy 19.9 Gy). A complete coverage of the tumor
with 20 Gy was applied in 15 pulmonary and 21 hepatic
lesions. In the adrenal gland and in the retroperitoneum,
a dose of 15 Gy was given. Total irradiation time ranged
between 7 and 45 min. The mean hospital stay of the pa-
tients was 4 days (range: 3-13).

Adverse events

Three of fourteen patients (21%) showed slight side
effects like sickness and emesis. One of the three patients
had an allergic reaction, which was treated successfully
with Fenestil® and Tagamet®. Five of fourteen patients
(35%) described unspecific abdominal pain after the im-
age-guided brachytherapy, in the ultrasound control no
associated reasons could be found. The symptoms re-
gressed spontaneously. We encountered no intraopera-
tive bleeding complications. Two small pneumothoraces
regressed spontaneously after the treatment of pulmo-
nary metastases. One patient with a central liver metasta-
sis developed cholangitis 3 weeks after HDR brachyther-
apy as well as abdominal pain in the right epigastrium
and an increase of liver parameters. He was successfully
treated with endoscopically guided stent implantation
and i.v. antibiosis.

Local tumor control, overall survival, and pro-
gression free survival

According to Response Evaluation Criteria in Solid
Tumors Criteria (RECIST 1.1), one of the treated lesions
exhibited complete remission, 19 partial response, 30
treated metastases showed stable disease, and two pro-
gressive disease after a median follow up of five months
(1-11 months). Local tumor control was 90% in the Ka-
plan-Meier analysis (Fig. 2). All patients showed a pro-
gressive disease elsewhere during the follow-up period.
The median overall survival of the 14 patients with met-
astatic malignant melanoma after HDR brachytherapy
was 8 months (Fig. 3). The median progression free sur-
vival (PFS) of the 14 patients was 6 months (Fig. 4).

Discussion

In metastatic malignant melanoma, tumor resection
or image-guided ablation must be considered a palliative
treatment option, not a curative approach. Due to mac-
roscopically undetectable tumor spreading, progression
free survival after these interventions is usually limited
[4,5]. The effect of debulking, i.e. the reduction of the un-
resectable tumor mass, either by surgery or radiation is so
far unknown due to the lack of prospective randomized
data. However, in a retrospective data, long-term sur-
vivors have been described after liver and lung surgery
specifically in ocular rather than cutaneous melanoma
[3-5]. In pulmonary metastases of malignant melanoma,
a number of factors have proven to be predictive for sur-
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Fig. 2. Graph shows the local tumor control after image-
guided high-dose-rate brachytherapy; two patients expe-
rienced local tumor progression 1 and 5 months after the

treatment
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Fig. 4. Progression-free survival of all patients with meta-
static malignant melanoma treated with high-dose-rate
brachytherapy

vival, including site of primary lesion, histological type,
lymph node status, disease-free interval, number of me-
tastases, and the presence of extra-thoracic metastases [4].
Based on these data, surgical resection or local ablation of
lung metastases has been adopted in the treatment algo-
rithm in many centers, even in patients displaying minor
additional non-visceral tumor implants.
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Fig. 3. Overall survival of all patients with metastatic
malignant melanoma treated with high-dose-rate brachy-
therapy

The objective of surgery or local ablation in metastatic
melanoma is symptom relief such as pain or organ com-
pression, e.g. jaundice caused by obstruction of the bile
duct. Few studies reported the application of image-guid-
ed local ablation by radiofrequency ablation (RFA), or la-
ser induced thermotherapy (LITT), with limited efficacy
in tumor larger 5 cm and in proximity to critical organs
[6,7,13]. That includes bile duct in the liver hilum, large
liver vessels that lead to cooling effects, and therefore
incomplete ablation, lung hilum, proximity of gut or tu-
bular structures (ureter) and more. Image-guided HDR
brachytherapy, a technique that has been so far predomi-
nately evaluated in metastatic colorectal as well as hepa-
tocellular carcinoma (HCC) [9,14], renders a new mini-
mally invasive approach unharmed by those restrictions.
In contrast to thermal ablation, tumor size, cooling effects
of large vessels, or proximity to risk organs such as liver
or lung hilum, bile duct or intestines do not limit its effi-
cacy [10,15-17].

In the study described herein, we report only one
major complication after MRI-guided brachytherapy of
a central localization in the liver with a presentation of
cholangitis. Other than this, the treatments were well
tolerated with just one minor pneumothorax in anoth-
er patient, which disappeared without treatment. Even
though the applicator sizes are similar in RFA, LITT,
and image-guided brachytherapy, mechanical damage,
such as pneumothorax, seems to be more frequent in cas-
es, in which thermal ablation techniques are used, with
a reported frequency of 30% to 50% [18]. In addition, the
instantaneous thermal effect holds, at least theoretically,
a higher risk of acute complications and, by formation of
necrotic cavities, a higher risk of late adverse effects [18].

Journal of Contemporary Brachytherapy (2015/volume 7/number 2)
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Thus, advantages in favor of brachytherapy exist with
respect to conformity and control of dose distribution,
which becomes especially important when treating adja-
cent to risk structures [16].

Melanoma is widely believed to be a radio-resistant
tumor, a misunderstanding that has led to the limited use
of radiotherapy for its treatment [19]. Reason for this rel-
ative radiation resistance was the large shoulder referred
to the linear-quadratic (LQ) model. Actually malignant
melanoma is not radio-resistant, which was shown in lo-
cal control rates after radiation in vivo [20]. A promising
local control means, in a few cases, an improvement in
the quality of life and, occasionally, an extended overall
survival. Regarding visceral metastases, most experi-
ences were collected in the treatment of bone and brain
metastases [21]. For a lasting effect, minimal cumulative-
and partial dose, or rather biologic equivalent dose (BED)
is required. Konefal et al. suggested that the increase of
dose is useful in treating cutaneous metastases, but in
case of side effects, it is dispensable in treating visceral
metastases [22]. A randomized study from Overgaard et
al. showed an increasing efficacy in single doses > 4 Gy
[23], analysis from Olivier showed a significantly higher
efficacy in high doses > 30 Gy and BEDs > 39 Gy [24].

Recently, Stinauer et al. reviewed 17 patients with
28 metastatic melanoma lesions, treated with a single
body radiation therapy [25]. A higher dose per fraction
and higher single fraction equivalent dose (SFED) were
significantly correlated with a better local control. The
authors concluded that an aggressive stereotactic body
radiation therapy with SFED 2 45 Gy is effective for con-
trolling metastatic melanoma [25].

However, the use of higher doses shows limitations
regarding the radiation tolerance of the adjacent struc-
tures (OAR). A possibility to apply such effective BED
is the use of stereotactic body radiation therapy (SBRT).
Different strategies (e.g. 4D-CT, gating, tracking) provide
a reduction of the planning target volume (PTV), result-
ing in a significant decrease in exposure of normal tissue.
Meanwhile SBRT is, due to a connotatively figure of ret-
ro- and prospective analyses, a widely used and accept-
ed method for several tumors even in curative intention,
e.g. treatment of early-stage non-small-cell-lung-cancer,
primary and secondary liver malignancies [26-29]. Seve-
ral authors considered limitations in case of liver treat-
ment. According to Rusthoven, liver-SBRT requires
a well-defined quantity and size of lesions [30]. Although
these specifications are arguable, certainly there are con-
strictions mostly due to adjacent organs and structures.
In contrast, interstitial brachytherapy enables treatment
of larger tumors due to the steep dose gradients and
a constant catheter position, latter enabling a lesser PTV.

In the present study, we achieved a local tumor con-
trol of 90% after a median follow up of 5 months. Amer-
si et al. showed local recurrences for tumors larger than
3 cm in 29% of melanoma lesions treated with RFA [25].
Not only the size of the treated lesions, also the number
of ablated lesions (> 3, < 3) was related to the appear-
ance of recurrence. However, the diagnosis melanoma
was a predictive factor for developing local recurrence in
an univariate analysis when compared to other diagno-

sis such as colorectal, breast or neuroendocrine primary.
Most likely the comparatively aggressive tumor biology
of melanoma is responsible for earlier and more frequent
detection of tumor recurrence [31].

There are also promising results in the literature re-
garding the treatment of malignant melanoma in the na-
sal cavity and choroidal melanoma by using brachyther-
apy [32,33]. In this case report, a patient with choroidal
melanoma was successfully treated with brachytherapy,
achieving tumor control for 12 years [33].

After the treatment with HDR brachytherapy, we
achieved a median overall survival of 8 months. Over
the last decades, only two systemic treatments were ap-
proved in the therapy of metastatic melanoma until 2010:
Dacarbazin and Vindesine. The reached prolongation of
median overall survival was limited to 6-10 months [34].
Similar rates of remission or survival were reached with
the treatment of interferon-alpha and interleukin-2. With
the introduction of new target therapies like Ipilimum-
ab and BRAF-inhibitors Vemurafenib, two new effective
options are available. Diverse phase II studies showed
a prolongation of overall survival up to 15 months [35]. In
the future, the combination of target therapies and local
ablative options, such as image-guided HDR brachyther-
apy, could be a promising strategy. We achieved a medi-
an progression-free survival of 6 months, which is com-
parable to the literature. As mentioned, the introduction
of target therapies like BRAF-inhibitors in combination
with MEK inhibitors may prolong the progression-free
survival [34,35].

Several limitations to our study need to be acknowl-
edged. The first weakness of this study is the retrospective
nature and the short follow up period. However, the re-
sults of this investigation show that HDR brachytherapy
can be safely used for local tumor control in selected pa-
tients. To identify appropriate candidates for local abla-
tion with the intention to prolong survival, a prospective
comparative trial is needed, i.e. to assess the combination
of local ablation plus systemic treatments versus systemic
treatment alone. In such a study format, HDR brachyther-
apy would just be one out of a set of tools for local tumor
treatment, supplemented by RFA, SBRT, TACE, Y90 ra-
dioembolisation, surgery, and others. A thoughtful, inter-
disciplinary consideration of local and systemic treatment
options will in future be mandatory for optimal treatment
success in each patient with metastatic melanoma.

We conclude that for patients in a palliative and
non-curable stadium, image-guided single high-dose-
rate brachytherapy is a promising alternative and
well-tolerated treatment, which can be used in most tu-
mor locations, and may therefore be considered specifi-
cally in metastases causing symptoms or metastases at
risk to cause complications. Treatment rationale should
be the reduction of clinical symptoms by reduction of the
tumor volume, and therefore the improvement of quality
of life.
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Aim. To assess the outcomes of patients with unresectable intrahepatic cholangiocellular carcinoma (ICC) treated by a tailored
therapeutic approach, combining systemic with advanced image-guided local or locoregional therapies. Materials and Methods.
Treatment followed an algorithm established by a multidisciplinary GI-tumor team. Treatment options comprised ablation (RFA,
CT-guided brachytherapy) or locoregional techniques (TACE, radioembolization, i.a. chemotherapy). Results. Median survival was
33.1months from time of diagnosis and 16.0 months from first therapy. UICC stage analysis showed a median survival of15.9 months
for stage I, 9 months for I1Ia, 18.4 months for IIIc, and 13 months for IV. Only the number of lesions, baseline serum CEA and serum
CA19-9, and objective response (RECIST) were independently associated with survival. Extrahepatic metastases had no influence.
Conclusion. Patients with unresectable ICC may benefit from hepatic tumor control provided by local or locoregional therapies.
Future prospective study formats should focus on supplementing systemic therapy by classes of interventions (“toolbox”) rather
than specific techniques, that is, local ablation leading to complete tumor destruction (such as RFA) or locoregional treatment
leading to partial remission (such as radioembolization). This trial is registered with German Clinical Trials Registry (Deutsche
Register Klinischer Studien), DRKS-ID: DRKS00006237.

1. Introduction

Peripheral or intrahepatic cholangiocellular carcinoma (ICC)
is a rare neoplasm. However, its incidence and mortality have
been reported to be increasing worldwide [1]. Prognosis is
poor, with a 5-year survival below 5%, including patients who
do undergo tumor resection. However, surgical treatment
currently represents the only potentially curative therapy.
Unfortunately only 20% of patients are eligible for resection
because of disease spread, anatomic location, inadequate
hepatic reserve, or limiting comorbidities [2-5].

Median survival for patients with untreated unresectable
ICC has been reported as 3-6 months [5, 6]. Furthermore,
systemic intravenous (i.v.) chemotherapy (ivCTX) has only
limited benefit. Although modern chemotherapy regimens
have improved survival considerably in recent years, median
survival is still less than one year for, for example, gemcitabine
plus cisplatin [7].

Several palliative therapeutic options exist for patients
with unresectable ICC. The goals of palliative therapy are
to control local tumor growth, to relieve symptoms, and
to improve and preserve quality of life. Thus, local-ablative



treatment options are gaining attention, as results from
studies analyzing radiofrequency ablation (RFA) and *°Y-
radioembolization (RE), high dose rate brachytherapy (HDR-
BT), intra-arterial chemotherapy (iaCTX), and transarterial
chemoembolization (TACE) have been encouraging [8-12].

However, most of these studies included patients with
intrahepatic and extrahepatic cholangiocarcinoma or gall-
bladder cancer and involved only a small number of patients,
so that definitive conclusions are sometimes difficult to draw.

Since 2006, we have treated patients with unresectable or
recurrent ICC by different local therapies (alone or in com-
bination) according to a therapy algorithm that was estab-
lished after thorough discussion in a multidisciplinary team
(GI board) involving surgeons, gastroenterologists, medical
oncologists, and interventional radiologists. Data from these
patients treated according to this algorithm were prospec-
tively collected in an institutional database.

In the study described herein we present the clinical
outcomes of this patient-tailored therapeutic approach, com-
bining systemic and image-guided local or locoregional ther-
apies for the treatment of intrahepatic cholangiocarcinoma in
nonsurgical candidates.

2. Materials and Methods

This study was compliant with the ethical guidelines of the
1975 Declaration of Helsinki and was approved by our Insti-
tutional Review Board (positive vote assigned by “Ethikkom-
mission der Medizinischen Fakultét der Otto-von-Guericke-
Universitdit Magdeburg” at 7-16-2013); written informed
consent to scientific use of data was obtained before therapy.
All clinical data were obtained from the prospectively main-
tained institutional ICC database.

The study was registered at DRKS (Deutsche Register
Klinischer Studien DRKS00006237).

2.1. Patients. From March 2006 to June 2012 (last follow-
up performed in March 2013), 75 consecutive patients with
unresectable ICC were referred to our multidisciplinary GI
board and received treatment recommendations with local
or locoregional treatments often supplementary to systemic
treatments. All of these patients were not surgical candidates
due to advanced tumor stage, comorbidities, or refused resec-
tion. From this cohort, 20 patients were excluded from analy-
sis: 10 were lost to follow-up within the first two months (most
of them initially referred from distant centers) and 10 pre-
sented with a secondary malignoma (3 of those with an addi-
tional extrahepatic cholangiocellular carcinoma, i.e., Klatskin
tumor). Thus, 55 patients were analyzed. Patient and tumor
characteristics at the time of first local or locoregional therapy
are summarized in Table 1.

Palliative treatment options were part of the aforemen-
tioned multidisciplinary treatment algorithm. The algorithm
is outlined in detail in Figure 1. Image-guided techniques
comprised RFA (radiofrequency ablation), TACE (conven-
tional chemoembolization), HDR-BT (CT-guided interstitial
high dose rate brachytherapy), RE (*°Y-radioembolization),
iaCTX (intra-arterial chemotherapy), and ivCTX (intra-
venous chemotherapy).
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Factors guiding the treatment allocation included stage
and specific morphological properties of the disease (tumor
size, number of lesions, and preexisting extrahepatic metas-
tases) as well as liver function and performance status.

All 55 patients analyzed have been treated with at least
one local or locoregional treatment option at our clinic.
Patients were reassessed with clinical examination and CT
or MR imaging every 3 months thereafter. According to that
restaging patients were entered in the treatment algorithm
again if disease progression was present. As a consequence, 37
out of 55 patients received one type of ablative or locoregional
therapy, whereas another 18 patients received a combination
of additional image-guided therapies. With 21 patients pre-
senting after previous, often multiple chemotherapy lines,
16 patients received systemic treatments after the first local/
locoregional intervention. All treatment details after inclu-
sion as well as tumor-targeted prior treatments are outlined
in detail in Table 1.

2.2. Evaluation and Staging. Diagnosis of ICC was based on
biopsy. Pretreatment assessment consisted of demographics,
presence or absence of cirrhosis, biliary obstruction and por-
tal invasion, extrahepatic metastases, and prior treatments.
Diagnostic imaging was performed by magnetic-resonance
imaging (MRI) and/or triphasic computerized tomography
(CT).

Staging was performed at the time of first diagnosis as
baseline staging and again at the time of the first interven-
tional therapy at our institution by the TNM classification
adapted from the 6th edition of the staging manual of
the UICC/AJCC [13]. Lymph nodes were considered to be
metastatic when they were larger than 1cm in short-axis
diameter [14].

The treatment algorithm groups patients according to six
potential treatments (Figure 1). Patients with single tumors
(n < 4) received HDR-BT, TACE, or RFA in the absence of
portal vein thrombosis (PVT). In case of PVT, only HDR-
BT or RFA were applicable. Concomitant chemotherapy
was recommended in patients with biologically aggressive
tumors (disease free interval < 12 months) specifically in
chemotherapy-naive patients. In patients with biologically
favorable tumors with disease free interval > 12 months,
an ECOG > 1, and/or previous chemotherapies further
chemotherapies immediately after complete ablative or
locoregional treatment were not recommended.

Patients with multinodular (n > 4) or diffuse disease
received radioembolization or iaCTX with 5-fluorouracil/
leucovorin (5-FU/LV) when bilirubin was less than 30 ymol/
L. If bilirubin was 30-50 gmol/L, iaCTX was preferred alone
or in combination with HDR-BT or RFA (depending on
the likelihood for reliable, technically safe complete tumor
destruction). Patients with bilirubin above 50 ymol/L and
those with diffuse peritoneal carcinomatosis were not eligible
for any local-ablative or locoregional therapy and received
ivCTX or best supportive care only. All treatment recommen-
dations were issued by the multidisciplinary gastrointestinal
oncology team in consensus.
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TABLE 1: Patients’ characteristics.
Demographics and disease history %/(range)
Total N 55 100%
Sex
Male 28 50.9%
Female 27 49.1%
Age, year
Median 67.3 (34.0-82.6)
<65 25 45.5%
>65 30 54.5%
Months from diagnosis to 1st therapy
Median 10 (0.8-64.4)
Karnofsky index, n = 47
Median 70 (60-100)
60 9 16.4%
70 13 23.4%
80 14 25.6%
90 17 31.0%
100 2 3.6%
ECOG index, n = 47
Median 1 (0-2)
0 19 34.6%
1 27 49.0%
2 9 16.4%
Prior liver-directed treatment (1)
Any 21 38.2%
Resection 15 27.3%
Intraoperative RFA 3 5.5%
TACE 2 3.6%
RFA 1 1.8%
Prior chemotherapy (1)
Yes 21 38.2%
No 34 61.8%
Prior chemotherapy lines (1)
One 17 30.9%
Two 2 3.6%
>two 2 3.6%
Median 1 (1-5)
Prior chemotherapy agents (1)
Gemcitabine 19 34.5%
Oxaliplatin 12 21.8%
Capecitabine 8 14.5%
5-FU/FA 4 7.3%
Cisplatin 3 5.5%
Others” 9 16.4%
T-stage (n)
T1 21 38.2%
T2 12 21.8%
T3 21 38.2%
T4 1 1.8%
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TABLE 1: Continued.

Demographics and disease history %/(range)
Overall tumor stage (UICC*") (n) at first diagnosis
Stage I 17 30.9%
Stage II 3 5.5%
Stage IIla 3 5.5%
Stage IIIb 0 0%
Stage IIlc 21 38.2%
Stage IV 5 9.1%
No information available 6 10.9%
Overall tumor stage (UICC™") (n) at first local therapy in Magdeburg
Stage I 11 20.0%
Stage II 5 9.1%
Stage IIla 3 5.5%
Stage I1Ib 0 0%
Stage IIlc 22 40.0%
Stage IV 14 25.5%
CEA
Median, range [ng/mL] 2.6 (0.3-391.7)
Elevated, >3.4 ng/mL (n) 23 41.8%
Not elevated (n) 32 58.2%
CA19-9
Median, range [U/mL] 66 (0.6-72.9)
Elevated, >39.9 U/mL (n) 34 61.8%
Not elevated (n) 21 38.2%
Tumor load
Median, range (%) 8 (2-80)
Tumor size
Median, range (mm) 45 (14-189)
Extent of disease (1)
Bilobar 32 58.2%
Unilobar 23 41.8%
Extrahepatic metastases (1)
All 36 65.5%
Lymph node metastases 32 58.2%
Peritoneal metastases 8 14.5%
Pulmonary metastases 5 9.1%
Bone metastases 2 3.6%

Concomitant liver disease (1)

Vascular infiltration 21 38.2%
Cirrhosis 20 36.4%
Biliary obstruction 18 32.7%
Portal vein thrombosis 10 18.2%
Ascites 7 12.7%
Therapies and combinations of therapies (1)
HDR-BT 19 34.5%
RE 5 9.1%
TACE 2 3.6%
RFA 1 1.8%
HDR-BT & ivCTX 1 20.0%
HDR-BT & iaCTX 6 10.9%
HDR-BT & RE 3 5.5%

HDR-BT & RFA 2 3.6%
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TaBLE 1: Continued.

Demographics and disease history %/ (range)
HDR-BT & iaCTX & ivCTX 2 3.6%
HDR-BT & RE & ivCTX 2 3.6%
TACE & ivCTX 1 1.8%
RE & iaCTX 1 1.8%

*Irinotecan (n = 1), taxotere (n = 1), bevacizumab (n = 1), erlotinib (n = 1), mitomycin C (n = 1), cetuximab (n = 2), and sorafenib (n = 2).

** Acc. to UICC Edition 6, stage I disease is a solitary tumor without vascular involvement; stage II disease is a solitary tumor with vascular invasion or multiple
tumors <5 cm; stage IITa disease is multiple tumors >5 cm with or without vascular invasion; stage ITIb disease is perforation of the peritoneum or infiltration
of adjacent organs; stage IIlc disease is any tumor with regional lymph node metastasis; and stage IV disease is any tumor with distant metastasis.

The unresectable intrahepatic CCC: individualized treatment algorithm™
Multidisciplinary centre for gastrointestinal tumors (ZEgiT), Magdeburg

Intrahepatic CCC

Bilirubin >50 ymol/L iv. chemotherapy
Peritoneal carcinosis BSC
clinically significant
extrahepatic metastasis

|

Single lesions (n < 4)

|

Multinodular/diffuse

PVT | i.v. chemotherapy™*

| Bilirubin

J— T

If necessary combined

| >30 <50umol/L | | <30 umol/L

TACE™" HDR-BT** ~ €A A dieie
HDR.BT** REAS? : ‘Additive
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**Tumor board decision : :
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FIGURE 1: Algorithm for the treatment of intrahepatic cholangiocellular carcinoma. CCC, cholangiocellular carcinoma; HDR-BT, image-
guided HDR brachytherapy; TACE, transarterial chemoembolization; RFA, radiofrequency ablation; i.a., intra-arterial; i.v., intravenous; BSC,

best supportive care; PVT, portal venous thrombosis.

Complications were classified following CTCAE v4.0,
with minor (CTCAE Grades 1 and 2) or major complications
(CTCAE Grades 3 and 4).

2.3. Local-Ablative Therapies

2.3.1. Radiofrequency Ablation (RFA). RFA is an ablative
technique intending complete local tumor destruction. RFA
was performed under CT or MRI guidance using a radiofre-
quency applicator, which can be expanded stepwise to cover

an area of maximum diameter 5 cm and a 150 W RF generator
(Starburst Semi-Flex; AngioDynamics, Mountain View, CA)
[15, 16]. The RFA protocol was always completed according
to the manufacturer’s instructions; completeness of ablation
was confirmed by MRI 24 hours after RFA.

2.3.2. Image-Guided HDR Brachytherapy (HDR-BT). The
technique of HDR-BT has been described in detail elsewhere
[9,17]. As an ablative technique, its intention is complete and
durable local tumor destruction. In brief, liver malignancies



are treated with high dose rates of iridium-192 in an after-
loading technique after percutaneous positioning of the
brachytherapy catheters under CT or MRI control. The
prescribed minimum dose for the clinical target volume is
20 Gy. Specifically in patients where RFA is not feasible owing
to larger tumor sizes (>5 cm) or adjacent, potentially cooling
structures such as larger vessels, HDR-BT is a useful option
[18-20].

2.3.3. Radioembolization (RE) with Yttrium-90 Microspheres.
Radioembolization with *°Y-labeled resin microspheres has
been shown to be effective in unresectable ICC and tumor
metastases of the liver [21, 22]. Its intended effect was
partial remission of diffuse hepatic tumor spread rather than
complete tumor ablation.

The principle of RE is based on the dual blood supply
of the liver from the portal vein and the hepatic artery, so
delivery of the radioactive microspheres via the hepatic artery
results in high dose local irradiation with only minor effects
on normal liver tissue. All patients underwent pretreatment
mesenteric angiography and **Tc-macroaggregated albumin
scanning to minimize the risk of nontarget embolisation
(19, 23]. A detailed account of the treatment protocol has been
published previously [22]. The median dose was 1.63 GBq
(range 0.9-2.55 GBq).

2.3.4. Transarterial ~Chemoembolization (TACE). The
intended effect of TACE was partial remission of limited
hepatic tumor spread beyond the technical capabilities
of local ablation such as through RFA or CT-guided
brachytherapy. TACE was conducted by standard techniques
with an emulsion of doxorubicin and cisplatin in lipiodol
(ImL contains 0.5mL lipiodol and 2.5mg each of
doxorubicin and cisplatin) until stasis in tumor feeding
arteries was achieved. No additional embolization particles
were administered. TACE was performed every 6 weeks.
After three sessions tumor response was assessed by CT and/
or MRI and, depending on outcome, TACE was either
continued or interrupted [19, 24, 25].

2.3.5. Intra-Arterial Chemotherapy (iaCTX). iaCTX was per-
formed on an outpatient basis. Chemotherapy was delivered
through a microcatheter-port system into the hepatic artery,
implanted via the common femoral artery as described
elsewhere [26]. This method potentially decreases systemic
side effects (e.g., nausea and vomiting) and may optimize the
chemotoxic effects of the drugs in the hepatic malignancy
(27, 28].

Intra-arterial chemotherapy consisted of daily infu-
sions of fluorouracil (5-FU) 600 mg/mAs and folinic acid
170 mg/mAS on days 1-5, repeated on day 22.

Nine patients (16%) received a median of 6 cycles (range
4-23 cycles) of intra-arterial 5-FU chemotherapy.

2.3.6. Intravenous Chemotherapy (ivCTX). Lacking a well-
defined therapeutic standard until 2010, various ivCTX reg-
imens have been administered following protocols includ-
ing monotherapy or combinations of cisplatin, gemcitabine,
oxaliplatin, 5-FU/FA, and capecitabine [7, 29, 30]. Since 2010
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the standard first-line therapy was gemcitabine combined
with cisplatin [7]. In our study, sixteen patients received
ivCTX in combination with their local therapy. The median
number of chemotherapeutic cycles was 5 (range 1-12).
Thirteen patients (24%) received one line of ivCTX, two (4%)
received a second line, and one (2%) received a third line.
Patients who had been treated with ivCTX only are not part of
this analysis.

2.4. Follow-Up/Clinical Assessments. At imaging follow-up,
usually every three months after the intervention, clinical
assessment and laboratory tests (blood counts, liver function
tests, and tumor markers (carbohydrate antigen 19-9 (CA
19-9) and carcinoembryonic antigen (CEA))) were routinely
performed.

Patients diagnosed with progressing ICC during follow-
up were reassessed by the multidisciplinary treatment deci-
sion algorithm and treated again accordingly. Patients were
followed until death or censored at the last known clinical
follow-up.

2.5. Imaging Analysis. Patients were examined every three
months by liver MRI using the liver-specific contrast agent
gadoxetic acid (Gd-EOB-DTPA, Primovist, Bayer Health-
care, Berlin, Germany) or triphasic contrast-enhanced CT
with iopremol 300 (Imeron 300, Bracco Imaging, SpA, Milan,
Italy) of the abdomen. Every six months a chest X-ray was
conducted and once a year a multislice CT of the thorax.
Response was assessed applying the RECIST 1.1 criteria [31].

2.6. Statistical Analysis. Descriptive statistics were calculated
for quantitative variables; frequency counts by category were
calculated for qualitative variables; 95% confidence intervals
are presented where appropriate. p values were considered
significant if <0.05. The primary study endpoint was overall
survival (estimated from the date of first interventional ther-
apy at our institution and additionally from the date of first
diagnosis), analyzed by the Kaplan-Meier method and com-
pared between different groups by a log-rank test.

The following prognostic factors for influencing patient
survival were evaluated: patients age and sex, time interval
from first diagnosis to first local therapy at our institution,
performance status at the time of first local therapy at
our institution (Karnofsky and ECOG), prior resection,
prior chemotherapies, prior local therapies, tumor load,
tumor number, tumor size and tumor stage (according to
UICCQC), extrahepatic metastasis, vascular infiltration, portal
vein invasion, biliary obstruction, ascites, cirrhosis, elevated
tumor marker levels (CEA and CA 19-9), best response, and
therapy-associated complications.

Several prognostic factors were grouped for analysis of
differences in survival. These are listed below (Table 3).

Univariate and multivariate Cox regression analyses were
performed to identify factors associated with the patients’
survival. Only factors showing significance (p < 0.05) in the
univariate model were included in the multivariate analysis.

Statistical analyses were performed with SPSS (version 21,
IBM, Chicago, IL, USA).
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TABLE 2: Treatment characteristics and cumulative toxicities analysis: only Grade 3-4 toxicities are reported (CTCAE version 4.0).

Treatment characteristics HDR-BT RE

RFA TACE ivCTX iaCTX

Patients (n) 45 11
Karnofsky index, 80 80
median (range) (60-100) (60-90)
ECOG index, 1 1
median (range) (0-2) (0-2)
Number of days hospitalized, 4 4
median (range) (1-11) (3-5)
Total number of

treatments/chemotherapeutic cycles 101 20
(n)

Median number of
treatments/chemotherapeutic cycles
per patient (range)

Median RE-dose delivered (GBq), 1.63
median (range) (0.9-2.55)
Best response CR PR
Adverse events acc. CTCAE

(highest grade recorded)

Abscess (n) 1 —

Shivering” (n) 1 —

1 1
(1-5) (1-4)

3 2

Hematoma subcapsular (n)
Anemia (n) — —
Thrombopenia (1) — —
Neutropenia () — —
Anorexia (n) — —
Fatigue (n) — —
Pain (n) — —
Diarrhea (n) — —
Rash (n) — —

3 3 16 9
90 70 70 90
(60-90) (70) (60-100) (80-90)
0 1 1 0
(0-2) (1-1) (0-2) (0-1)
5 4

(4-6) (3-6) 0 0

3 12 64 43

(1-1) (3-5) (1-12) (4-23)

CR PD SD PR

o = N e e

Data are expressed as absolute number of events (1).

CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease. CTCAE, common toxicity criteria of adverse events.
*Shivering due to radiation effects during HDR-BT with the need for abruption of the intervention.

3. Results

3.1. Patient Population. Table 1 summarizes the patient and
tumor characteristics in the current study.

At the time of first interventional treatment, 58% of the
patients suffered from bilobar tumor spread, the median
tumor size was 45 mm, and 65% presented with extrahepatic
metastasis (lymph node metastasis (n = 32), single peritoneal
nodules (n = 8), and pulmonary (n = 5) and bone metastasis
(n=2)).

Forty-two patients (76%) underwent prior therapies
before local intervention at our institution, 21 (38%) had
undergone liver-directed therapy, and another 21 patients
(38%) had received ivCTX.

3.2. Treatment Characteristics and Complication Rates. Treat-
ment characteristics and Grade 3-4 treatment-related toxici-
ties of all 55 patients are summarized in Table 2.

For 101 sessions of HDR brachytherapy, 3 (3%) Grade
3 events (no Grade 4) were reported. Of 16 patients who
received ivCTX combined with a local therapy, 9 (56%)

suffered from Grade 3 toxicities (no Grade 4). Patients
receiving iaCTX, TACE, RE, or RFA did not report any
Grade 3 or 4 toxicity. No patient suffered from severe liver
decompensation.

3.3. Best Tumor Response. Of 55 patients, 8 (15%) showed
complete remission, 21 (38%) partial remission, 8 (15%) stable
disease, and 18 (33%) progressive disease. The best response
for each type of therapy is shown along with the treatments
in Table 2.

3.4. Follow-Up and Overall Survival. Median follow-up time
was 11.7 months (range 0.9-51.1). Forty-three of the 55 (78.2%)
patients died during the follow-up period. The median
number of follow-up visits was 3 (range: 1-15). The median
overall survival period was 33.1 months (95% CI 16.5-49.8
months) from the time of first diagnosis and 16.0 months
(95% CI 8.8-32.2 months) from the time of first local therapy
at our institution (Figures 2(a) and 2(b)). A subgroup analysis
by UICC stage showed a median survival of 15.9 months
(95% CI 11.9-19.9 months) for patients with stage I disease, 9
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TaBLE 3: Cox regression analysis of the prognostic factors of the patient survival period.
Variables Univariate analysis Multivariate analysis
HR 95% CI p HR 95% CI p
Age 0.83 0.45-1.53 0.551
(<65 years versus >65 years)
Sex 117 0.64-2.12 0.615
(male versus female)
Previous resection 0.73 0.37-1.43 0.358
(no versus yes)
UICC at first therapy 1.20 0.96-1.50 0.133
(stage I versus stages II-1V)
Lobar spread of disease
1.47 0.78-2.76 0.237
(unilobar versus bilobar)
Extrahepatic metastasis 155 0.78-3.09 0211
(no versus yes)
Tumor load 1.81 0.99-3.31 0.055
(<10% versus >10%)
Number of lesions 2.44 1.27-4.71 0.008 2.85 1.43-5.65 0.003
(1 versus >1)
Portal vein thrombosis 143 0.62-3.30 0.407
(no versus yes)
Vascular infiltration 1.20 0.65-2.24 0.560
(no versus yes)
Ascites 1.49 0.66-3.35 0.314
(no versus yes)
Liver cirrhosis 1.25 0.67-2.34 0.493
(no versus yes)
Biliary obstruction 102 0.53-1.97 0.950
(no versus yes)
ECOG index 123 0.66-2.30 0.511
(0 versus 1-4)
CAI19-9
1.93 1.01-3.68 0.047 2.05 0.99 - 4.22 0.052
(<39.9 U/mL versus >39.9 U/mL)
CEA 2.30 1.23-4.31 0.009 1.89 0.97 -3.72 0.025
(<3.4 ng/mL versus >3.4 ng/mL)
Objective response
2.43 1.28-4.60 0.006 2.84 1.41-5.72 0.003
(CR + PR versus SD + PD)
Complications 1.06 0.68-1.67 0.796
(no versus yes)
Tumor size 1.35 0.74-2.46 0.328
(<50 mm versus >50 mm)
Tumor size 122 0.60-2.50 0.585

(<100 mm versus >100 mm)

HR, hazard ratio; CI, confidence interval; objective response categories, see Table 2.

months (95% CI 0.8-17.2 months) for patients with stage IlIa,
18.4 months (95% CI 8.1-28.7 months) for patients with stage
IIIc, and 13 months (95% CI 6-18.9 months) for patients with
stage IV. Only 5 patients were in stage II when they received
first local therapy and, of these, 3 were still alive and therefore
censored at the time of analysis. There was no significant
difference in survival between the various stages.

3.5. Factors Related to Patients’ Survival Period. The following
variables were found to be significant in the univariate
analysis (Table 3) and were entered into the multivariate

Cox regression model: number of tumor lesions, the tumor
markers carcinoembryonic antigen (CEA) and carbohydrate
antigen 19-9 (CA 19-9), and objective response. The mul-
tivariate analysis showed that these parameters were inde-
pendent factors associated with duration of survival after
therapy. According to the Kaplan-Meier analysis, factors
identified as influencing median overall survival (after first
local treatment) were number of tumors (1 versus >2), 34
versus 12.3 months, p = 0.006; elevated CA 19-9 levels
(normal versus above normal), 23.2 versus 15.9 months, p =
0.043; elevated CEA levels (normal versus above normal),
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FIGURE 2: Overall survival rate in all patients from time of first diagnosis (a) and from time of first therapy at our institution (b). Median
overall survival from time of first diagnosis: 33.1 months (95% CI 16.5-49.8 months). Median overall survival from time of first therapy at our

institution: 16.0 months (95% CI 8.8-32.2 months).

29.8 versus 9.1 months, p = 0.007 (the upper normal limits
were taken to be 39.9 U/mL for CA 19-9 and 3.4 ng/mL for
CEA); and objective response according to RECIST, 29.8
versus 9.3 months, p = 0.005. Corresponding survival curves
are shown in Figures 3(a)-3(d).

4. Discussion

ICC (intrahepatic cholangiocarcinoma of the mass-forming
type) is a uniformly fatal disease with a poor prognosis when
detected at an advanced stage. Unfortunately most patients
present with unresectable disease because of the absence of
symptoms until late in disease progression. Published data
concerning systemic or local therapy options are limited.
Furthermore, most studies fail to provide a clear profile of
their patients in respect of tumor stage or metastatic disease
and often comprise heterogeneous study populations includ-
ing patients with Klatskin tumors, ampullary carcinoma,
and gallbladder carcinoma. Therefore, direct comparison
with systemic or standard locoregional therapy approaches is
sometimes difficult.

We sought to investigate the outcome of a patient-tailored
therapy course, including all modalities of minimally invasive
oncology, applied alone or in combination, singly or repeat-
edly, following an interdisciplinary treatment algorithm for
patients with mass-forming ICC only. In our study the clinical
stage of patients was well described, and tumor disease was
staged according to the UICC tumor node metastasis (TNM)
classification system.

Our study showed a median survival of 16 months from
first local therapy and 33.1 months from first diagnosis,
which is higher than that found in most of the earlier
studies examining different locoregional therapies. Kiefer
et al. [12] reported a median survival of 15 months from
chemoembolization and 20 months from diagnosis. In their
study 62 patients with heterogeneous tumor entities were
treated, 37 with histologically proven ICC and 25 with poorly
differentiated adenocarcinoma of unknown primary origin;
49% of the patients presented with UICC (TNM) stage IIla
and 24% with stage IV, comparable to our study where
40% of patients presented with stage IIIc and 25% with
stage IV. Survival data concerning different UICC stages are
unfortunately not reported.

In a study conducted by Park et al. 72 patients (61% stage
IITa/I1Ib and 19% stage IV) with untreated, unresectable ICC
received TACE as first-line therapy. Survival after diagnosis
was measured and compared with that of patients who
received supportive therapy only [10]. Median survival was
shorter than in our study: 12.2 months for the TACE group
and 3.3 months for the “supportive treatment” group.

Another study assessing survival after RE was published
by an Australian group in 2010. In that study, 25 patients
underwent RE in advanced ICC: 60% had >25% tumor
burden, 48% showed extrahepatic metastasis, and 76% had
previous antitumor treatments. Seven patients (26%) under-
went ivCTX after RE. The median survival after diagnosis of
ICC was 20.4 months and after RE 9.3 months, but for 13
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FIGURE 3: Overall survival rate in all patients according to influencing factors (derived from Cox model, Table 3). (a) Overall survival rates
with regard to number of lesions (<1 lesion versus >1 lesion), with a median overall survival of 34 and 12.3 months, p = 0.006. (b) Overall
survival rates with regard to CA 19-9 level (<39.9 U/mL versus >39.9 U/mL) with a median overall survival of 23.2 and 15.9 months, p = 0.043.
(c) Overall survival rates with regard to CEA level (<3.4 ng/mL versus >3.4 ng/mL), with a median overall survival of 29.8 and 9.1 months,
p =0.007. (d) Overall survival rates with regard to best response (objective response (CR and PR) versus stable and progressive disease (SD
+ PD)), with a median overall survival of 29.8 and 9.3 months, p = 0.005.
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patients with hepatic disease only a median survival of 16.3
months was achieved [8].

Excellent results have been reported for 13 patients with
17 unresectable but small ICC (10 tumors < 3 cm, 5 tumors 3—
5cm, and 2 tumors > 5 cm) treated by RFA in an early tumor
stage (8 stage I, 3 stage II, 1 stage IIIb, and 1 stage IV). They
presented a median overall survival period of 38.5 months
(11].

Schnapauff et al. evaluated outcomes after repeated inter-
stitial HDR-BT (27 sessions) in 15 patients with unresectable
ICC who did not show extrahepatic metastasis and suffered
from limited hepatic disease only (<5 lesions), revealing a
median survival of 11 months and 21 months after primary
diagnosis [9].

Recently, results of a larger-scale randomized phase
III trial of systemic therapy were published, comparing
“gemcitabine alone” with “gemcitabine plus cisplatin” in a
heterogeneous group of 410 patients with locally advanced
or metastatic cholangiocarcinoma, gall-bladder cancer, or
ampullary cancer. In that study the gemcitabine-cisplatin
combination resulted in a significantly prolonged median
overall survival of 11.7 months, compared with 8.1 months in
the gemcitabine monotherapy group [7].

In summary, comparing our results with those from
other studies on local-ablative therapies on ICC, we can
conclude a comparatively long overall survival of our patient
cohort, even though the stage of disease was mostly advanced
according to UICC. Overall survival in our study cohort was
substantially longer than in recent ivCTX-only studies [7].
However, since a significant proportion of our patients were
already heavily pretreated with various treatments (including
ivCTX) when receiving a first locoregional treatment of the
liver, a selection bias towards a favorable tumor biology can-
not be ruled out. However, irrespective of this potential bias,
we were able to show an overall survival from first diagnosis
that was comparable to that after surgical resection with
curative intent (median survival of 27-36 months) [32-34].

In the present study 65% (36/55) of the patients had
extrahepatic metastases (Table 1) before first treatment at
our institution. In agreement with Gusani et al. [35] who
reported the treatment outcome of ICC after TACE, we found
that median survival after therapy did not differ significantly
between patients with liver-only disease and patients suffer-
ing from extrahepatic metastasis as well. Similar findings have
emerged from other studies on TACE and radioembolization
of ICC [8, 12]. Additionally, overall survival was not affected
by the UICC stage at the time of treatment at our institution.
Regarding tumor characteristics, only the number of ICC
lesions had an influence on survival (1 versus >1 lesion,
p = 0.006). We claim that all these results indicate a pivotal
change in the management and treatment of patients with
advanced ICC disease. The importance of local tumor control
as the main palliative goal has to be emphasized, regardless of
extrahepatic metastases and stage of disease. This assumption
is underlined by the finding that objective tumor response
(liver only) was one of the independent factors influencing
survival, with 29.8 months for OR and 9.3 months for SD/PD
(p = 0.005). Obviously, prevention of liver failure due
to progression of intrahepatic tumor (a frequent cause of
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mortality) is of utmost importance. According to our and
others™ results, effective suppression of liver tumors may
prolong the survival period even in patients with advanced
local disease and extrahepatic metastasis. We strongly believe
that these findings should further promote clinical trials of
local or locoregional therapies and that these may become a
key modality in the treatment of nonresectable ICC in future.

Besides objective response and the number of ICC man-
ifestations, only elevation of serum tumor markers CA 19-9
and CEA beyond normal levels showed a negative influence
on survival. This might represent a more active tumor biology
in patients with elevated tumor markers. Other factors
included in our analysis (patient age and gender, prior liver-
directed therapies, tumor size and stage, unilobar or bilobar
tumor spread, portal vein thrombosis, vascular invasion, bil-
iary obstruction, ascites, cirrhosis, therapy-related complica-
tions, ECOG status, Karnofsky index, and time from primary
diagnosis to first local therapy) did not appear to affect
outcome.

5. Conclusion

Our results show that patients with unresectable ICC of the
mass-forming type may benefit from hepatic tumor control
by local or locoregional therapies even with presence of extra-
hepatic spread. Iflocal or locoregional therapies were deemed
favorable by clinical means, therapeutic recommendations
for a specific technique were driven by technical strengths or
limitations of a given modality. As such, future prospective
study formats should focus on supplementing systemic ther-
apy by classes of interventions (“toolbox”) rather than specific
techniques, that is, local ablation leading to complete tumor
destruction (such as RFA) or locoregional treatment leading
to partial remission (such as radioembolization or TACE).
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Abstract

Backround: Micrometastases of colorectal liver metastases are present in up to 50% of lesions. In this study we sought
to determine the threshold dose for local control of occult micrometastases in patients undergoing CT (computed
tomography)-guided brachytherapy of colorectal liver metastases.

Materials and methods: Nineteen patients demonstrated 34 local tumor recurrences originating from
micrometastases after CT-guided brachytherapy of 27 colorectal liver metastases. We considered a local tumor
recurrence as originating from a micrometastasis if tumor regrowth occurred adjacent to a formerly irradiated lesion
and the distance of the 3D isocenter of the new lesion was < 23.5 mm from the previous tumor margin. Follow-up MRI
was fused with the planning-CT and dosimetry data. Two reviewers independently indicated the dose exposure at the
isocenter of the micrometastases. Statistical analysis included an analysis of variance (ANOVA) using backward
selection. 95% tolerance intervals with coverage of 87.5 and 75% of the data of the normal distribution were calculated.

Results: The median distance of the micrometastases to the margin of the originating colorectal metastases was 8.75
mm (1-21 mm). Dose exposure at the isocenter was 12.25 Gy (7-19.8) in median. We stratified according to the distance
from the isocenter to the initial tumor margin: < 9 mm, > 9-15 mm and > 15 mm. The median dose in the according
isocenters was 13.18, 11.6 and 11.85 Gy. The threshold dose failing to prevent micrometastasis growth was sigificantly
higher in a subgroup of lesions with < 9 mm distance as compared to > 15 mm (13.18 vs 11.85 Gy). Adjuvant
chemotherapy correlated with greater distance of micrometastasis growth to the tumor but not with the threshold
dose.

Conclusion: To prevent loss of local tumor control by continuous growth of micrometastases a threshold dose of 15,4
Gy (single fraction) should be delivered at a distance of 21 mm to the gross tumor margin.

S J

Backround 12]. Recent publications have drawn attention to the

For the treatment of liver metastases from colorectal car-
cinoma, surgery as well as percutaneous image guided
tumor ablation have demonstrated favourable results
with respect to an improvement of the patient's prognosis
[1-7]. Both the surgical as well as the minimal, or, in case
of percutaneous irradiation, non-invasive approach
require a safety margin around the target to reduce the
risk of a recurrence and to gain a better prognosis [1,8-
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presence of radiologically invisible micrometastases or
microsatellites, respectively (in the following we apply the
term micrometastases). These micrometastases directly
originate from and are found frequently adjacent to col-
orectal liver metastases [12-16].

Occult tumor cell nests such as micrometastases play a
significant role in recurrent tumor growth after local
tumor treatments. A histopathologic study of 31 liver
specimen after liver resection of colorectal metastases
demonstrated micrometastases deriving from neighbour-
ing macrometastases in 56% of the cases. The mean dis-
tance between micrometastasis and originating
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macrometastases was 7.5 mm (SD (standard deviation) 8
mm) [13]. Hence, treatment planning in liver metastases
irradiation must not only consider the radiologically visi-
ble tumor bulk, but also the extension of subclinical dis-
ease around the gross tumor. Radiobiologically, local
control of low cell densities is required. The according
dose will be lower than control doses for gross tumor vol-
umes [17,18]. Considering the distance subclinical micro-
metastases may have from the gross tumor volume,
knowledge about the control dose for micrometastases
helps to reduce the clinical target volume specifically in
irradiation techniques with steep dose gradients.

In the study described herein we retrospectively ana-
lyzed recurrent tumor growth after CT-guided
brachytherapy of colorectal liver metastases. We included
only patients displaying tumor recurrences identified as
originating from micrometastases around the initial tar-
get lesion. The aim of this study was to determine the
threshold dose for local control of micrometastases of
colorectal liver metastases.

Materials and methods
Patient identification

We included 19 patients (female, n = 8; male, n

patients patients

= 11) with a mean age of 64 years (range 49-86 years). All
patients displayed nodular tumor regrowth (n; ., = 34)
during follow up after CT-guided brachytherapy of 27
colorectal liver metastases. These tumor recurrences
were classified as originating from micrometastases (for
definition of micrometastases see standard of reference).
Primary tumor site was colon in 11 and rectum in 8
patients. After CT-guided brachytherapy, 4 patients had
received chemotherapy (FOLFIRI (x1), irinotecan (x2),
FU/FA (x1)) as adjuvant treatment. All other patients did
not receive systemic treatment in the time interval
between local treatment and confirmation of tumor
regrowth.

Standard of reference and definitions
Colorectal liver metastases were confirmed by histopa-
thology prior to the initial CT guided brachytherapy.
Tumor burden prior to therapy was assessed by MRI
(magnetic resonance imaging) based volumetry. Diagno-
sis of local tumor recurrence during follow up was con-
firmed by tumor growth in contrast enhanced MRI. No
biopsy was taken from these tumor recurrences. We con-
sidered a local tumor recurrence to be originating from a
micrometastasis if all of the following applied:
a) the new lesion occurred adjacent to a previously
treated lesion.
b) the new lesion had a nodular shape applying a
asymmetrical appearance in conjunction with the
original, pretreated lesion.
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¢) The 3D isocenter of the new lesion was < 23.5 mm
from the initial margin of the metastasis before
brachytherapy (adapted from histopathological stud-
ies by Nanko et al [13]) (figure 1).

Eligibility criteria

We excluded patients presenting a symmetric tumor
regrowth of the irradiated metastasis or patients with dis-
seminated new intrahepatic tumor deposits.

Interventional technique CT-guided brachytherapy

The technique of CT-guided brachytherapy has been
described elsewhere [19]. The placement of the
brachytherapy applicators was performed at a Fluoros-
copy CT (Siemens, Erlangen, Germany). For treatment
planning purposes, a spiral CT of the liver (slice thick-
ness: 5 mm; increment: 5 mm) enhanced by intravenous
administration of iodide contrast media (100 ml Ultravist
370, flow: 3 ml/s; start delay: 80 s) was acquired using
breathhold technique after positioning of the brachyther-
apy catheters in the tumor.

Depending on tumor geometry and lesion size, a
median of 4 catheters was used in our patients (range: 2 -
20 catheters).

The 3D CT data set acquired after catheter positioning
was transferred to the treatment planning unit (BrachyVi-
sion’, Varian Medical Systems, Charlottesville, VA, USA).

A Radiooncologist defined the CTV (clinical target vol-
ume) including a safety margin of 2 mm in the 3D CT
data. Threshold doses for local control of colorectal liver

catheter

Figure 1 Scheme of a follow-up MRI merged with the initial do-
simetry displaying a tumor recurrence of a micrometastasis (LR).
The black cross in LR marks the 3D isocenter. The dashed line describes
the CTV around the colorectal liver metastasis which had been treated
initially. The bold dashed line outlines 23.5 mm distance from the initial
tumor margin.
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metastases using this approach have been published
recently [5]. No image fusion of MRI pre treatment with
planning CT was performed since in all patients tumor
conspicuity on CT was sufficient for treatment planning.
The prescribed and applied minimal dose inside the CTV
was 15 Gy at median (12 to 25 Gy).

The high dose rate afterloading system employed a
192]ridium source of 10 Ci (Gammamed’, Varian Medical
Systems, Charlottesville, VA, USA). The source diameter
was < 1 mm. Dwell positions were located every 5 mm.
Dwell times were corrected automatically according to
the actual source strength. The true mean duration of the
irradiation was 2018 seconds (range: 1088 to 4666 sec-
onds). Normalized to 10 Ci according to the actual source
strength the theoretical duration would have been 1633
seconds (range: 639 to 3825 seconds). A single dose rate
can not be calculated due to variable catheter geometries
and differing distances of tumor tissue to the catheters.
According to the irradiation time and the known minimal
dose at the tumor margin a minimal dose rate can be cal-
culated ranging from 11-84 Gy/h (mean 43).

MRI Baseline and Follow-up

All patients underwent MRI (Gyroscan NT 1.5T, Philips,
Best, The Netherlands) of the liver 1 day prior to
brachytherapy and in follow up 6 weeks and every 3
months after treatment. The MRI protocol consisted of
the following sequences: T2-w UTSE (T2-weighted ultra-
fast spinecho) (TE/TR (time to echo/timo to repetition)
90/2100 ms) with and without fat suppression, T1-w GRE
(T1-weighted gradient recalled echo) (TE/TR 5/30 ms,
flip angle 30°) pre-contrast, 20 s post intravenous admin-
istration of 15 ml Gd-BOPTA (Gadobenate dimeglumine,
Multihance’, Bracco, Princeton, USA), and 2 h post injec-
tion of intravenous Gd-BOPTA. The slice thickness was 5
mm (T1-w sequences) and 8 mm (T2-w sequences)
acquired in interleaved mode with no gap applied.

Tumor assessment and image registration

Plain T1-w GRE sequences were used to determine the
location and the size of nodular local tumor recurrences
[20]. Image fusion of the MRI sequence showing the
regrowth of the micrometastases with the former treat-
ment plan was performed by BrachyVision'. The algo-
rithm employs a rigid local semi-automated point based
3D-3D image registration. Match points were defined on
corresponding landmarks such as branches of the portal
vein to enable fusion of MR and planning CT/dosimetry
data. Landmarks were restricted to the liver and chosen
as close to the lesion as possible, i.e. limited to the identi-
cal liver lobe. As a result of this procedure, BrachyVision’
simultaneously displayed the treatment plan as well as
the anatomical structures of the MRI with a maximum
deviation of < 5 mm (figure 2).
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One radiologist and one radiooncologist (reader 1 and
2) evaluated the combined MRI/dosimetry data indepen-
dently. The reviewers individually calculated the largest
diameter of the recurrent tumor mass, its 3D-isocenter
coordinates ("center of the recurrent mass") as well as the
dose at this respective point. In addition, they measured
the distance of the 3D isocenter to the initial tumor mar-
gin prior to the first brachytherapy. By image fusion of
MRI (T1-w GRE pre contrast) 1 day prior to treatment
with follow up MRI visible tumor as origin of the recur-
rent tumor mass could be excluded.

Statistical analysis

Results of continuous data are displayed as medians and
ranges, results of frequency data as counts and percent-
ages. For the analysis, independence between lesions
within the same patient was assumed as the treatment
was applied locally and not systemic, so that the treat-
ment of one lesion did not affect a second lesion and any
micrometastasis with this second lesion.

The agreement between the two readers evaluating the
applied dose was measured by the intra-class correlation
coefficient based on a linear model.

For two-group comparisons of the medians two-sided
Wilcoxon rank sum tests were used. Measured doses
were assumed to be normally distributed. Therefore t-
Tests were used to test for pairwise differences in doses.
We used a mixed linear model to account for the repeated
measurements of doses for each lesion by the two read-
ers. Independence was used as working correlation
matrix.

Important independent factors to explain the variation
of the measured dose in the center of the recurrent mass
were evaluated by an analysis of variance (ANOVA) using
backward selection to select significant factors. Based on
the final model, 97.5% upper tolerance limits with cover-
age of 87.5% and 75% were calculated. The maximum
upper tolerance limit (incuding 87.5% or 75% of the data,
respectively) for all combinations of significant factors
were used to define the "insufficient doses to prevent
micrometastasis growth". The tolerance intervals were
extrapolated to a maximum distance of 23 mm from the
limit of the primary lesion as the data only contained data
up to 21 mm. p-values below 0.05 were regarded as statis-
tically significant.

Calculations were performed using R software (version
2.7.1, R Development Core Team (2008)) and SAS 9.2
(SAS-Institute, Cary, NY).

Results

The mean diameter of the colorectal metastases treated
by CT-guided brachytherapy was 4.5 cm (range 1.5-11
cm), the volume 50 ccm (range 3-630 ccm). The shape of
the respective metastases was oligonodular (asymmetric
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Figure 2 A: planning CT with overlayed dosimetry (BrachyVision®) showing a colorectal liver metastasis in segment 8. One catheter tip is dis-
played directly (black arrow), more catheters in other levels of the liver are indicated by green arrows. Verification of correct definition of the CTV was
performed by image fusion of the planning CT with a MR scan (T1 GRE without contrast media) obtained 3 days prior to treatment (B). Local recurrence
(white arrow) 6 months after treatment (MR, T1 GRE without contrast media, C). The distance of the 3D isocenter of the local recurrence from the initial
tumor margin is 9 mm. Thus, the local tumor recurrence meets the criteria for micrometastasis growth (D). The dose initially applied in the center of

the micrometastasis was 10.9 Gy.
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confluent) versus round (regular spheroid) in 32% and
68% of lesions, respectively. The minimal dose at the
tumor margin applied during CT-guided brachytherapy
was 15 Gy (range 12-25 Gy). The activity factor of the
192]ridium source was 1.17 (range 0.97-1.83).

Recurrent tumor categorized as micrometastasis
growth was depicted at a mean follow up of 6 months
(range 3-22 months) with 88% of all lesions occuring
within 12 months.

Local tumor recurrences from micrometastases dis-
played a mean axial diameter of 1.5 cm (range 0.8-2.4
cm), the mean tumor volume was 1.76 ccm (0.27-7.23
ccm).

The distance of the 3D isocenter of the micrometasta-
ses to the margin of the originating colorectal metastases
was 8.75 mm (range 1-21 mm, Q25: 3 mm, Q75: 15 mm).

The dose in the 3D-isocenter of the micrometastases
was 12.95 Gy (Reader 1: 7.33-18.75 Gy, Q25: 10.93 Gy,
Q75: 13.47 Gy) and 12.25 Gy (Reader 2: 7-19.8 Gy, Q25:
10.5 Gy, Q75: 13.5 Gy) (figure 3).

The interobserver-correlation was 0.86 (figure 4). Since
the interobserver-correlation yielded this very high
agreement, a cumulative evaluation was performed dur-
ing further analyses.

We stratified tumor recurrences from micrometastases
according to the distance from the 3D-isocenter to the
initial tumor margin: < 9 mm (n = 18), > 9-15 mm (n = 8)
and > 15 mm (n = 8). The median dose across readers in
the according isocenters was 13.18 Gy, 11.6 Gy and 11.85
Gy, respectively (figure 5). Significant pairwise differ-
ences between the groups were only found for distances <
9 mm as compared to > 15 mm for the assessments across
readers (p = 0.0442).

Stratification of the tumor recurrence from microme-
tastases according to a history of adjuvant chemotherapy
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Figure 4 Intra-class correlation for comparison of the readers
demonstrating a very high interobserver correlation (0.86).

(yes/no) after initial irradiation showed a significantly
higher distance of the 3D-isocenter to the originating
metastases when adjuvant chemotherapy was applied (p
= 0.0038) (figure 6). However, despite the influence of
adjuvant chemotherapy regarding the distance of the iso-
center, lower dose levels at greater distances as a result of
the dose gradient failed to reach significance (p > 0.05).
Results of the ANOVA analysis are displayed in table 1.
Upper 97.5% tolerance limits were calculated with cover-
age of 87.5% and 75% of the data. In essence, doses indi-
cated refer to the threshold doses avoiding tumor growth
from micrometastases in 87.5% or 75% of the cases. The
Maximum upper 97.5% tolerance limit with coverage of
87.5% for the distance of 21 was 15.4 Gy: 87.5% of the
doses in the isocenters of the micrometastases with a dis-
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Figure 3 Boxplot of the point dose at the center of each microme-
tastasis as indicated by both readers.
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Figure 5 Boxplot of the dose at the 3D isocenter of each micro-
metastasis grouped according to the distance to the margin of
the originating metastases across readers. The difference between
the doses measured in the group <9 mm (in median 13.18 Gy) and >
15 mm (in median 11.85 Gy) was significant (p = 0.0442).
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Figure 6 Distance of the micrometastases to the former tumor
margin stratified by history of adjuvant chemotherapy (yes: fig-
ure 6 A, no: figure 6 B), whereas tumor growth occurred in signif-
icantly greater distance from the originating metastasis when
adjuvant chemotherapy was applied (p =0.0038)— related lower
dose levels failed to reach statistical significance (p > 0.05).

tance of < 21 mm to the initial tumor margin were less
than 15.4 Gy. Thus < 15.4 Gy at a distance of < 21 mm
was insufficient to avoid tumor growth from micrometas-
tases in 87.5% of the cases.

As independent factors the distance between the isoce-
nter and the initial tumor margin (the higher the distance
the lower the dose, p = 0.0004) as well as the geometry of
the initial liver lesion (oligonodular shape was associated
with a higher threshold dose, p = 0.009) significantly
influenced the threshold doses for micrometastasis
growth. The size of the irradiated colorectal liver metas-
tases showed no influence on the threshold dose.

Discussion

In surgical and local treatment of colorectal liver metas-
tases the margin status is consistently related to progno-
sis after treatment. Numerous authors have investigated
the significance of margin status for resection of colorec-
tal liver metastases [1,8-12]. Although the existence of
positive margins is shown to account for a high rate of
local recurrences, practical guidelines for the extent of a
safety margin are not fully understood. Surgical studies
dedicated to this issue have demonstrated a lower rate of
local tumor recurrences in patients resected with a safety
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margin > 1 cm margin [9,12]. In a study of Wray et al. in
112 patients undergoing liver resection with a safety mar-
gin < 1 cm 45% developed a local tumor recurrence [9].

These clinical observations are supported by histo-
pathological findings. Previous authors have described a
direct invasion of cancer cells into bile duct and lym-
phatic vessels inducing satellite lesions in close distance
[12,13]. The frequency of such lesions termed microme-
tastases or microsatellites is influenced by distance to the
macrometastases, presence of a pseudocapsule, lympho-
cyte infiltration separating metastases and neighbouring
liver parenchyma, and the morphologic type of the lesion
(round vs. oligonodular) [13,14,21,22]. Histopathologi-
cally, micrometastases were depicted more often with the
confluent nodular (oligonodular) morphology [22]. A
recent study has proven a negative impact of oligonodular
lesion shape on local progression free survival in colorec-
tal cancer patients undergoing irradiation therapy (CT-
guided brachytherapy) of liver metastases [5]. These find-
ings suggest that the presence of micrometastases fre-
quently found in oliginodular lesions may at least in part
be responsible for early local failures.

Hence, the presence of radiologically occult microme-
tastases around colorectal liver metastases has to be con-
sidered when delineating the clinical target volume for
local irradiation. Nanko et al. [13] described the mean
distance of micrometastases to the margin of the radio-
logically visible macrometastases of 7.5 mm + 8 mm. An
explanation for this high standard deviation was not
stated by the authors; however, a low number of micro-
metatastases at a larger distance to the initial tumor mar-
gin might have been causative. Assuming an underlying
Gaussian distribution 95% of the micrometastases were
found in a distance of < 23,5 mm. This calculation led to
our definition of micrometastasis regrowth, with asym-
metrical, nodular growth at a total distance of < 23.5 mm
from the initial tumor margin after brachytherapy. In our
study, the mean distance from the 3D isocenter of the
micrometastases to the former tumor border was 9.6 mm
+ 6.5 mm (median: 8,75 mm). This finding correlates
closely with the histopathological data published by
Nanko et al. of 7.5 mm + 8 mm and it supports the valid-
ity of our definition of micrometastases [13].

Furthermore, both histopathology by Nanko et al. as
well as our own data describe a higher rate of microme-
tastases in close proximity to the tumor margin (74 and
53% < 9 mm, respectively) [13]. In addition, the cell den-
sity in these nearby lesions has been described to be
higher than at greater distance [13,16]. Wakai et al
described a tenfold higher cell densitiy of the microme-
tastases in the close zone of < 10 mm around the tumor
compared to the distant zone > 10 mm [16]. Radiobiolog-
ically, a higher radiation dose is needed to achieve com-
plete cell kill in areas of higher tumor cell density [17,18].
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Table 1: Results of the ANOVA analysis

Distance of the local recurrence to the Maximum upper 97.5% tolerance limit Maximum upper 97.5% tolerance limit
former tumor margin with coverage of 87.5% with coverage of 75%
(mm) (Gy) (Gy)
1 18.66 17.56
2 18.49 17.40
3 18.32 17.23
4 18.16 17.06
5 17.99 16.90
6 17.82 16.73
7 17.66 16.57
8 17.49 16.41
9 17.33 16.24
10 17.17 16.08
11 17.01 15.92
12 16.85 15.76
13 16.69 15.59
14 16.53 15.43
15 16.37 15.27
16 16.22 15.11
17 16.06 14.96
18 15.90 14.80
19 15.75 14.64
20 15.60 14.48
21 15.45 14.33
22 15.30 14.17
23 15.15 14.01

Maximum upper 97.5% tolerance limits with coverage of 87.5% and 75%. 87.5% means that 87.5% of the data (dose measured in the center
of the micrometastasis) are below the upper limit of the tolerance interval (with a confidence of 97.5%).

The Maximum upper 97.5% tolerance limit with coverage of 87.5% for the distance of 21 mm was 15.4 Gy: 87.5% of the doses in the isocenters
of the micrometastases with a distance of < 21 mm to the initial tumor margin were less than 15.4 Gy. Thus < 15.4 Gy at a distance of < 21
mm was insufficient to avoid tumor growth from micrometastases in 87.5% of the cases.
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The histopathological proof of higher cell density of
micrometastases at close proximity may well explain our
own finding that micrometastases located nearby the
macrometastases occurred despite marginally increased
doses (table 1 and figure 5).

The inherent advantage of computed tomographic
guidance for interstitial irradiation of liver malignancies
is the accuracy of the dose administration whereas exter-
nal beam liver radiotherapy is hampered by a discrepancy
between planned and radiated target, mainly due to
breathing movements of the organ (up to 10 mm in cran-
iocaudal direction) [23,24]. Therefore, the PTV in exter-
nal beam liver radiotherapy exceeds the CTV
substantially [3]. In CT-guided brachytherapy the cathe-
ters are positioned and fixed inside the tumor. Hence,
organ motion is not a limiting factor and the CTV and
PTV are theoretically not different. An implementation
of the gained data regarding the threshold dose of micro-
metastases in treatment planning of CT guided
brachytherapy of colorectal liver metastases seems feasi-
ble whereas in external beam liver radiotherapy an addi-
tional extension of the radiated field will cumber at least
the therapy of big metastases.

With respect to the methodology used, some aspects
need to be discussed. First, although performing a locally
focused 3D-3D registration of the liver CT and MRI the
deviation was up to 5 mm. This mismatch in image regis-
tration of CT and MRI of the liver is in good congruence
to other studies [25,26]. Due to different modalities and
possible organ distortion between the image studies a
small registration error is not avoidable. The direction of
registration mismatch is variable and not systemetical,
thus we do believe that the margin as calculated by us
accounts for this deviation.

Second, our determination of the 3D isocenter of a
micrometastasis as its primary location was based on the
assumption of centrifugal tumor growth [27-30]. Simu-
lated three-dimensional tumor growth dynamics of brain
tumors by Kansal et al. revealed spherical growth even if
multiple cell strains participated in growth [31].

Third, statistical analysis by ANOVA was used to deter-
mine the threshold doses failing to prevent micrometas-
tasis growth after brachytherapy. In consequence, our
assumptions are limited to the negative proof in lesions
displaying treatment failure. The positive affirmation, i.e.
the dose assuring micrometastasis control could not be
tested since micrometastases were occult at the time of
the initial treatment. However, the consistency of the data
drawn from the negative proof in this study is extremely
high. As can be seen in table 1, an increasing distance of
the isocenter of the micrometastases from the originating
metastases corresponds to a quite discrete linear dose
decline for both the 87.5% and the 75% interval. Stratifi-
cation in micrometastases at a distance of < 9 mm, 9-15
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mm and > 15 mm revealed significance for the threshold
dose only for nearby lesions compared to the very dis-
tanced lesions, a phenomenon which we attribute to the
decreasing cell density of remote micrometastases as has
been proven by histopathology [13,16]. In contrast to
this, in CT-guided brachytherapy the dose gradient out-
side the CTV typically shows a strong decline to approxi-
mately 25% of the dose at a distance of 2 cm [32]. We
conclude that our results gained by employing the nega-
tive proof are statistically very consistent and thus dem-
onstrated their validity for the determination of the
threshold dose to prevent recurrent micrometastasis
growth.

In summary, micrometastases are frequent in patients
with colorectal liver metastases. According to histo-
pathological results, micrometastases may be encoun-
tered in up to 50% of metastases with a predominance in
lesions displaying an oligonodular shape. To prevent loss
of local tumor control by continuous growth of microme-
tastases after single fractioned irradiation of colorectal
liver metastases, we recommend to deliver a dose of at
least 15,4 Gy at a distance of 21 mm to the gross tumor
margin. Adjuvant chemotherapy had a positive impact on
the development of tumor growth from micrometastases.
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Abstract

Purpose: To prospectively assess a dose-response relationship for the hepatic reticulo-endothelial system (RES) after small
volume single fraction irradiation of liver parenchyma in vivo.

Materials and methods: Twenty-five liver tumors were treated by computed tomography (CT)-guided interstitial
brachytherapy. Magnetic resonance imaging (MRI) was performed 1 day before and 3 days, 6, 12 and 24 weeks after
therapy. MR-sequences included T2-w Turbo Spin Echo (TSE) enhanced by hepatic RES targeted Standard
Superparamagnetic Iron Oxide (SSPIO). All MRI data sets were merged with three dimensional (3D) dosimetry data
and evaluated by two radiologists. We estimated the threshold dose for either edema or function loss as the D90. A match-
pair analysis was performed with another 25 liver tumors, which were treated the same but had MRI follow-up using the
hepatocyte specific MRI contrast media Gadobenate dimeglumine (Gd-BOPTA).

Results: Three days post brachytherapy the D90 for hepatic RES function loss reached the 18.3 Gray (Gy) isosurface
(Standard Deviation (SD) 7.7). At 6 weeks, the respective zone had increased significantly to the 12.9 Gy isosurface (SD
4.4). After 12 and 24 weeks, the dysfunction of liver volume decreased significantly to the 15 Gy and 20.4 Gy isosurface
respectively (SD 7.1 and 10.0). Comparison to the hepatocyte function loss indicates a higher minimal threshold dose of the
hepatic RES.

Conclusion: Hepatic RES demonstrated a high regenerative capacity and a higher minimal threshold dose than hepatocytes.
Temporary function loss was found from the 13 Gy isosurface.

Keywords: Brachytherapy, dosimetry-radiation, liver

1991 (Emami et al. 1991). A dose limiting value
was established with arithmetical models for
The radiotherapy of liver malignancies has made the development of radiation-induced hepatitis.

Introduction

considerable advances within the last few years.
Percutaneous stereo-tactical approaches such as
brachytherapy procedures and transarterial applica-
tion of open isotopes such as Yttrium90 have made an
impact in clinical treatment (Herfarth et al. 2001,
Stubbs et al. 2001, Ricke et al. 2004, Herfarth et al.
2004, Welsh et al. 2006). The dose tolerance
assessment of intact liver parenchyma for the
determination of the compatibility of such a proce-
dure is essentially based on knowledge published in

Detailed knowledge of hepatic subsystems such as
the reticulo-endothelial system (RES) and it’s
vulnerability for dose exposure was unknown, and
until now, not examined i vivo.

This dose response relationship is important in
individual treatment strategies for patients with larger
tumor volumes, after liver resection or with multiple
and recurrent lesions requiring repetitive irradiations.

The purpose of the study is to assess the dose
threshold with an in vivo model for the sensitivity of
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the RES in the liver and a comparison to the
hepatocyte function after irradiation. We examined
patients treated with Computed Tomography (CT)-
guided brachytherapy of liver malignancies (Ricke
et al. 2004). Magnetic Resonance Tomography
(MRI) is a sensitive tool for the detection of edema
during follow up after irradiation. Adding the RES
directed contrast agent Standard Superparamagnetic
Iron Oxide (SSPIO, Resovist®, Bayer Schering,
Berlin, Germany) or the hepatocyte directed contrast
agent Gadobenate dimeglumine (Gd-BOPTA,
Multihance®, Bracco, Princeton, NJ, USA) to the
MRI examination enables the visualization of even-
tual function loss of the hepatic RES and hepatocytes
with a high contrast to noise ratio (Stark et al. 1988,
Kopp et al. 1997, Muller et al. 1999, Rohlfing et al.
2000, Schnorr et al. 2006). The clinical end-point is
SSPIO and Gd-BOPTA-enhanced MRI visualiza-
tion of the loss of phagocytosis of the RES and the
loss of hepatocyte function, respectively.

Materials and methods

Twenty-one patients with 25 malignancies were
included in this prospective study. Either to patients
wish or due to technical irresectability or extrahepatic
tumor spread surgical options were refused. All
patients were scheduled to receive High Dose
Radiation (HDR) single fraction brachytherapy.
The institutional ethical committee approved the
study. Written informed consent was obtained from
all patients.

The patient population was comprised of 11 men
and 10 women; the mean age was 66 years (range:
52-79). Primary malignancies were colo-rectal car-
cinoma in 15 patients, breast cancer in four,
hepatocellular carcinoma (HCC) in four and Gastro-
intestinal Stromal Tumor (GIST) in two. One day
prior to the intervention and 3 days, 6, 12 and 24
weeks after we assessed the following laboratory
parameters: prothrombin time (PT), bilirubin, as-
partate aminotransferase (AST), alanine aminotrans-
ferase (ALT), alkaline phosphatase (AP), albumin,
ammonia (NH3), international Normalized ration
(INR) and C-reactive protein (CRP). No patient
presented evidence of liver function degradation
prior to therapy. All patients demonstrated a
Karnofsky score higher than 80%. All patients with
a HCC suffered an underlying cirrhosis, all of Child-
Pugh score A. Elevations of liver function tests in the
follow-up were graded according to the common
toxicity criteria of the Radiation Therapy and
Oncology Group (RTOG).

The technique of CT-guided brachytherapy has
been described in the literature (Ricke et al. 2004).
We used fluoroscopy CT guidance for brachytherapy
applicator placement (Siemens, Erlangen, Germany).

For treatment planning purposes, a spiral CT of the
liver (slice thickness: 5mm; increment: 5 mm)
enhanced by i.v. application of iodide contrast media
(100 ml Ultravist 370 (Bayer Schering, Berlin,
Germany) flow: 1ml/s; start delay: 80s) was acquired
in breath-hold technique after positioning of the
brachytherapy catheters in the tumor. Each patient
received three catheters on the average (range: 1-8
catheters).

We used 10 Ci (Curie)'*?Iridium afterloading with
a radiation source diameter <1 mm. Dwell positions
were located every 5 mm. Treatment planning was
performed using the software system Abacus 3.0
integrated in the controller of the HDR-afterloading
system (Gammamed, Varian, Charlottesville, VA,
USA). The relative coordinates (x, y, z) of the
catheters were determined in the CT dataset and
transferred manually in the treatment planning
system. A reference dose of 15-25 Gray (Gy)
enclosing the lesion (clinical target volume) was
prescribed in our patients and applied as a single
dose. No maximum dose constraints were given
inside the tumor volume. To preserve liver function
after irradiation, at least one-third of the liver
parenchyma had to receive <5 Gy. The irradiation
time was between 20 and 40 minutes.

A total of 76 MRI examinations were performed in
21 patients, 3 days, 6, 12 and 24 weeks after tumor
ablation (Gyroscan NT® 1.5T, Philips, Best, The
Netherlands). Missing MRI scans were most from
week 24 (n=6). The MRI protocol comprised of the
following sequences: T2-w breathing-triggered Ultra
Short Turbo Spin Echo (UTSE) (Echo Time (TE)/
Repetition Time (TR) 90/2100 ms) with and without
fat suppression, T1-w breath-hold Gradient Recalled
Echo (GRE) (TE/TR 5/30 ms, flip angle 30°) pre
contrast, 20s post i.v. application of 0.9 or 1.4 ml of
SSPIO and T2-w breathing-triggered UTSE (TE/
TR 90/2100 ms) with and without fat suppression
with SSPIO 10 min. post i.v. application. The slice
thickness was 8 mm acquired in interleafed mode
with no gap applied.

The technique of image fusion and volumetry has
been described in the literature (Ricke et al. 2005).
Volumetry of the liver, the tumor, or the liver and
tumor volume receiving more than 10 Gy were
performed by using the Digital Imaging and Com-
munication in Medicine (DICOM) CT data ac-
quired after applicator positioning and a proprietary
viewing and image processing software (Jive X,
VISUS TT, Bochum, Germany).

To merge dosimetry data calculated for CT-
guided brachytherapy with the MRI data acquired
in this study, the isodose plan was three dimensional
(3D) digitized. We performed 3D interpolation using
a cubic shape function for continuous isodose values.
In the next step, this data was merged with the
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CT data set acquired for treatment planning. Finally,
the data set containing the CT and the dosimetry was
merged with each MRI acquired prior to therapy and
during the six months follow up. Typically, MRI and
CT are acquired in different breath-hold phases. In
our study, CT was acquired as a single breath-hold
sequence and a breath-triggered technique was used
for T2-w UTSE. A complete image fusion between
CT and different MRI sequences would therefore
require an elastic 3D image transformation. In our
study we evaluated only radiation effects on the liver.
MRI data was limited to liver parenchyma and a
surrounding margin of approximately 2 cm. The
reduced image was merged with the CT-dosimetry
data set using anisoscalar image fusion. The registra-
tion routine of the algorithm has been described by
Studholme et al. (1997). It is based on normalized
mutual information (Studholme et al. 2005). We
used a modified independent implementation within
the 3D visualization software Amira® (Visage
Imaging Inc., Carlsbad, CA, USA). The image
fusion accuracy of the liver was found to always be
better than 5 mm for the liver surface

Two radiologists evaluated independently the
combined MRI and dosimetry data. On the T2-w
as well as the T2-w SSPIO enhanced images, the
reviewers indicated the border of hyperintensity on
T2-w images (edema) or hyperintensity on T2-w
images with SSPIO (loss of hepatic RES function)
around the irradiated liver tumor (referred to as
‘pseudolesion’ in the following) (Figures 1 & 2).

Figure 1. Contrast enhanced CT after CT-guided positioning of
two brachytherapy catheters (arrows) in a metastasis of a colorectal
carcinoma. Second Lesion (arrow head) near resection margin
after right hemihepatectomy displays a thermal necrosis after
radiofrequency ablation.

Amira® software calculated a dose-volume histo-
gram based on the total 3D data set (Figure 3). As a
result, we determined the percentage of each
pseudolesion covered by a specific dose and higher.
We assumed a 10% error of the overall methodology,
including fusion mismatches. Hence, we estimated
the threshold dose for either edema or function loss
as the Dy, i.e., the dose achieved in at least 90% of
the pseudolesion volume.

To determine intraobserver variations and to
establish the reliability of the image fusion process,
four randomly selected patients underwent image
fusion as well as the review process repeatedly in two
sessions separated by one week. A Kendall W test
was applied to establish significance for intra- as well
as interobserver variations.

The t-test and the Spearman correlation were
applied to evaluate the dynamics of the pseudolesion
development over time. We tested a chemotherapy
treatment as well as the '°*Iridium source activity as
independent factors influencing the hepatic tissue
tolerance.

To compare hepatic RES function with hepatocyte
function loss, we performed a match-pair analysis
with another 25 liver tumors in 25 patients, which
were treated the same but radiation damage was
evaluated with hepatocyte-targeted contrast agent
Gd-BOPTA instead of SSPIO in the MRI follow-up.
Match criteria were tumor histology, tumor volume,
absence of functional liver disease in non cirrhotic
patients and Child Pugh score A in the patients
suffering a HCC in cirrhosis. Image fusion and
statistical analysis were applied in the same manner
as previously described.

Results

Figure 4 demonstrates the development of edema or
hepatic RES function loss over time. Between three
days and six weeks, the extension of the edema
increased significantly from the 12.9 Gy isosurface to
9.9 Gy (Standard Deviation (SD) 3.3 and 2.6,
respectively; p=0.006). No significant change was
detected between 6 and 12 weeks (11.1 Gy, SD 2.6;
p=0.281). After 24 weeks, the edematous tissue had
significantly shrunk to the isosurface of 14.7 Gy (SD
4.2; p=0.002).

Three days after brachytherapy, the Dy, for
hepatic RES function loss was 18.3 Gy isosurface
(SD 7.7). At six weeks, the respective zone had
increased significantly to the 12.9 Gy isosurface (SD
4.4; p=0.001). The dysfunctional volume had
decreased to the 15.0 Gy isosurface between 6 and
12 weeks (SD 7.1; p=0.073). After 24 weeks, the
volume decreased further to the 20.3 Gy isosurface
(SD 10; p=0.118).
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Figure 2. MRI acquired 3 days (a), 6 weeks (b), 12 weeks (c) and 24 weeks (d) after brachytherapy. T2-w TSE post i.v. application of
SSPIO. Development of a hyperintense rim around the tumor lesion through diminished uptake of contrast agent indicating hepatic RES
dysfunction. Note in figure (a) a small pleural effiusion (arrow) after treatment and in figures (¢ & d) a manifestation of new metastasis
(arrows) under chemotherapy and no progression of the treated metastasis after CT-guided brachytherapy. No further local treatment of the
new liver metastases was performed due to multiple intra- and extrahepatic tumor deposits.

The minimal dose causing edema was significantly
less than the dose causing the hepatic RES function
loss (p < 0.001) three days post brachytherapy. No
differences between the doses were noted at six
weeks (p=0.9). At 12 and 24 weeks, edema again
occurred in areas of less dose exposure when
compared to areas of hepatic RES function loss
(both p=0.02).

Interobserver and intraobserver correlation as
determined by the Kendall W test were highly
significant with a coefficient of 0.93 and 0.94
respectively (both p < 0.001).

The average target volume was 65 ml (range:
1-329 ml). There was no correlation between the
target volume and the threshold tolerance of adjacent
hepatic tissue.
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Figure 3. Patient No. 11. Dose-volume histogram day 3 post
brachytherapy demonstrating the dose distribution in the edema.
Dgo is 12 Gy.
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Figure 4. Development of edema (T2-w UTSE) depending on
time versus dose exposition and development of the area of hepatic
RES function loss (T2-w, TSE + SSPIO). Error bars indicate
the standard error of the mean for each n=25 independent
experiments.

The source factor of the '?’Iridium afterload
varied between 0.91 and 1.76 (median 1.19). We
found no correlation between the dose tolerance of
the liver tissue and the source factor. We found no
correlation between the dose tolerance of the liver
tissue and the history of chemotherapy or diagnosis
of liver cirrhosis.

All patients included in this study demonstrated
no significant sustained degradation of liver function

after CT-guided brachytherapy: Grade 1 toxicities
were recorded in 40% (n=10) in the SSPIO group
and in 56% (n=12) in the Gd-BOPTA group 3 days
after radiotherapy. Grade 2 were seen in 12% (n=3)
and in 20% (n=5) 3 days after radiation therapy,
respectively. Increased liver function tests resolved to
baseline level after 6 weeks in all cases and stayed
normal.

Figure 6 depicts the results of the match-pair
analysis between hepatocyte and hepatic RES func-
tion loss development over time. A significant
difference of threshold doses for hepatocyte or
hepatic RES function loss was found at six weeks
with hepatic RES being more resistant or higher
regenerative against dose exposure (p=0.008).

Discussion

Several therapies have been developed and evaluated
clinically within the last few years for the treatment of
primary or secondary liver malignancies. These
techniques include percutaneous stereotactic irradia-
tion as fractionated treatment and catheter based
CT-guided brachytherapy as a one time treatment
(Herfarth et al. 2001, Ricke et al. 2004, Herfarth
et al. 2004).

An exact knowledge of the hepatic dose tolerance
is required for the therapy plan in both techniques.
End-point of the data in the literature is usually the
onset of a symptomatic radiation induced hepatitis
(RILD). The size of the irradiated volume in relation
to non-exposed, thus yet functional parenchyma is of
considerable importance for the development of
clinical signs of RILD. Emami arithmetically calcu-
lated 30 Gy as a threshold dose for fractionated
irradiation treatment of the whole liver and 50 Gy for
the partial liver (Emami et al. 1991). The o/ model
was used with a value of 2 for the liver parenchyma.
Lawrence et al. reported a threshold dose of 45 Gy.
Yamasaki et al. describe a focal liver reaction in 73%
of patients treated with 48 Gy and in 86% treated
with 72.8 Gy (Lawrence et al. 1995, Yamasaki et al.
1995). These data describe the threshold dose of the
whole liver function to irradiation and allow no
differentiation of the threshold dose of the cell types
within the liver. No in vivo studies on the threshold
dose of hepatic RES, neither to fractionated nor to
single fractioned irradiation is present.

Previous authors describe small volume stereo-
tactic irradiation or CT-guided brachytherapy, em-
ploying the end-point ‘function loss of hepatocytes’
by using a hepatocyte target contrast medium
threshold of 15 Gy (Ricke et al. 2005), and for
the end-point ‘signal breakdown of the liver tissue
in CT” of also 15 Gy (Herfarth et al. 2003).
The development of a clinically comprehensible
radiation-induced hepatitis was not decisive in two
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publications, but changes in the liver imaging by
means of contrast media enhanced MRI or non-
contrast CT as a surrogate parameter were consid-
ered (Herfarth et al. 2003, Ricke et al. 2005).

Comparable to the data on hepatocyte threshold
dose by Ricke et al. we were able to show a dynamic
in the development of the function loss of hepatic
RES with a maximum after 6 weeks and a partial
regeneration in the following 18 weeks (Ricke et al.
2005).

The understanding of the hepatic reaction to
irradiation is particularly of great importance when
larger tumor volumes or multiple tumors distributed
throughout the liver cause cumulative effects within
large or overlapping treatment volumes.

At present, the development of radiation-induced
liver disease or a hepatocyte function loss is still
unsolved. Endothelial cells are primarily targeted
which lead to erythrocyte accumulation and the
impression of a veno-occlusive pathology in the
sinusoids, as displayed by a biopsy taken from a non-
study subject one year after CT-guided brachyther-
apy (Figure 5) (Fajardo & Berthrong 1978, Fajardo &
Colby 1980, Cromheecke et al. 2000). The dose
tolerance of hepatocytes with the endpoint cell death
appears to be considerably higher and does not
correlate with the function loss of a given liver
volume after irradiation treatment (Alati et al. 1988).
Experimental studies on hepatic radiation injury
using clonogenic assay show that the endothelial
lining of venules and sinusoids is far more sensitive
to radiation than hepatocytes. Studies on the Dy, the
dose of irradiation that reduces the number of iz vitro
confluent cells in culture to 37%, of hepatocytes and

non-parenchymal cells indicate that endothelium has
a greater radiosensitivity than hepatocytes. (Jirtle
et al. 1981, Johnson et al. 1982, Rubin 1984). No
in vitro studies directed solely on the dose tolerance
of the RES of the liver are present.

Furthermore the question must be addressed
whether the loss of a large-volume of hepatic RES
may cause any clinical symptoms after irradiation
treatment, or whether the loss of the large RES
volume is tolerated without function loss. Previous
data suggests that early hepatic RES and stellate cell
activation together with congestive changes plays an
important role in radiation induced liver injury and
ensuing fibrosis (Sempoux et al. 1997). In our study
the results the loss of the hepatic RES function
correlated clearly with the parameters for the
hepatocyte function. The match pair analysis showed
a significant difference with dose threshold increase
for the hepatic RES function only after six weeks
(Figure 6). The reason for this isolated mismatch
remains unclear and may well result from statistical
errors.

Some restrictions apply to our study. The max-
imum error caused by the fusion technique em-
ployed for MRI follow-up images and CT-dosimetry
never exceeded 5 mm. However, a systematic error
in dose computation in our 21 patients occurred, it
would probably have little impact on the statistical
result of our findings. The image fusion software
uses voxel-based registration to perform an aniso-
scalar adaptation of the CT-dosimetry images to the
follow up MRI. However, voxel-based techniques
working directly on the image grey-values have
recently been shown to be far superior to other

Figure 5. (a) Liver (hematoxylin-eosin, x100). Histologic section acquired by liver biopsy one year after single-fraction irradiation by CT-
guided brachytherapy. Exposure approximately 14-16 Gy. (b) Sinusoids shows erythrocyte accumulation and the impression of a veno-
occlusive pathology (arrow) (x400). Patient did not belong to study group.
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Figure 6. Development of hepatocyte function loss (Gd-BOPTA)
depending on time versus dose exposure and demarcation of the
area of hepatic RES function loss (SSPIO). Error bars indicate
the standard error of the mean for each n=25 independent
experiments.

methods such as surface-based registration (West
et al. 1999, Rohlfing et al. 2000). Intraobserver as
well as interobserver correlation was excellent and
significant.

Additionally an error due to variably predamaged
liver tissue by chemotherapy or by underlying liver
cirrhosis can be discussed. However, as mentioned
above, at least no correlation of the calculated
threshold dose and the history of chemotherapy or
diagnosis of liver cirrhosis could be found.

SSPIO, a polycrystalline superparamagnetic iron
oxide particulate coated with dextran. After intrave-
nous administration, particles are cleared by the
RES, including the Kupffer cells in the liver, which
account for 80% of the clearance of the injected
dose. The clearance induces a strong decrease in the
liver signal by creating local field inhomogeneities
(Saini et al. 1987, Weissleder et al. 1989, Majumdar
et al. 1990, Ferrucci & Stark 1990, Stubbs et al.
2001). With i vivo MR imaging in animals as well as
humans, liver signal blackening shows a reversal
toward normal baseline tissue characteristics over
3—7 days (Saini et al. 1987, Stark et al. 1988).
However, shortly after injection a blunted decline in
signal intensity in irradiated areas is indicative of
decreased Kupffer cell extraction of this particular
contrast agent. Since we use SSPIO enhanced MRI

as a surrogate marker for RES function, it should be
discussed whether an assumed radiation induced
VOD as underlying pathology could influence the
accumulation of SSPIO by hindered blood flow in
the irradiated liver tissue. This could lead to an
underestimation of the threshold dose of the RES.
The main question is, on which mechanism the loss
of the iron phagocytosis is based on, relative to the
reported values in the irradiated area. Particularly the
high similarity of the dose values in comparison with
the hepatocyte function loss after irradiation treat-
ment raises the question, whether similar mechan-
isms for the function failure of both systems are
responsible. More exact knowledge is needed as to
whether a direct cytotoxic damage of the hepatic
RES or whether for the hepatocytes a pseudo
venous-occlusion disease initiates the loss of function
in the irradiated area.

Given the fact that the meaning of the function loss
of hepatic RES is still unclear, the most important
result of our study is the finding that a circumscribed
function loss of the hepatic REC corresponded well
with the functional status of the hepatocytes.
Interestingly the sensitivity of the hepatic RES to
radiation exposure does not exceed the sensitivity of
hepatocytes or their function and show, as well as
hepatocytes, a regenerative potential after irradiation.
The implementation of the assumed threshold dose
of hepatic RES and hepatocytes in treatment plan-
ning can afford a higher safety in single fractioned
radiotherapy of the liver.

Nevertheless, the clinical consequences of an
isolated hepatic RES function loss in large liver
volumes are unclear.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are respon-
sible for the content and writing of the article.
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CLINICAL INVESTIGATION Liver

IN VIVO ASSESSMENT OF THE TOLERANCE DOSE OF SMALL LIVER
VOLUMES AFTER SINGLE-FRACTION HDR IRRADIATION
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Purpose: To prospectively assess a dose-response relationship for small volumes of liver parenchyma after
single-fraction irradiation.

Methods and Materials: Twenty-five liver metastases were treated by computed tomography (CT)-guided
interstitial brachytherapy. Magnetic resonance imaging was performed 1 day before and 3 days and 6, 12, and
24 weeks after therapy. MR sequences included T1-w gradient echo (GRE) enhanced by hepatocyte-targeted
gadobenate dimeglumine. All MRI data sets were merged with 3D dosimetry data and evaluated by two
radiologists. The reviewers indicated the border of hyperintensity on T2-w images (edema) or hypointensity on
T1-w images (loss of hepatocyte function). Based on the total 3D data, a dose—volume histogram was calculated.
We estimated the threshold dose for either edema or function loss as the D,,, i.e., the dose achieved in at least
90% of the pseudolesion volume.

Results: Between 3 days and 6 weeks, the extension of the edema increased significantly from the 12.9 Gy
isosurface to 9.9 Gy (standard deviation [SD], 3.3 and 2.6). No significant change was detected between 6 and 12
weeks. After 24 weeks, the edematous tissue had shrunk significantly to 14.7 Gy (SD, 4.2). Three days
postbrachytherapy, the D,, for hepatocyte function loss reached the 14.9 Gy isosurface (SD, 3.9). At 6 weeks, the
respective zone had increased significantly to 9.9 Gy (SD, 2.3). After 12 and 24 weeks, the dysfunction volume had
decreased significantly to the 11.9 Gy and 15.2 Gy isosurface, respectively (SD, 3 and 4.1).

Conclusions: The 95% interval from 7.6 to 12.2 Gy found as the minimal hepatocyte tolerance after 6 weeks
accounts for the radiobiologic variations found in CT-guided brachytherapy, including heterogeneous dose rates
by variable catheter arrays. © 2005 Elsevier Inc.

CT-guided intervention, Dosimetry, Hepatocyte function, High-dose-rate brachytherapy, Liver.

INTRODUCTION or recovery to normal function (below this level). The
threshold dose corresponds to the survival curves of the
target cells, probably the hepatocytes, which are difficult to
determine. The knowledge of a dose—response relationship
might not be important if only one or a few lesions are
irradiated using a high-precision technique. However, in
clinical practice this knowledge is essential for individual
treatment strategies for patients with larger tumor volumes,
after liver resection, or with multiple and recurrent lesions

Irradiation of liver malignancies has evolved as an effective
treatment sparing liver surgery in selected patients. Both
stereotactic irradiation and image-guided brachytherapy
have been described recently with most promising results
1, 2).

The tolerance dose of the liver ranges from 30 Gy to the
whole organ to 50 Gy to approximately one-third of the total
liver volume. For external radiotherapy, the clinical end-points

are liver failure and/or severe hepatitis. If the irradiated vol-
ume of normal liver tissue is reduced down to ~100 mL or
less, the tolerated doses are much higher—in principle,
without any upper limit with respect to the clinical end-
points mentioned. In these cases, the options for the irradi-
ated liver tissue are either destruction (above a certain dose)

requiring repetitive irradiations. In these situations, the post-
therapeutic liver function must be preestimated, and the
prospective boundary between intact and malfunctioning
liver tissue is crucial.

In our study, we employed computed tomography (CT)-
guided brachytherapy of liver malignancies to determine the
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tolerance doses of small liver volumes. This technique uses
a fluoroscopy CT for catheter positioning and 3D CT data
sets for dose planning. Because the CT data are acquired
after percutaneous positioning of the catheters inside the
tumor, patient motion does not disturb the dose distribution
in the clinical target volume, and therefore no safety margin
is required to compensate for positioning errors (2). During
follow-up to irradiation, magnetic resonance imaging (MRI)
is a sensitive measure for detecting edema. Adding the
hepatocyte-directed contrast agent gadobenate dimeglumine
(Gd-BOPTA) to the MR examination enables the visualiza-
tion of eventual function loss of liver parenchyma (3—6). By
applying image fusion, the isodose lines calculated for in-
terstitial irradiation can be projected onto the respective
MRI scans. In the study described herein, we employed
these techniques to assess the tolerance dose of small vol-
umes of liver parenchyma after single-fraction high-dose-
rate (HDR) brachytherapy.

METHODS AND MATERIALS

Twenty-five patients were included in this prospective study. All
patients were scheduled to receive HDR single-fraction brachy-
therapy of one liver malignancy each. The local ethics committee
approved the study. Written informed consent was obtained from
all patients.

The patient population was comprised of 14 men and 11 wom-
en; the mean age was 66 years (range, 41-86 years). Primary
malignancies were colorectal carcinoma in 17, breast cancer in 3,
hepatocellular carcinoma in 2, and other tumors in 3 (urothelial
carcinoma, cholangiocarcinoma, cervical carcinoma).

One day before the intervention and 6, 12, and 24 weeks after
we assessed the following laboratory parameters: prothrombin
time (PT), bilirubin, aspartate aminotransferase (AST), alanine
aminotransferase (ALT); alkaline phosphatase (AP), albumin, am-
monia (NH), International Normalized ratio (INR), and C-reactive
protein (CRP). No patient presented evidence of liver function
degradation before therapy. All patients demonstrated a Karnofsky
performance score higher than 80%.

Twelve out of 25 patients had received chemotherapy or other
cytotoxic adjuvant before brachytherapy. In all but 1 patient,
chemotherapy had been terminated at least 6 weeks before tumor
ablation. Postintervention, 2 patients received chemotherapy start-
ing after 4—8 weeks, and 3 patients after 3—6 months.

The technique of CT-guided brachytherapy has been described
elsewhere (2). The placement of the brachytherapy applicators was
performed with a fluoroscopy CT (Siemens, Erlangen, Germany).
For treatment planning purposes, a spiral CT of the liver (slice
thickness: 5 mm, increment: 5 mm), enhanced by i.v. application
of iodide contrast media (100 mL Ultravist 370, flow: 1 mL/s; start
delay: 80 s), was acquired using the breath-hold technique after the
brachytherapy catheters were positioned in the tumor. Three cath-
eters on average were used in our patients (range, 1-8 catheters).

The HDR afterloading system (Gammamed, Varian, Charlottes-
ville, VA) employed a '?Ir source of 10 Ci. The source diameter
was <1 mm. Dwell positions were located every 5 mm. Treatment
planning was performed using the software system Abacus 3.0
(Abacus Concepts, Berkeley, CA) integrated in the controller of
the HDR-afterloading system. The relative coordinates (x, y, z) of
the catheters were determined in the CT data set and transferred

manually into the treatment planning system. A reference dose of
15, 20, or 25 Gy, which was aimed to enclose the lesion (clinical
target volume), was prescribed in our patients and applied as a
single dose. Compromises were necessary if risk organs such as
the stomach, small intestine, or a large bile duct nearly touched the
target. No maximum dose constraints were given inside the tumor
volume. To preserve liver function after irradiation, we prescribed
a dose of <5 Gy to one-third of the liver parenchyma. The
irradiation time was typically 20—40 min.

A total of 100 MRI examinations were performed in 25 patients
1 day before and 3 days and 6, 12, and 24 weeks after tumor
ablation. The MRI protocol was comprised of the following se-
quences: T2-w breathing-triggered UTSE (TE/TR 90/2,100 ms)
with and without fat suppression, T1-w breath-hold gradient echo
(GRE) (TE/TR 5/30 ms, flip angle 30°) precontrast, 20 s post i.v.
application of 15 mL Gd-BOPTA, and 2 h post injection of i.v.
Gd-BOPTA (Multihance; Bracco, Princeton, NJ). The slice thick-
ness was 8 mm, acquired in interleafed mode with no gap applied.

Gadobenate dimeglumine is an octadentate chelate of the para-
magnetic ion gadolinium. Its kinetic properties resemble those of
conventional iodinated contrast media and can be described by a
bi-exponential function comprising a distribution phase and an
elimination phase (3). Studies have shown that this agent differs
from other available gadolinium chelates in that it distributes not
only to the extracellular fluid space, but also is selectively taken up
only by functioning hepatocytes and excreted into the bile by the
so-called canalicular multispecific organic anion transporter shared
with bilirubin (4—6). However, whereas the biliary excretion rate
is 55% in rats and 25% in rabbits, respectively, it is only 3-5% in
humans, with these results being constant and reproducible (6).
This level of uptake is sufficient to bring about specific, long-lasting
enhancement of MR signal intensity in normal liver parenchyma.

Volumetrics of the liver, of the tumor, or of the liver and tumor
volume receiving more than 10 Gy were performed by using the
DICOM CT data acquired after applicator positioning and a pro-
prietary viewing and image processing software (Jive X; VISUS
TT, Bocham, Germany).

To merge dosimetry data calculated during CT-guided brachy-
therapy with the MRI data acquired in this study, the isodose plan
was 3D digitized. We performed a 3D interpolation using a cubic
shape function for continuous isodose values. In the next step,
these data were merged with the CT data set acquired for treatment
planning. Finally, the data set containing the CT and the dosimetry
was merged with each MRI acquired before therapy and during the
6 months of follow-up. Typically, MRI and CT are acquired in
different breath-hold phases. In our study, CT was acquired as a
single breath-hold sequence, T1-w GRE were acquired as breath-
hold sequences, and T2-w UTSE employed a breath-triggered
mode. A complete image fusion between CT and different MRI
sequences would therefore require an elastic 3D image transfor-
mation. In our study we evaluated radiation effects on only the
liver, so MRI data were reduced to contain just liver parenchyma
and a surrounding margin of approximately 2 cm. The reduced
image was merged with the CT/dosimetry data set by employing
anisoscalar image fusion. The registration routine of the algorithm
has been described by Studholme et al. (7). It is based on normal-
ized mutual information (8). We employed a modified independent
implementation within the 3D visualization software Amira (Mer-
cury Computer Systems, Berlin, Germany) (9) (Figs. 1, 2). The
image fusion accuracy of the liver was found to always be better
than 5 mm for the liver surface.

Two radiologists evaluated the combined MRI and dosimetry
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data. On any of the T2-w as well as the T1-w late Gd-BOPTA
enhanced images, the reviewers indicated the border of hyperin-
tensity on T2-w images (edema) or hypointensity on T1-w images
(loss of hepatocyte function) around the irradiated liver tumor
(referred to as “pseudolesion” in the following) (Figs. 3, 4). Based
on the total 3D data set, Amira software calculated a dose—volume
histogram (Fig. 5). As a result, we determined the percentage of
each pseudolesion covered by a specific dose and higher. We
assumed a 10% error of the overall methodology, including fusion
mismatches. Hence, we estimated the threshold dose for either
edema or function loss as the Dy, i.e., the dose achieved in at least
90% of the pseudolesion volume. To ensure the appropriateness of
our approach and to verify the results of the dose—volume histo-
grams, we determined the volume of each pseudolesion in relation
to the intrahepatic 10 Gy isodose surface as an additional descrip-
tor of the hepatic tolerance doses.

To determine intraobserver variations and to establish the reli-
ability of the image fusion process, 4 randomly selected patients
underwent image fusion, as well as the review process, repeatedly
in three sessions separated by 1 week. A Kendall W test was
applied to establish significance for intra- as well as interobserver
variations.

The Wilcoxon test and the Pearson correlation were applied to
evaluate the dynamics of the pseudolesion development over time.
We tested a history of chemotherapy as well as the '*?Ir source
activity as independent factors influencing the hepatic tissue tol-
erance.

RESULTS

Figures 6a and 6b display the dynamics of the minimal
dose exposure provoking either edema or hepatocyte func-
tion loss. Between 3 days and 6 weeks, the extension of the
edema increased significantly from the 12.9 Gy isosurface
to 9.9 Gy (standard deviation [SD], 3.3 and 2.6, respec-
tively; p = 0.006). No significant change was detected
between 6 and 12 weeks (11.1 Gy, SD, 2.6; p = 0.281).
After 24 weeks, the edematous tissue had significantly
shrunk to the isosurface of 14.7 Gy (SD, 4.2; p = 0.002).

Fig. 1. Contrast-enhanced computed tomography (CT) after CT-
guided positioning of a brachytherapy catheter in a metastasis of a
colorectal carcinoma.
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Fig. 2. Magnetic resonance imaging acquired 3 days after brachy-
therapy. Plain T1-w gradient echo. Image fusion with the 3-di-
mensional dosimetry.

Three days after brachytherapy, the Dy, for hepatocyte
function loss was the 14.9 Gy isosurface (SD, 3.9). At 6
weeks, the respective zone had increased significantly to the
9.9 Gy isosurface (SD, 2.3; p = 0.001). Between 6 and 12
weeks, the dysfunction volume had decreased significantly
to the 11.9 Gy isosurface (SD, 3.0; p = 0.035). After 24
weeks, the volume decreased further to the 15.2 Gy isosur-
face (SD, 4.1; p = 0.002).

Figures 7a and 7b illustrate the development of the vol-
ume of edema or hepatocyte function loss in relation to the
10 Gy isosurface postbrachytherapy. Between 3 days and 6
weeks, edema volume increased significantly (p = 0.014).
After 12 weeks, edema volume did not change significantly
(p > 0.05). After 6 weeks, a decrease was highly significant
(p < 0.001).

The relative volume of hepatocyte function loss increased
significantly between 3 days and 6 weeks (p < 0.001). After
12 weeks, the decline of the volume with hepatocyte func-
tion loss was significant compared with that at 6 weeks (p =
0.006), and again comparing that at 12 and 24 weeks (p <
0.001).

At 3 days postbrachytherapy, the minimal dose leading to
edema was significantly less than the dose provoking the
hepatocyte function loss (p < 0.001). No differences be-
tween the doses were noted at 6 weeks (p = 0.9). At 12 and
24 weeks, edema again occurred in areas of less dose
exposition compared with hepatocyte function loss (both p
= 0.02).

When comparing the extent of the relative volume of the
edema to the relative volume of hepatocyte function loss,
again edema preceded function loss significantly 3 days
postirradiation (p = 0.001). No differences in the relative
volumes of edema vs. hepatocyte function loss were noted
6, 12, and 24 weeks postbrachytherapy (p > 0.05).

The average target volume was 40 mL (range, 7-124



Dose tolerance of small liver volumes ® J. RICKE ef al. 779

(b)

Fig. 3. Magnetic resonance imaging acquired (a) 3 days and (b) 6
weeks after brachytherapy. T2-w UTSE showing the development
of (hyperintense) edema around the lesion.

mL). We found no correlation between the target volume
and the threshold tolerance of adjacent hepatic tissue.

The source factor of the '*Ir afterloader varied between
0.96 and 1.88 (median, 1.29). We found no correlation
between the dose tolerance of the liver tissue and the source
factor.

No correlation was found between the dose tolerance and
pretreatment with chemotherapy.

All patients included in this study demonstrated normal
liver function parameters before CT-guided brachytherapy.
No patient developed symptoms of acute or late chronic
liver dysfunction.

Interobserver and intraobserver correlations as deter-

mined by the Kendall W test were highly significant with a
coefficient of 0.99 and 0.97, respectively (both p < 0.001).

DISCUSSION

The tolerance doses of the entire liver or of large portions
of the liver to external irradiation are well understood in the
literature. However, the effect of single radiation doses to
small volumes of hepatic parenchyma has not yet been
clearly defined. Tolerance doses of small-sized liver paren-
chyma must be considered if radioablative treatments, using
either brachytherapy or extracranial radiosurgery, are per-

(b)

Fig. 4. Magnetic resonance imaging acquired (a) 3 days and (b) 6
weeks after brachytherapy. T1-w gradient echo 2 h post i.v. ap-
plication of gadobenate dimeglumine. Development of a hypoin-
tense rim around the tumor lesion through diminished uptake of
contrast agent, indicating hepatocyte dysfunction.
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formed, in particular in a single patient displaying a variety
of lesions.

Until today, the experience with single high-dose expo-
sure to the liver is limited, and the dosimetry usually is not
accurate. Intraoperative single-fraction irradiation is com-
monly performed without image guidance, delivering just
the surgeon’s estimate as to what extent liver parenchyma
has been exposed to irradiation (10, 11). Stereotactic per-
cutaneous irradiation usually is delivered as a fractionated
treatment employing the linear-quadratic model to recalcu-
late and compare the doses with respect to a conventional
scheme. Furthermore, the accuracy of the dose plan in
percutaneous treatment is hampered by inherent patient
motion such as breathing (12, 13). Herfarth et al. reported
an additional positioning error of 2-3 mm for intrahepatic
targets when applying a stereotactic frame (14). Consider-
ing the steep dose gradients in stereotactic irradiation, even
these 2-3 mm contribute to a significant uncertainty in dose
estimation.

The inherent advantage of tomographic guidance for in-
terstitial irradiation is the accuracy of the dose administra-
tion. In our study we employed CT-guided brachytherapy,
where the catheters are positioned and fixed inside the
tumor. Hence, patient motion is no limiting factor (15). The
accuracy of the dosimetry for the actual treatment is as high
as the accuracy of the treatment planning system and the
point source approximation, respectively. In our case, the
treatment planning system used the Meisberger polynomial
and anisotropy correction. The accuracy of the dose ab-
sorbed in water is typically <2-3% (16-19).

Some limitations may apply with respect to the follow-up
MRI data used to establish threshold doses for hepatocyte
function loss or edema. First, the image fusion software
employs voxel-based registration to perform an anisoscalar
adaptation of the CT/dosimetry images to the follow-up
MRI. However, voxel-based techniques working directly on
the image gray values have recently been shown to be far
superior to other methods such as surface-based registration
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Fig. 5. Patient 15: dose—volume histogram 3 days postbrachytherapy
demonstrating the dose distribution in the edema. Dy, is 12 Gy.
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Fig. 6. (a) Development of edema dependent on time vs. dose
exposition. (b) Development of the area of hepatocyte function
loss.

Gray

(9, 20). Second, the determination of the outer border of
either edema or signal void after Gd-BOPTA was per-
formed manually by two radiologists. Intraobserver as well
as interobserver correlation was excellent; however, owing
to these uncertainties of the overall system, we presumed a
10% error by extracting the Dy, from the dose—volume
histograms (Fig. 5). To ensure greater reliability of our
study results, we additionally performed a lesion volume—
based analysis with the intrahepatic 10 Gy isodose margin
as reference. As can be seen in Figs. 6a, 6b, 7a, and 7b, both
methods generated very similar results with respect to the
development of either hepatocyte function loss or edema
postirradiation.

Gadobenate dimeglumine is a hepatocyte-targeted con-
trast agent. The underlying mechanism for intracellular up-
take is a polyspecific organic anionic transport. The absence
of this transport mechanism is closely correlated to the
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Fig. 7. (a) Development of the edema volume around the irradiated
tumor relative to the 10 Gy isodose (liver parenchyma only). (b)
Development of the area of hepatocyte function loss around the
irradiated tumor relative to the 10 Gy isodose (liver parenchyma
only).
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functional state of a hepatocyte, i.e., in case of hepatitis
(21-24). In the first few minutes after i.v. administration,
the behavior of Gd-BOPTA resembles that of the standard
MRI interstitial contrast agent Gd-DTPA. Approximately
2 h postadministration, it reaches a peak uptake in func-
tional hepatocytes only.

In our study, the predominant early tissue reaction to
irradiation was edema. Three days posttreatment, the dimin-
ished uptake of Gd-BOPTA, indicating hepatic function

loss, was limited to areas of higher-dose exposure. After 6
weeks, differences in the extent of dose exposure leading to
edema or hepatocyte function loss had vanished. The great-
est volume of function loss or edema was found after 6
weeks to 3 months. Six months postirradiation, the relevant
areas resolved significantly, and the volumes of edema or
hepatocyte function loss were not different from those 3
days posttreatment. We conclude that after a single radiation
dose, the acute function loss transforms into an irreversible
damage at a dose exposure of more than 15 Gy. At a dose
exposure between 10 and 15 Gy, hepatic dysfunction is
reversible through hepatic regeneration or intracellular re-
pair mechanisms. The peak dysfunctional volume is reached
between 6 and 12 weeks. This has to be considered when a
series of radioablations is planned in a patient because of
oligotopic metastatic disease. Below 10 Gy dose exposure,
no functional degradation is detectable in the MRI scans. It
should be noted that we found considerable standard devi-
ations for the dose thresholds. Furthermore, we did not
investigate late toxicity (>6 months) in this study. How-
ever, in 10 patients undergoing MRI up to 18 months
follow-up, we did not see additional chronic liver damage
compared with the status 6 months postirradiation. In none
of our imaging studies did we see fibrotic changes or con-
siderable hypertrophy of the uninvolved liver, presumably
because just minor portions of healthy liver had been ex-
posed to higher doses. We extracted a limited number of
cytology specimens by core biopsy, enabling us to assess
cellular changes of small volumes of liver postirradiation.
Even areas that had been exposed to high doses did not
show high amounts of fibroblasts or lymphatic cells that
would have indicated a strong fibrotic activity. In contrast,
frequent polyploidism of hepatocytes demonstrated a high
regenerative activity weeks after high-dose exposure (Figs.
8a, 8b).

The lowest threshold dose found in our study to impair
hepatocyte function was 9.9 Gy (SD, 2.3 Gy) at 6 weeks
postirradiation (no significant changes to 3 months). Her-
farth er al. published a study applying stereotactic single-
fraction irradiation to liver malignancies, with the data on
hepatocyte tolerance derived from follow-up contrast-en-
hanced CT (25). The authors observed a focal reaction at a
dose minimum of 13.7 Gy (range, 8.9-19.2 Gy). However,
Herfarth er al. did not perform an image fusion of the CT
used for treatment planning and the follow-up scans but
instead relied on volumetric measurements. These measure-
ments determined the relative volume of the whole liver in
the follow-up CTs. The focal reaction after irradiation as
visible on CT does not necessarily correspond to a hepato-
cyte function loss. The authors concede potential underes-
timation of larger parts of the reacting volumes because of
the limitations of contrast-enhanced CT and therefore po-
tential overestimation of the calculated threshold volume
(25). We believe that this lower threshold dose of the early
hepatic reaction demonstrated in our study is a result of the
higher sensitivity of MRI to soft tissue changes compared
with CT. This hypothesis is supported by the fact that
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Fig. 8. (a) Liver (hematoxylin-eosin, 100X). Histologic section ac-
quired by liver biopsy 6 weeks after single-fraction irradiation show-
ing typical hepatic architecture with portal tract and hepatic vein. (b,
¢) Exposure to 10-12 Gy (b, 600X) and 18-20 Gy (c, 400X). (b) In
the low-dose area, strong regenerative activity with multiple polyploid
hepatocytes (thick arrows) and only a negligible trend to fibrosis with
just a minor portion of lymphatic cells (open arrows) or fibroblasts
(open arrowheads). Some of the necrotic areas are indicated by thin
arrows. (c) After high-dose exposure, multiple lymphatic cells and a
few fibroblasts (open arrowheads) as predecessors of fibrosis, along
with only a minor portion of polyploid hepatocytes.
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Herfarth et al. (25) found the earliest visible changes on CT
2 months after treatment. In our study, conventional T2-w
sequences demonstrated edema just 3 days postirradiation,
and diminished Gd-BOPTA uptake in T1-w sequences in-
dicated hepatocyte function loss as early.

Further literature data on the hepatic tolerance dose are
inconclusive and commonly derived from focal reactions
detected on follow-up CT after fractionated irradiation.
Lawrence et al. (26) reported a threshold dose of 45 Gy;
Yamasaki et al. (27) reported a focal liver reaction in 73%
of patients treated with 48 Gy and 86% treated with 72.8
Gy. Formally, these fractionated tolerance doses correspond
to single-fraction doses of 13.5 up to 17.5 Gy, respectively,
according to the linear-quadratic model and an assumed o/f3
of 3 Gy for liver tissue. Again, the use of a CT follow-up
most likely led to an underestimation of the hepatic re-
sponse to irradiation.

Dose rate is an important factor determining the dose
tolerance of human tissues (28). In an HDR system, the dose
rate changes significantly depending on the catheter or
implant location as the source moves along the dwell posi-
tions. Biologic effects vary in points receiving the same
cumulative dose. In a study evaluating the effects of dose
rate in an HDR-brachytherapy model, Manning et al. dem-
onstrated increased cell kill ratios in locations exposed to a
sudden dose peak compared with locations with dose dis-
tribution delivered continuously over the total irradiation
time (29). The variations in bioeffects were more obvious in
tissues such as liver with low o/ values, varying strongly
with a tissue’s specific repair capacity. In our study applying
CT-guided brachytherapy for liver tumor ablation, we do
not consider the total irradiation time to be an important
factor for cell kill inside the target volumes. In contrast to
current dose uniformity constraints in percutaneous radio-
therapy, we did not apply upper dose limits, resulting in
considerable dose inhomogeneities inside the tumor (30—
35). However, the relatively high spread found in our study
for the tolerance dose of hepatic tissue most likely has its
origin in variations of the dose rate that contribute to the
uncertainty of an isoeffect predominantly in boundary loca-
tions. To predict a most accurate dose tolerance to an HDR
irradiation, a time factor compensating for the temporal
distribution of the dose administration is probably useful
(36).

HDR sources typically decay by one half-life period
before replacement. In our study we did not find a signifi-
cant correlation between threshold dose and source activity.
However, we believe that the time variations in dose appli-
cation resulting from variable catheter positions in each
patient and additionally the small study population may
have covered this correlation.

In contrast to our study, previous studies have demon-
strated a dose—volume tolerance for radiation-induced
liver disease when the Lyman-Kutcher-Burman normal
tissue complication probability model was applied in
patients receiving percutaneous liver irradiation (37, 38).
Whereas these considerations deal with the integrity of
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the whole organ, we investigated the radiation effect on
a cellular level. Dawson et al. (38) as well as Cheng et al.
(37) evaluated clinical signs of radiation-induced liver dis-
ease (hepatitis) in patients where extensively higher volumes
of the liver had been exposed to irradiation as compared to our
study.

We conclude that the 95% interval from 7.6 to 12.2 Gy

found as the threshold dose to induce an early loss of

10.

11.

12.

14.

15.

16.

function in liver tissue after 6 weeks accounts for the
inherent radiobiologic variations found in CT-guided
brachytherapy, including the influence of heterogeneous
dose rates delivered by variable catheter arrays. These dose
limits should be addressed when assessing the remaining
liver capacity in patients with extensive tumors, repeated
radioablations, or diminished hepatic reserve capacity after
surgery.
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Abstract

irradiation.

different from the dose provoking edema.

values in our own as well as all other published data.

Backround: Hepatic radiation toxicity restricts irradiation of liver malignancies. Better knowledge of hepatic
tolerance dose is favourable to gain higher safety and to optimize radiation regimes in radiotherapy of the liver. In
this study we sought to determine the hepatic tolerance dose to small volume single fraction high dose rate

Materials and methods: 23 liver metastases were treated by CT-guided interstitial brachytherapy. MRI was
performed 3 days, 6, 12 and 24 weeks after therapy. MR-sequences were conducted with T1-w GRE enhanced by
hepatocyte-targeted Gd-EOB-DTPA. All MRI data sets were merged with 3D-dosimetry data. The reviewer indicated
the border of hypointensity on T1-w images (loss of hepatocyte function) or hyperintensity on T2-w images
(edema). Based on the volume data, a dose-volume-histogram was calculated. We estimated the threshold dose for
edema or function loss as the Dgy, i.e. the dose achieved in at least 90% of the pseudolesion volume.

Results: At six weeks post brachytherapy, the hepatocyte function loss reached its maximum extending to the
former 94Gy isosurface in median (i.e, >9.4Gy dose exposure led to hepatocyte dysfunction). After 12 and 24
weeks, the dysfunctional volume had decreased significantly to a median of 114Gy and 14Gy isosurface,
respectively, as a result of repair mechanisms. Development of edema was maximal at six weeks post
brachytherapy (9.2Gy isosurface in median), and regeneration led to a decrease of the isosurface to a median of
11.3Gy between 6 and 12 weeks. The dose exposure leading to hepatocyte dysfunction was not significantly

Conclusion: Hepatic injury peaked 6 weeks after small volume irradiation. Ongoing repair was observed up to 6
months. Individual dose sensitivity may differ as demonstrated by a relatively high standard deviation of threshold

Backround

Irradiation of liver malignancies has evolved as an effec-
tive treatment alternative to liver surgery in selected
patients. Both external radiotherapy as well as image
guided brachytherapy have been described in the litera-
ture with promising results [1-4]. One of the few limit-
ing factors is the tolerance dose of the surrounding liver
parenchyma.
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Literature of quantitative in vivo data of the hepatic
tolerance to irradiation is limited [5-8]. However, such
knowledge is essential for the treatment strategy in
patients with multiple or large tumors or in situations
with a small parenchymal reserve after liver resection.

Previous studies on the tolerance dose of the liver are
mainly based on fractionated large volume liver irradia-
tion with the clinical endpoint of radiation induced liver
disease (RILD). This status may occur if more than 30 -
55 Gy are applied, depending on the irradiated liver
volume [6,7,9-14]. These doses lead to a decline of the
total organ function causing clinical symptoms.

© 2011 Seidensticker et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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However, this does not necessarily reflect the inherent
radiosensitivity of the liver and even less the intrinsic
radiosensitivity of hepatocytes or the liver functioning
units.

Computed tomography (CT)-guided brachytherapy of
liver malignancies utilizes CT fluoroscopy for catheter
positioning and three dimensional (3D) CT-data sets for
dose planning. During follow up after irradiation, mag-
netic resonance imaging (MRI) may be used as a sensi-
tive method to detect edema as well as liver function
loss by employing hepatocyte-directed contrast agents.
By applying image fusion of follow up MRI with the
treatment planning CT, the isodoses calculated for inter-
stitial irradiation can be displayed in the MRI scans,
indicating the exact dose distribution at any given time
point during follow up. In a precursor study, we utilized
this approach along with the hepatocyte directed con-
trast agent Gadobenate dimeglumine (Gd-BOPTA). We
determined a median threshold dose of 9.9 Gy after six
weeks as the minimal tolerance dose of small volume
liver parenchyma to single fraction high dose rate
(HDR) brachytherapy over time [8].

However, Gd-BOPTA displays only a small biliary
excretion of only 6%. In contrast, Gadolinium ethoxy-
benzyl diethylenetriamine-pentaacetate (Gd-EOB-
DTPA), a second generation hepatocyte directed con-
trast agent, has shown vast improvements over Gd-
BOPTA in liver contrast through biliary excretion rates
of >50% [15-18]. By employing Gd-EOB-DTPA in the
study described herein we sought to determine the
hepatic tolerance dose to small volume single fraction
high dose irradiation as primary endpoint. As secondary
endpoints we searched for factors of influence on the
threshold dose (history of chemotherapy, irradiated
volume etc.) and we intended to gain a more accurate
assessment of dose thresholds specifically in light of the
relatively high standard deviation in the precursor study
employing Gd-BOPTA. As with Gd-BOPTA, surrogate
for local liver function was a diminished uptake of the
contrast agent in liver parenchyma, and image fusion
with dosimetry data determined the respective threshold
doses.

Material and methods
Patient identification
Twenty-three patients were included in this study. All
patients were scheduled to receive a CT guided HDR
single fraction brachytherapy of one liver malignancy
each. Follow-up MRI employed Gd-EOB-DTPA. The
study was approved by the institutional ethics
committee.

The patient population comprised of 12 men and 11
women. The mean age was 66 years (30-84 years). All
patients demonstrated a Karnofsky score greater than
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80%. All liver tumors were metastastic, and liver cirrho-
sis was exclusion criteria. The primary tumors were:
10 colorectal, 8 breast, 3 renal cell, 1 gastric and 1 non
small cell lung cancer (Table 1).

Eligibility criteria

In addition to patients with clinical signs of liver cirrho-
sis we excluded patients who had previously undergone
radiotherapy of the liver. To avoid confounding radio-
sensitizing effects or toxicities, systemic chemotherapy
was paused for at least 14 days prior and post bra-
chytherapy (Table 1).

Interventional technique and follow up

The technique of CT-guided brachytherapy has been
described in detail elsewhere [3,4]. In brief, placement of
the brachytherapy applicators was performed under CT
fluoroscopy. For treatment planning purposes, a spiral
CT of the liver (slice thickness: 5 mm; increment: 5
mm) enhanced by intravenous administration of iodide
contrast media (100 ml Ultravist 370, Bayer Schering
Pharma, Berlin, Germany, flow: 1 ml/s; start delay: 80s)
was acquired after positioning of the brachytherapy
catheters in the tumor. A median of three catheters was
used in our patients (range: 1 - 7 catheters).

The planning CT data set was digitally transferred to
the treatment planning unit (BrachyVision®, Varian
Medical Systems, Charlottesville, VA, USA). A radiolo-
gist defined the Clinical Target Volume (CTV) in the
planning CT data set (Figure 1b). An one day prior to
treatment obtained MRI of the liver was taken visually
into account to avoid underestimation of the tumor size.
To fulfill dosimetry planning in a timely manner, no
registration of pre-treatment MRI with planning CT was
performed due to patient safety and patient comfort.
Based on literature and on own, yet unpublished data,
the prescribed minimal dose inside the CTV was 15 to
20 Gy [4]. The true D100 applied was 14.3 to 21.2
(median 20Gy). The CTV ranged from 0.8 ml to 340.4
ml (median 20.5 ml), the volume (tumor plus liver par-
enchyma) which was exposed to more than 10 Gy ran-
ged from 14.7 - 689 ml (median 137.7 ml) (Table 1).

The high dose rate afterloading system employed a
121 ridium source of 10Ci (Gammamed®, Varian medical
systems, Charlottesville, VA, USA). The source diameter
was < 1 mm. Dwell positions were located every 5 mm.
Dwell times were corrected automatically according to
the actual source strength. The median duration of irra-
diation was 1154 seconds (range: 250 to 3762 seconds).

The calibration factor used to compensate for the
decay of the '**Iridium source ranged from 0.88 to 1.65
(median 1.36) relative to 10Ci.

Baseline MRI (Gyroscan NT® 1.5T, Philips, Best, The
Netherlands) was obtained in all patients one day prior
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Table 1 Patient identification and previous cancer therapies
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Patient Age Primary Treatment date Liver CTV ~ With 210 Gy = Chemotherapy prior Chemotherapy Liver resection or
-yr  Tumor (months after Volume -ccm irradiated Liver to brachytherapy during follow- local treatment
site first diagnosis) -ccm Volume -ccm up prior to
brachytherapy
1 84 Colon 79 1063 66.7 249.5 n/a none Right
hemihepatectomy,
RFA
2 69 Gastric 16 1720 3404 689 CAP+DOC, CAP none none
3 66 Lung 10 2135 306 205 none GEM RFA
4 66 Colon 13 1296 3.64 19 FOLFOX none none
5 66 Breast 83 1206 2.7 79.5 TAM, END+EPI+5FU/FA, EXE none
EXE
63 Breast 18 1301 415 2777 VP 16+JM8, DOC GEM, DOC+CAP none
72 Colon 30 1499 23.1 141 5FU/FA, FOLFOX none Wedge resection S4
8 30 Breast 12 1334 9.2 90.6 DOCHEPI, TAM+LEU, CAP none
VIN+ Anti-Her-2/neu,
5FU/FA
9 61 Breast n/a 1406 15.1 913 none none Wedge resection S4
10 70 Colon 14 2672 20.5 181 5FU/FA none none
11 58 Colon 49 1531 364 236 SFU/FA, FOLFIRI, none none
FOLFOX
12 69 Colon 43 1610 100.7 3816 FOLFIRI, FOLFOX, 5FU/ Anti-EGFR none
FA, Anti-EGFR +CPT11 +CPT11
13 61 Colon n/a 1350 1236 3276 FOLFOX+Anti-VEGF, FOLFOX Right
5FU/FA, hemihepatectomy,
RFA
14 72 Renal n/a 1170 1.7 494 none none Wedge resection, RFA
15 55 Colon 56 1484 58.5 370 FOLFIRI, FOLFOX none Right
hemihepatectomy
16 62 Colon 20 1247 49 104.5 FOLFOX none none
17 56 Renal 6 822 30.5 137.7 none SOR none
18 55 Colon 22 1170 73 145 CAP+L-OHP, CAP+L- none Right
OHP+ Anti-VEGF hemihepatectomy
19 69 Breast 34 1073 10.1 60.1 EPI+DOC, Anti-Her-2/ none none
neu +CAP+VIN, SDX
105, DOC
20 53 Breast 125 1054 038 222 VP 16+CAR, DOC+ADR, none none
TAM, EXE, LET, 5FU/FA
+CTX+EPI, FUL, GEM
21 52 Breast 16 1650 7.1 102 VP 16+JM8, LET CAP none
22 76 Renal 156 930 29 14.7 none none Wedge resection, RFA
23 77 Breast 80 1503 289 100.7 CAP none none

Abbreviations: Bendamustine (SDX 105), Bevacizumab (Anti-VEGF), Capecitabine (CAP), Carboplatin (JM8), Cetuximab (Anti-EGFR), Cyclophosphamide (CTX),
Docetaxel (DOC), Doxorubicin (ADR), Endoxane (END), Epirubicin (EPI), Etoposide (VP 16), Exemestan (EXE), 5-Fluorouracil (5FU), Folic acid (FA), 5-Fluorouracil/Folic
acid +lrinotecan (FOLFIRI), 5-Fluorouracil/Folic acid +Oxaliplatin (FOLFOX), Fulvestrant (FUL), Gemcitabine (GEM), Irinotecan (CPT 11), Letrozole (LET), Leuprorelin
(LEU), Oxaliplatin (L-OHP), Sorafenib (SOR), Tamoxifen (TAM), Trastuzumab (Anti-Her-2/neu), Vinorelbine (VIN).

Combined applications are marked by +. Comma marks indicate sequential chemotherapeutic regimens.

Clinical Target Volume (CTV), Radiofrequency Ablation (RFA)

to therapy. During follow-up, MRI was performed at 3
days, 6, 12 and 24 weeks after treatment. The MRI pro-
tocol consisted of the following sequences: T2-weighted
(T2-w) ultrafast spinecho (UTSE) (time to echo (TE)/
time to repetition (TR) 90/2100 ms) with and without
fat suppression, T1-weighted (T1-w) gradient echo
(GRE) (TE/TR 5/30 ms, flip angle 30°) pre-contrast, 20s,
60s and 120s post intravenous administration of 0.025
mmol/kg bodyweight Gd-EOB-DTPA (Primovist”, Bayer

Schering Pharma, Berlin, Germany), and 20 minutes
post injection of intravenous Gd-EOB-DTPA. The slice
thickness was 5 mm (T1-w) and 8 mm (T2-w) acquired
in interleafed mode with no gap applied.

Gd-EOB-DTPA

We used the diminished uptake of the hepatocyte speci-
fic contrast agent Gd-EOB-DTPA as a surrogate marker
for the functioning state of the liver parenchyma. Gd-
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(c)

Figure 1 lllustration of CT guided brachytherapy and post interventional hepatic dysfunction in MRI. (a) Baseline MRI. T1-w GRE 20
minutes post i.v. application of Gd-EOB-DTPA. Colorectal liver metastasis in segment 6/7 (white arrow). (b) Contrast-enhanced computed
tomography (CT) after CT-guided positioning of one brachytherapy catheter (truncated, black arrowhead) in the metastasis. The red line
resembles the 15Gy isodose. () MRI 6 weeks after treatment. T1-w GRE 20 minutes post i.v. application of Gd-EOB-DTPA. Signal void around the
tumor indicates hepatocyte dysfunction of liver parenchyma (black arrow). No evidence of tumor regrowth in (d): T1-w GRE dynamic scan €0s
after application of the contrast dye shows shrinkage resulting from tumor necrosis after irradiation (black arrow).

(d)

EOB-DTPA is a newly developed water soluble MR con-
trast agent containing a lipophilic moiety. Like other
gadolinium contrast media, the contrast function is basi-
cally determined by the paramagnetic gadolinium ion
leading to a high T1 relaxivity. Unlike common MRI
contrast agents (e.g. Gd-DTPA), Gd-EOB-DTPA is dis-
tributed not only to the extracellular fluid space, but
taken up by the organic anion transporting polypeptide
(OATP) of the hepatocytes. It is excreted via the canali-
cular multispecific organic anion transporter (c(MOAT/
mrp2) following a linear, concentration dependent
mechanism [19-22]. Animal studies have shown a biliary

excretion rate of 63-80% and 32-34% in rats and
simians, respectively. Biodistribution studies in humans
reveal a dose independent biliary (41.6-51.2%) and renal
(43.1-53.2%) elimination and an enterohepatic recircula-
tion of approximately 4%. Enhancement during the dis-
tribution phase of the contrast agent mainly depends on
the vascularity, while enhancement on delayed images
20 minutes after administration is characterized by the
selective uptake of the contrast agent by the hepato-
cytes. Non-hepatic tissue (e.g. liver metastases) shows
no contrast enhancement on delayed images
[15,17,21,23-26] (Figure 1la + c). The signal intensity of
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liver parenchyma on the delayed images correlates with
the functioning state of the according hepatocytes with
a decreased signal intensity in dysfunctional liver par-
enchyma [27]. Thus a MRI based volumetric assessment
of liver parenchyma damage is possible.

Image registration

Quantitative analysis of hepatocellular dysfunction and
edema in areas exposed to focal high dose rate bra-
chytherapy was performed using T1-w GRE 20 minutes
post intravenous administration of Gd-EOB-DTPA and
T2-w UTSE with fat suppression, respectively. Follow-
up imaging was performed at four follow-up time-points
(3 days, 6, 12 and 24 weeks after brachytherapy) leading
to a total number of 92 MRI scans in 23 patients.

For image fusion of the follow-up MRI scans with the
according treatment plan (based on the planning CT
data set), MRI data was transferred to the treatment
planning system. BrachyVision® offers an isoscalar local
semi-automated point based 3D-3D image registration.
Match points were defined on corresponding landmarks
such as branches of the portal vein to enable fusion of
MR and planning CT/dosimetry data. Landmarks were
restricted to liver structures.

A linear interpolation was performed automatically by
BrachyVision® to match the varying slice thicknesses of
T2-w MRI (8 mm) and CT (5 mm). As a result of this
procedure, BrachyVision® simultaneously displayed the
treatment plan as well as the anatomical structures of
the MRI scan (Figure 2a -c). The absolute registration
error was always less than 5 mm. A retrospective regis-
tration of pre-treatment MRI with planning CT/dosime-
try to obtain the CTV as basline in MRI was deemed
inappropriate due to a possible additional registration
error. As already stated the tumor extent in pre treat-
ment MRI was respected in dosimetry planning.

Quantitative analysis

On all of the T1-w late Gd-EOB-DTPA as well as the
T2-w enhanced images an experienced GI Radiologist
digitally outlined the border of hypointensity on T1-w
images (loss of hepatocyte function as displayed by
diminished Gd-EOB-DTPA uptake) or hyperintensity on
T2-w images (edema) around the irradiated liver tumor
(referred to as “pseudolesion (including the irradiated
tumor)” in the following). Pre-existing peritumoral
changes could be excluded on the pre treatment MRI.
Based on the total 3D data set of these volumes, the
Brachyvision™ software calculated a dose-volume histo-
gram. As a result, we determined the percentage of each
pseudolesion receiving a specific dose. We specified the
threshold dose for either edema or function loss as the
Dy, i.e. the dose achieved in at least 90% of the pseudo-
lesion volume (Figure 3).

Page 5 of 13

As an additional descriptor, we determined the
volume of each pseudolesion in relation to the former
intrahepatic 10Gy isodose volume. This additional
volumetric approach was performed as an independent
verification of the previously described methodology.

Laboratory analysis
One day prior to the intervention and during follow up
we assessed the following laboratory parameters: biliru-
bin, aspartate aminotransferase, alanine aminotransfer-
ase, alkaline phosphatase, albumin, international
normalized ratio, and cholinesterase. Laboratory para-
meters were graded according to the ‘Common Termi-
nology Criteria for Adverse Events’ (CTCAE version
4.02, National Cancer Institute, USA).

No patient presented evidence of liver function degra-
dation prior to therapy.

Factors of influence

Following factors were recorded and tested for influence
on the minimal dose provoking edema or hepatocyte
function loss (i.e. the dose at 6 weeks): patient age, the
liver volume, the clinical target volume, the liver volume
which was exposed with more than 5Gy or 10Gy, the
source factor, the irradiation time, the number of cathe-
ters applied, history of chemotherapy.

Statistical analysis

Results of continuous data are displayed as medians and
ranges and/or lower and upper quartile, results of fre-
quency data as counts and percentages.

For two-group comparisons of the medians two-sided
Wilcoxon rank sum tests were used. Correlations were
evaluated using a two sided Pearson correlation test.

A p < 0.05 was considered to be statistically significant.

For statistical analysis the software ‘Statistical Package
for the Social Sciences’ (IBM SPSS, Version 17.0, Som-
ers, NY, USA) was used.

Results

The registration error of the landmarks after image
fusion of the planning CT to the follow-up MRI was as
follows: in median 0.95 mm (0.53-1.5), 1.82 mm (0.22-
2.91), 1.79 mm (0.81-2.91) and 2.04 mm (0.85-5) for the
T1 weighted sequences at 3 days, 6, 12 and 24 weeks,
respectively. For the T2 weighted images, the registra-
tion error was in median 0.98 mm (0.59-1.3), 1.75 mm
(0.79-3.65), 1.89 mm (0.81-3.89) and 1.98 mm (0.98-
3.53), respectively.

Figure 4a + b display the development of hepatocyte
dysfunction or hepatic edema in correlation to the iso-
dose distribution. Three days after brachytherapy, the
Dy for hepatocyte function loss reached a median of
19.5Gy (7.4-53.1, Qu5: 16.9, Q5: 21.1), i.e. doses
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(c)
Figure 2 Image fusion of planning CT/dosimetry and follow-up MRI. (a) Contrast-enhanced CT after CT-guided positioning of 5
brachytherapy catheters in a colorectal metastasis (one catheter is labeled with a black arrowhead, the other catheter positions in cranial or
caudal planes are indicated by green arrows). Isodoses lines the CTV (blue circle) after dosimetry with BrachyVision® (b + ¢). MRI 3 months after
brachytherapy: T1-w gradient echo 20 minutes post i.v. application of Gd-EOB DTPA (b) and T2-w UTSE FS (c) showing image fusion with the
treatment planning CT.

(b)

>19.5Gy provoked a state of hepatocyte dysfunction. At
six weeks, the isosurface had increased significantly to a
median of 9.4 Gy (6.4-16.6, Q,5: 8.5, Q,5: 11.7; p <
0.001), i.e. protracted toxic effects lowered the threshold
dose for hepatic dysfunction to 9.4Gy. Between 6 and 12
weeks, the dysfunctional volume had decreased

significantly to a median of 11.4Gy (7.8-20.2, Q2s: 9,
Q75: 14.5; p = 0.002). After 24 weeks, the isosurface
decreased further to a median of 14 Gy (7.9-24.7, Q.s:
10.5, Q7s5: 17.6; p = 0.002).

Between three days and 6 weeks, the extension of the
edema increased significantly from the 19.1Gy (7.8-33.8,
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Figure 3 Dose-Volume-Histogram of nonfunctioning liver volume. Dose volume histogram of nonfunctioning liver volume in a patient 3
months after HDR brachytherapy. (D90: the dose applied to at least 90% of the volume, in this case 12.92 Gy.)

Qas: 12.3, Qy5: 22.7) isosurface to 9.2Gy at median (5.9-
174, Qa5: 6.8, Q5: 10.9; p < 0.001). After this peak a sig-
nificant decrease occurred between 6 and 12 weeks (med-
ian 11.3Gy, 7.4-18.4, Qa5: 9.3, Q75: 13.1; p = 0.002). After
24 weeks, the edematous tissue isosurface shrank to a
median of 11.8 Gy (7.9-24.3, Q,5: 9.3, Q75: 14.8; p = 0.018).
At three days post brachytherapy, the minimal dose
leading to edema tended to be less compared to the
dose provoking focal hepatocyte function loss (p =
0.055). No differences between the doses provoking
focal hepatic dysfunction or edema were noted at 6, 12
and 24 weeks (p = 0.158, 0.212 and 0.128, respectively).
Figure 5a + b illustrate the development of the volume
of focal hepatocyte function loss or edema post bra-
chytherapy in correlation to the liver volume which was
exposed with more than 10Gy. The relative volume of
hepatocyte function loss increased significantly between
three days and 6 weeks (p < 0.001) with an extend to
81% of the 10Gy volume in median after 6 weeks (Qs:
61%, Q75: 100%). After 12 weeks, the decline of the
volume with hepatocyte function loss was significant
compared to 6 weeks (58%, Qi5: 43%, Q75: 76%; p <
0.001), and again after 24 weeks when compared to 12
weeks (36%, Qas: 27%, Q75: 51%; p < 0.001). Between
three days and 6 weeks, edema volume increased signifi-
cantly (6 weeks: 91%, Q,5: 63, Q75: 116%; p < 0.001).

From week 6 to week 12, edema volume shrank signifi-
cantly (68%, Qqs: 54%, Q75: 91%; p = 0.001) and contin-
ued to week 24 with a significant decrease (48%, Q»s:
31%, Qs5: 60%; p < 0.001). At all time points the size of
the edema volume surmounted the size of the volume
of hepatocyte dysfunction in relation to the 10 Gy
volume (p < 0.05).

We found no statistical correlation between the mini-
mal dose provoking edema or hepatocyte function loss
(i.e. the dose at 6 weeks) and: patient age, the liver
volume, the clinical target volume, the liver volume
which was exposed with more than 5Gy or 10Gy, the
source factor, the irradiation time, the number of cathe-
ters applied, or a history of chemotherapy.

No patient included in this study demonstrated a
severe impairment of liver function as measured by the
above named laboratory parameters before CT guided
brachytherapy. No severe acute or late toxicity were
observed after CT guided brachytherapy. Liver function
tests graded according to the ‘common terminology cri-
teria for adverse events’ (CTCAE) version 4.02 never
exceeded grade 2 toxicities during follow up.

Discussion
Quantitative data on the radiation threshold dose of hepa-
tic tissue is scarce compared to other late-responding



Seidensticker et al. Radiation Oncology 2011, 6:40
http://www.ro-journal.com/content/6/1/40

Page 8 of 13

N
T

D90 of the edematous volume. Gray
?

L 404
]
Q
=1
<
o
[
Q
M 304
2 ”
a 8
o
°
£
g g 20—
£
°
£
3 6
o 9]
S 10 1
S 8
o
K=
-
e
o
g o
I I I I
3 days 6 weeks 3 months 6 months
Time post brachytherapy
(a)
40—
30—
7
3
B

I I
3 days

(b)

dose exposition. (b) Development of the according edema.

6 weeks
Time post brachytherapy

Figure 4 Boxplot of threshold doses of hepatocyte function loss and edema over time. (a) Hepatocyte function loss over time relative to

I I
3 months 6 months

tissues. In this study we used regional uptake of the hepa-
tocyte specific MRI contrast media Gd-EOB-DTPA as a
surrogate parameter for hepatic function after HDR irra-
diation of small liver volumes. Thus we were able to deter-
mine the hepatocyte tolerance dose in vivo. Small volumes
of hepatic parenchyma irradiated with more than 9.4Gy

revealed a non functioning state after six weeks. After six
months, recovery of hepatic parenchyma led to a threshold
dose of 14 Gy for hepatic dysfunction.

The histological appearance of radiation induced liver
disease indicates that endothelial injury and subsequent
obstruction of centrilobular venules and sinusoids are
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Figure 5 Boxplot of volume of hepatocyte function loss and edema over time. Development of hepatic function loss (a) and edema (b)
around the irradiated tumor relative to the 10 Gy isodose volume (liver parenchyma only).

the key events in the pathogenesis of radiation injury of induction therapy prior to bone marrow transplantation
the liver. Larger veins are frequently spared [7,12,13,28].  [29-31]. This initial injury is followed by a wide, edema-
The pathological lesion resembles veno-occlusive dis-  tous subendothelial zone, resembling deposits of fibrin-
ease, frequently seen after total body irradiation in related aggregates and fragmented red cells in the
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subendothelial zone. Early deposition of fibrinogen is
frequently found without platelet accumulation. These
aggregates, as well as the intramural entrapment of fluid
and cellular debris, progressively occlude the hepatic
venous outflow by intraluminal sinusoidal fibrous mate-
rial, subendothelial collagen fibers and foamy cells
[7,13,28] (Figure 6). Experimental studies on hepatic
radiation injury support the theory that the endothelial
lining of venules and sinusoids is far more sensitive to
radiation than hepatocytes [32-34].

However, changes of uptake of a hepatocyte specific
contrast media illuminate the final path of the radiation
injury, i.e. these changes visualize areas of a dysfunc-
tional hepatic system, not necessarily individual hepato-
cyte dysfunction [27]. The model does not differentiate
whether parenchymal (hepatocytes) or non-parenchymal
cells (endothelial-, Kupffer- and Ito-cells) play the key
role in the development of focal hepatic dysfunction.
Hence, our model must be interpreted as the reaction of
a liver functioning unit to irradiation.
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Therapeutic irradiation of liver malignancies is
restricted by hepatic tolerance with the clinical endpoint
liver function loss. In total or large volume irradiation
of the liver, major complications such as RILD have fre-
quently been described [6,7,10,11]. However, the parallel
functional structure of the liver may cover a loss of
extensive liver volume without clinical symptoms such
as after hepatectomy. A comparison between data of
total or large volume liver irradiation using the clinical
endpoint RILD or liver failure has to be differentiated
from small volume irradiation as executed in our study.
CT-guided brachytherapy as well as stereotactic irradia-
tion of liver malignancies are locally circumscribed
radiotherapies designed to spare healthy liver parench-
yma. In a clinical setting, a relatively small rim of liver
parenchyma around the CTV is exposed to high irradia-
tion doses. This limited loss of functioning hepatic tis-
sue is generally tolerated well without any impairment
of the whole organ function as seen by unchanged liver
function parameters during follow-up [35]. However,

A

Figure 6 Histological specimen: liver tissue after radiation exposure. Liver biopsy in an area exposed to approximately 20 Gy two months
earlier. Severe sinusoidal congestion with atrophy of hepatocytes (A) and increased perisinusoidal reticulin deposition (B). Hematoxylin-eosin (A)
and Gomori's silver stain (B), original magnification: x200. Biopsy was taken to rule out local recurrence.
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caution should be exercised if the total volume of unex-
posed liver is small such as

« in patients scheduled for synchronous multifocal
irradiation of liver malignancies because of overlap-
ping isodoses of the single lesions.

« in patients scheduled for irradiation of a large
tumor volume in small livers.

+ in patients scheduled for irradiation with a history
of partial liver resection because of a potentially
small residual parenchymal volume.

+ In patients with chronic and/or degenerative liver
diseases (such as cirrhosis).

An increase of the incidence of clinical RILD has been
observed in total liver irradiation when doses 30-55Gy
are delivered applying conventional fractionation
schemes [6,7,10-14,28]. These fractionated tolerance
doses translate into single-fraction doses of 11.25 up to
14Gy, respectively, according to the linear-quadratic
model and an assumed o/f of 3Gy for liver tissue [11].
These threshold values correspond well to our own data
on focal liver dysfunction after single fraction small
volume irradiation and correspond well to observed
clinical significant hepatic injury after doses as low as
10Gy in patients undergoing a single fractioned total
body or abdominal irradiation and chemotherapy prior
to bone marrow transplantation [29,30,36]. However, an
unequal dose rate of the different approaches has to be
considered.

The reaction of small liver volumes to irradiation has
also been studied by other groups. Herfarth et al. exam-
ined hepatic tolerance after applying stereotactic single-
fraction irradiation to liver malignancies with data
derived from follow-up contrast-enhanced CT. The
authors observed a focal reaction at a dose minimum of
mean 13.7Gy (range 8.9 -19.2Gy) [5]. In principle, con-
trast enhanced CT will most likely demonstrate the
venous outflow occlusion after radiation exposure. This
approach visualizes the underlying pathophysiological
change provoking focal liver function degradation. Con-
sequently, the results of this workgroup match well with
the data derived from our model applying hepatocyte
directed contrast agent in MRI, visualizing the effect of
venous outflow occlusion with distraction of a liver
function unit as described above. It remains question-
able whether the higher standard deviation of their
results may be explained by a smaller sensitivity of the
CT model as compared to MRI [5,8].

In the present study we not only sought to add further
data on hepatic dose tolerance, but to improve the study
concept applied previously that had used the first gen-
eration hepatocyte-directed contrast agent Gd-BOPTA
[8]. While the pharmacodynamics of Gd-BOPTA are
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similar to those of Gd-EOB-DTPA, the pharmacoki-
netics differ significantly. The biliary excretion rate of
Gd-BOPTA is just 0.6 to 4% compared to 41.6 to 51.2%
in Gd-EOB-DTPA [15-18]. This results in a higher sig-
nal-to-noise-ratio in Gd-EOB-DTPA and consequently
to a better demarcation of liver lesions and non-func-
tional parenchyma. The results presented in this study
determining the threshold dose of hepatocytes support
the data from the precursor study using Gd-BOPTA [8].
Apart from the different hepatocyte specific contrast
agent used (Gd-BOPTA vs. Gd EOB DTPA) in MRI fol-
low up, the design of these two studies was similar. The
minimal tolerance dose to high dose irradiation in the
precursor study was determined with 9.5Gy in median
(6-14.5, Qqys5: 8, Qu5: 12) after six weeks (n = 25), com-
pared to 9.4Gy in median (6.4-16.6, Q,s5: 8.5, Q75: 11.7)
in the present study. Both studies showed a strong
recuperation of dysfunctional liver parenchyma after six
months with a residual non-functioning liver parench-
yma in areas irradiated with formerly more than 15.2Gy
in median (7.5-23, Qu5: 12, Q5: 18) and 14 Gy in med-
ian (7.9-24.7, Q,5: 10.5, Q75: 17.6) at present [8].

However, we did not reach our goal to decrease the
relatively high variation from the precursor study
employing Gd-BOPTA, despite the superior imaging
properties of Gd-EOB-DTPA. We attribute this failure
to the fact that individual differences in hepatic dose
tolerance do not preferably reflect flaws of the imaging
model, but rather unknown factors of individual predis-
position. In other words, data derived from different
models (including CT or MR imaging) consistently
shows deviations of individual hepatic dose tolerance to
small volume single fraction irradiation.

Conclusion

In summary, our study supports previous data on hepa-
tic tolerance doses after single fraction, high dose rate
small volume irradiation. We conclude that the thresh-
old dose to induce a focal loss of liver function is about
10 Gy after 6 weeks. We confirmed previously observed
strong recuperation with a threshold dose of 14 Gy after
6 months. These results should be considered specifi-
cally in cases where more than one liver lesion shall be
irradiated, or in patients with a history of focal liver
irradiation. Further investigation is warranted to assess
the correlation between deminished uptake of Gd-EOB-
DTPA in the affected liver volume and clinical symp-
toms as liver function degradation before routine use of
Gd-EOB-DTPA can be recommended in this matter.
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The aim of this study was to assess the dependence of the
normal liver tissue threshold dose on the volume exposed and the
catheter geometry-dependent dose gradients for single-fraction
high-dose-rate brachytherapy of malignant liver lesions. A total of
50 patients with malignant liver tumors treated with CT-guided
high-dose-rate '*Ir brachytherapy were included. Dose planning
was performed using a three-dimensional CT data set acquired
after percutaneous applicator positioning. Magnetic resonance
imaging (MRI), performed 6 and 12 weeks after therapy, was
analyzed retrospectively. All MRI data sets were merged with 3D
dosimetry data. The border of hyperintensity on T2-weighted
images (edema) and of hypointensity on T1-weighted images
(impaired hepatocyte function) were analyzed to assess the
radiation effect. The threshold isodose surface of the volume
exposed was calculated from the 3D dosimetry data. The
relationships between irradiated volume and threshold isodose
surface as well as dose gradient and threshold isodose surface
were evaluated over time. The median threshold dose of the
volume exposed, characterized by hepatocyte dysfunction and
edema, was =13 Gy 6 weeks after irradiation and ~16 Gy at 12
weeks. We found a significant correlation between the normal
liver tissue threshold dose and volume exposed (P < 0.0001). The
12-week threshold dose was estimated between =~14 Gy for
500 cm®, =16 Gy for 100 cm?, and ~18 Gy for 10 cm® of
irradiated volume. The results indicate that the dose gradient has
no effect on the threshold liver dose. There was a significant shift
of the threshold doses from regions of lower to regions of higher-
dose exposure in the course of follow-up (P < 0.0001). Thus the
normal liver tissue threshold dose is dependent on the volume
exposed but not on the dose gradient. © 2009 by Radiation Research Society
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INTRODUCTION

High-precision irradiation techniques such as stereo-
tactic body radiotherapy (SBRT) and computed tomog-
raphy (CT)-guided single-fraction high-dose-rate
brachytherapy have shown promising results with regard
to safety and efficacy in the treatment of unresectable
malignant liver tumors (/—4). Both techniques are based
on conformal avoidance of normal liver tissue adjacent
to the irradiated tumor and steep dose gradients at the
margins of the target volume.

Structural damage of the perifocal normal liver tissue
is regularly observed after irradiation and suggests
considerable variations of the calculated threshold doses
(2, 3, 5, 6). A previous prospective study of the dose—
response relationship of liver parenchyma after high-
dose-rate '°Ir brachytherapy revealed irreversible struc-
tural damage of perifocal normal liver tissue at doses of
more than 15 Gy and reversible hepatic dysfunction at
doses between 10 and 15 Gy. The peak dysfunctional
volume was reached between 6 and 12 weeks after
irradiation (6). In that study the Dy, covering 90% of the
edema/functionally impaired volume was employed,
which was based on superimposition of the dose
distribution on the MR images. Accurate image
registration was attempted. However, even a small
registration error might lead to over- or underestimation
of the Dy,, especially when small lesions are irradiated.
In the present study we sought to avoid the uncertainties
associated with the use of standard image fusion
algorithms. Our basic assumption in the present study
was that the isodose surface corresponds to the
threshold isosurface D,y of the volume exposed.

In high-dose-rate '**Ir brachytherapy, the steepness of
the dose gradients of the iridium source, which depends
on the irradiated volume and catheter geometry, might
affect the threshold dose of normal tissue encompassed
in the clinical target volume (CTV). Therefore, the
purpose of this study was to assess the threshold dose
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dependence of normal perifocal liver tissue on the
volume exposed and the steepness of the average dose
gradients produced by the geometrical array of the
catheters and the dwell position of the iridium point
source.

METHODS
Study Population

In this study we retrospectively analyzed the perifocal normal liver
tissue reactions in 50 consecutive patients who underwent CT-guided
single-fraction high-dose-rate '*’Ir brachytherapy of one to four
malignant liver tumors between December 2002 and October 2004 as
part of a clinical phase II study prospectively assessing local tumor
control after CT-guided brachytherapy in Berlin, Germany. The
study was approved by the local ethics committee in Berlin. Written
informed consent was obtained from all patients. The patient
population comprised 31 men and 19 women. The median age of
the patients was 63 years (range: 35-86 years). All patients had fully
preserved liver function, as assessed by the serum parameters bilirubin
and transaminases. Patients with hepatocellular carcinoma and/or
signs of cirrhosis were excluded. A total of 76 solid liver tumors were
ablated in 50 brachytherapy treatments. The lesions treated included
six cholangiocellular carcinomas and 70 metastases from other
primary solid malignancies (colorectal carcinoma, 55; breast cancer,
four; neuroendocrine tumor, two; lung cancer, three; ovarian cancer,
two; pancreatic cancer, schwannoma, cervical carcinoma, urinary
bladder cancer, one each). Thirty-four patients were treated for
solitary liver lesions, and 16 patients were treated for multiple liver
lesions (two lesions in nine patients, three in four patients, and four in
three patients).

Study End Points

The volume dependence of the threshold dose was assessed for all
volumes exposed. Since the peak extension of the volume exposed was
observed 6-12 weeks postirradiation on follow-up magnetic reso-
nance imaging (MRI) (6), only the MRI data sets acquired at 6 and 12
weeks were evaluated in the present study. The decrease in the volume
exposed was calculated in absolute terms (cm®) and as a percentage
change from the Tl-weighted and/or T2-weighted image data sets
acquired at the two follow-up times after the intervention. Addition-
ally, the dose gradient dependence of the threshold dose, resulting
from the geometric array of the dwell positions, was examined for all
volumes exposed using at least two brachytherapy catheters.

Interventional Technique and Irradiation

The technique of CT-guided brachytherapy has been described in
detail previously (4, 7). In brief, a T2-weighted respiratory-triggered
fast spin echo and a T1-weighted breath-hold gradient echo sequence
with administration of the hepatocyte-specific contrast agent gado-
benate dimeglumine (Gd-BOPTA; Multihance; Bracco, Princeton,
NJ) were acquired to delineate primary and secondary liver lesions
(see Follow-up section below). The brachytherapy catheters were
positioned using fluoroscopy CT guidance (Somatom 4, Siemens,
Erlangen, Germany). We did not apply strict geometric constraints
for catheter placement. Distances between catheters or between the
catheter and the outer rim of the CTV were chosen to be between 1
and 2 cm to ensure adequate coverage of the CTV. After catheter
positioning, a spiral CT of the liver (slice thickness, 5 mm; increment,
5 mm) enhanced by intravenous administration of iodine contrast
medium (100 ml Ultravist 370; flow, 1 ml/s; start delay, 80 s) was
acquired in breath-hold technique for treatment planning. Four
catheters were used on average (range, 1-11 catheters). The high-
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dose-rate afterloading system (Gammamed, Varian, Charlottesville,
VA) employed a "*Ir source (source strength, 370 GBq = 10 Ci). The
source diameter was <1 mm. Dwell positions inside the brachyther-
apy catheters were located every 5 mm. Nominal dwell times were
corrected automatically according to the actual source strength.

Treatment Planning

Treatment was planned using the BrachyVision software package,
version 7.1 (Varian Medical Systems, Palo Alto, CA). The dose
calculation formalism used by BrachyVision complies with the
recommendations of the AAPM (American Association of Physicists
in Medicine) TG-43 report (8) for brachytherapy implant sources.
The CTV was delineated on each axial slice of the planning CT data
set. According to the study protocol of the clinical phase II trial, each
patient was randomized to receive a minimum dose of 15, 20 or 25 Gy
inside the CTV. No maximum intralesional dose constraints applied.
The dose was administered in a single fraction.

Follow-up

A total of 161 MRI examinations were performed 6 + 2 weeks and
12 = 2 weeks after the intervention. The MRI protocol comprised the
following sequences (Gyroscan NT Intera, Philips, The Netherlands):
T2-weighted respiratory-triggered fast spin echo (FSE) (TE/TR 90/
2100 ms, echo train length 21) with fat suppression to assess the
extent of edema and T1-weighted breath-hold gradient echo (GRE)
(TE/TR 5/30 ms, flip angle 30°) 2 h after iv. injection of 15 ml
gadobenate dimeglumine (Gd-BOPTA; Multihance; Bracco, Prince-
ton, NJ). The slice thickness of the axial images was 8 mm, acquired
in interleaved mode with no gap. The hepatocyte-specific contrast
agent gadobenate dimeglumine allowed visualization of the extent of
hepatocyte dysfunction. The signal intensity enhancement of func-
tionally unimpaired liver parenchyma has been shown to last for at
least 2 h (9-11). MRI examinations of poor image quality (e.g.,
motion artifacts in T1-weighted breath-hold sequences) were excluded
from the evaluation.

Image Registration

Merging of the 3D dosimetry data calculated by BrachyVision with
the respective follow-up MRI scans was accomplished using an
independent image registration implementation within the 3D
visualization software Amira 3.1 (Mercury Computer Systems, Berlin,
Germany) (12). We used a voxel-property-based image registration
method allowing affine transformation (12 degrees of freedom: three
rotations, three translations, three scalings and three shears).
Introduction of image scaling and shearing allowed correction for
first-order liver deformations. Registration optimization was based
on a normalized mutual information (NMI) similarity measure, which
has been shown to provide high accuracy for liver registration (/3).
Cropping of the image data to contain liver parenchyma and a small
surrounding margin approximately 1 cm wide was performed as a
preprocessing step. The average error of image registration within the
liver was <5 mm for the liver surface and prominent intrahepatic
anatomic structures, e.g., bifurcation of large vessels (see Fig. 1).

Segmentation of the Perifocal Irradiation Effect

An experienced GI radiologist (>10 years in liver CT and MRI)
evaluated the merged planning CT and MRI data and outlined the
borders of hyperintensity on T2-weighted images (edema) and
hypointensity on late Gd-BOPTA-enhanced TI1-weighted images
(functionally impaired hepatocytes) around the irradiated liver
tumors. Perifocal hepatic tissue damage after conformal irradiation
was assumed to be attributable to veno-occlusive disease (VOD) (5,
14, 15), characterized by severe congestion of the afferent sinusoids
and centrilobular veins and hepatocyte dysfunction (16, 17).
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FIG. 1. T1-weighted image (color encoded) coregistered with the
planning CT. Note that only livers were coregistered. Therefore, a
good matching result was achieved only for livers.

Therefore, we treated functionally impaired hepatocytes and edema as
two different qualities of the volumes exposed.

Calculation of the Threshold Isosurface

We performed volumetry of each volume exposed (edema and
impaired hepatocyte function). As the next step, we used this volume
to calculate the 3D isodose volumes (confined to the liver)
corresponding to the volume of edema and the volume of functional
impairment of the hepatocytes with a maximum deviation of =1%.
Our assumption was that this isodose surface corresponded to the
threshold isosurface D, of the volume exposed (see Fig. 2).

The relationship between the volume exposed and the threshold
dose was visualized using PAW, version 2.13/08 (CERN, Switzerland)
to create a phenomenological parameter-dependent model curve. To
evaluate the influence of volume effects on the regeneration of the
exposed volumes between 6 and 12 weeks after intervention, we
calculated the absolute and relative decreases in volume (in cm?
and%) for all patients with a Tl-weighted and/or a T2-weighted
follow-up MRI at both follow-up times.

Calculation of the Dose Gradients

Dose uniformity and dose gradients of an 'Ir brachytherapy
implant depend on the dwell positions and dwell times of the source
as well as the catheter positions (18, 19). We assessed the relationship
between the threshold isosurface of the volume exposed and the
catheter geometry-dependent average dose gradient of the brachy-
therapy implant for all volumes exposed using at least two
brachytherapy catheters.

Since no dose uniformity constraints were applied in our study,
dose gradients differed considerably on the threshold isosurface. We
used a voxel-based approach to calculate the average of the norm of
the dose gradient vector in 3D, |VD(x,y,z)|, for each D, We
segmented part of the 3D dosimetry data encompassing the D,y by
+2 Gy to comprise a sufficient quantity of voxels for calculation. To
exclude the inverse square relationship between the average dose
gradient and the threshold isosurface as confounder, we calculated
the average dose gradient for a reference isodose surface in each MRI
data set as an additional descriptor of the dose—gradient relationship.
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FIG. 2. Overlay of the isodoses on the T1-weighted image (panel
A) and on T2-weighted (panel B) images. Note the mismatch between
the isodose surface and the effect of the radiation response in the MR
images. Due to the isovolumetric approach first-order errors resulting
from this mismatch have no effect on the results.

The corresponding median threshold isosurfaces of all patients for
each MRI sequence (T2-weighted and T1-weighted) and follow-up
date (6 and 12 weeks postirradiation) served as reference isodose
surfaces.

Statistical Analysis

The linear relationship between the exposed volume at the 6-week
follow-up and absolute and relative volume decreases in the course of
follow-up was evaluated using Pearson’s correlation coefficient r.
Only patients who underwent a T1 and/or a T2-weighted follow-up
MRI examination at both follow-up times after the intervention were
included in this statistical analysis. Pearson’s correlation coefficient r
was calculated using SPSS, version 12.0 (SPSS Inc., Chicago, IL).

The dependence of the liver tissue threshold dose on the irradiated
volume and dose gradients generated by the iridium source was
assessed using a Generalized Estimating Equation (GEE) model. For
a data set consisting of repeated measurements (two MRI sequences,
two follow-up dates) of a variable of interest, a GEE model allows the
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TABLE 1
Volume of Hyperintensity on T2-Weighted
Images (edema) and Hypointensity on T1-
Weighted Images 2 h after i.v. Gd-BOPTA
(hepatocyte dysfunction) 6 and 12 Weeks
after Irradiation

TABLE 2
Threshold Dose for Hepatic Dysfunction/Edema
as Assessed by Hypointensity on T1-Weighted
Images 2 h after i.v. Gd-BOPTA/Hyperintensity
on T2-Weighted Images 6 and 12 Weeks
after Irradiation

T1-weighted T2-weighted

T1-weighted T2-weighted

6 weeks 12 weeks 6 weeks 12 weeks 6 weeks 12 weeks 6 weeks 12 weeks
n 44 36 48 33 n 44 36 48 33
Median (cm?) 134.1 104.0 141.5 110.5 Median (cm?) 134.1 104.0 141.5 110.5
0,5 (cm?®) 69.9 34.8 58.9 45.3 0,5 (cm?) 69.9 34.8 58.9 45.3
055 (cm?®) 295.7 166.0 273.3 205.0 055 (cm?) 295.7 166.0 273.3 205.0
Minimum (cm?) 14.2 8.7 4.4 8.4 Minimum (cm?) 14.2 8.7 44 8.4
Maximum (cm?) 568.4 499.4 607.1 536.0 Maximum (cm?) 568.4 499.4 607.1 536.0

Note. n: number of MRI examinations evaluated; Q,s: 25% quartile
width; Q;s: 75% quartile width.

correlation of outcomes within one individual to be estimated and
taken into appropriate account in the equation, which generates the
regression coefficients and their standard errors (20, 21). The GEE
model was calculated with SAS, version 9.1 (SAS Institute Inc., Cary,
NC). A P < 0.05 was considered significant.

RESULTS

A total of 62 exposed volumes were observed in 50
patients after interstitial brachytherapy of 76 solid liver
tumors. The volume dependence of the threshold dose
was assessed for all exposed volumes. Of the 50 patients,
23 patients had a T1-weighted follow-up MRI and 26
patients had a T2-weighted follow-up MRI at both
follow-up times (6 and 12 weeks after intervention). The
absolute volume decreases (in c¢cm?) and the relative
volume changes (in %) between the two follow-up dates
with respect to hepatocyte dysfunction and edema were
calculated considering just these 49 patients. Forty-eight
of the 62 volumes exposed using at least two implanted
brachytherapy catheters were assessed for the relation-
ship between the threshold isosurface and the catheter
geometry-dependent average dose gradient of the
brachytherapy implant.

For all exposed volumes included in the analysis,
volumetry data and the extent of the threshold
isosurfaces for hepatocyte dysfunction (T1-weighted
hypointense images) and edema (T2-weighted hyperin-
tense images) 6 and 12 weeks after intervention are
presented in Tables 1 and 2. The median volume of
hepatocyte dysfunction decreased from 134.1 cm® at
week 6 to 104.5° at week 12 (22.4%). The median edema
volume decreased from141.5 cm® at week 6 to 110.5 cm?
at week 12 (21.9%).

The GEE model was applied to investigate the
correlation between threshold dose, MRI volume,
MRI sequence and follow-up date. We found a
significant correlation between the threshold dose and
the exposed volume (P < 0.0001). The calculated
threshold isosurfaces were affected significantly by the
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Note. n: number of MRI examinations evaluated; Q,s: 25% quartile
width; Q;s: 75% quartile width.

dynamics of the MRI volumes between 6 and 12 weeks
after intervention (P = 0.003). No significant difference
between the MRI sequences used was found (P = 0.227).

Considering only the patients with both a T1- and a
T2-weighted follow-up MRI at both examination dates
after intervention, we found a significant linear rela-
tionship between the exposed volume at the 6-week
follow-up and the absolute volume decrease (in cm?)
between 6 and 12 weeks after intervention with respect
to hepatocyte dysfunction (P = 0.015) and edema (P =
0.002). However, no significant linear relationship was
found between the exposed volume at 6 weeks and
relative volume changes (in %) between 6 and 12 weeks
after intervention with respect to hepatocyte dysfunction
(P = 0.72) and edema (P = 0.43).

Figure 3 displays the correlation between the thresh-
old dose D, of the visible radiation effect and the MRI
volume. The relationship is nonlinear and was therefore
investigated in more detail. A phenomenological pa-
rameter-dependent model was found to fit the relation-
ship between the D,y and exposed volume and can be
described by the following equation:

Dio(V)=Do.y — Dr.yV+Dayy — expP), (1)

where V' represents the volume exposed, D,p(V) the
threshold dose of the visible radiation effect, and D,,, i
= 0,1,2,3 fitting parameters. The fitting parameters are
given in Table. 3. Equation (1) consists of an exponential
term predominant at small volumes and a linear term
predominant at larger volumes. Since no significant
differences between the observed threshold isosurfaces of
hepatocyte dysfunction and edema were found, the T1-
and T2-weighted data were fitted simultaneously for either
follow-up date. The fitting parameters D, for 6- and
12-week follow-up varied independently. Only the param-
eter D,, was allowed to differ between T1- and T2-
weighted investigations for each follow-up time (see
Table 3). The dose—volume curve shown in Fig. 3 was
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FIG. 3. Threshold doses for hepatic dysfunction/edema as assessed
by hypointensity on Tl-weighted images 2 h after i.v. Gd-BOPTA/
hyperintensity on T2-weighted images 6 (panel A) and 12 (panel B)
weeks after irradiation in relation to lesion volume. The fits are

plotted in both figures for better intercomparison.

flattened out between weeks 6 and 12, indicating that the
dose—volume effect is reduced 12 weeks after intervention.

Threshold doses of hepatocyte dysfunction and edema
were calculated using the phenomenological-parameter-
dependent model (Eq. 1). According to Eq. (1), Dy
provides a basic isodose threshold of 15.5 Gy for edema
and hepatocyte dysfunction at 6 weeks and 15.4 Gy and
16.7 Gy for edema and hepatocyte dysfunction, respec-
tively, at 12 weeks (Table 3). The threshold dose
decreased by 0.0082 Gy/cm?® at 6 weeks and 0.0045 Gy/
cm’® at 12 weeks for volumes larger than 50 cm?® (D, ;). A
selection of threshold doses derived from Eq. (1) for

TABLE 3
Fitting Parameters of Eq. (1) Describing the
Dose—Volume Effect

Doy (Gy) D, (Gylem®) D,, (Gy) D, (1/cm?)

6 weeks
T1-weighted 15.57 0.00816 39.89 0.1689
T2-weighted 15.43

12 weeks
T1-weighted 15.43 0.00445 7.96 0.1601
T2-weighted 16.74
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different MRI volumes at 6 and 12 weeks postirradia-
tion are presented in Table 4.

The relationship between the threshold isosurface
dose and the catheter geometry-dependent average dose
gradient of the brachytherapy implant was assessed for
48 of the 62 MRI volumes, which were induced by at
least two brachytherapy catheters. The GEE model was
applied to investigate correlations between threshold
isosurface dose, average dose gradient, MRI sequence
and follow-up date. We found a significant correlation
between the threshold isosurface dose and average dose
gradient (P < 0.0001), which is shown in Fig. 4. With
regard to this result, there was no significant difference
between hepatocyte dysfunction and edema (P = 0.76),
whereas the calculated threshold isosurfaces were
significantly affected by the dynamics of the exposed
volumes during follow-up (P = 0.002). In first approx-
imation, this finding indicates an inverse square law-
dependent dose gradient effect, which is expressed by a
linear correlation between dose and gradient for a point
source. The curve was best fitted with a nonlinear
approach, D(x,y,z) = 8.59 + ([VD(x,y,z)| — 2.88)*%* for
|V D(x,y,2z)|>2.88. Figure 4 displays the corresponding
curve differs only slightly from the linear approach.

We did not find a significant correlation between the
threshold isosurface dose and average dose gradient on
the corresponding median threshold isosurface (P =
0.36), shown in Fig. 5. There was no significant
difference between hepatocyte dysfunction and edema
(P = 0.76). Again this statistical analysis revealed a
significant change in the calculated threshold isosurfaces
between 6 and 12 weeks after intervention (P = 0.0025).

DISCUSSION

In the present study, we investigated how irradiated
volumes and catheter geometry-dependent dose gradi-
ents influence radiation effects on normal hepatic
parenchyma. Hepatocyte dysfunction was assessed as
non-uptake of the hepatocyte-selective contrast agent
Gd-BOPTA 2 h after i.v. injection on T1-weighted MR
images. In addition, development of interstitial edema
was assessed on T2-weighted MR images. The MR
images revealed a significant volume effect. The volume-
corrected isodose threshold described by the parameter
Dy, = 16 Gy (Table 3) was found to be nearly
independent of the follow-up time and MRI method
used. This indicates that liver shrinkage (6) had no effect
during the follow-up times investigated here. The
threshold dose of the perifocal normal hepatic paren-
chyma was not dependent on the steepness of the
average dose gradient of the brachytherapy implant.

VOD has been identified as the pathological correlate
of hepatic tissue damage after liver irradiation (16, 22).
It has been suggested as the underlying cause of
morphological alterations of perifocal hepatic paren-
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TABLE 4
Effective Threshold Isodoses, Dy, Hepatic
Dysfunction/Edema as Assessed by
Hypointensity on T1-Weighted Images 2 h
after i.v. Gd&-BOPTA/Hyperintensity on
T2-Weighted Images 6 and 12 Weeks
after Irradiation

T1-weighted

T2-weighted

6 weeks 12 weeks 6 weeks 12 weeks
V (cm?) (Gy) (Gy) (Gy) (Gy)
10 22.9 17.0 22.7 18.3
50 15.2 15.2 15.0 16.5
100 14.8 15.0 14.6 16.3
500 11.5 13.2 11.4 14.5

Notes. The data were obtained with Eq. (1) for different irradiated
volumes at week 6 and week 12 (see Fig. 3). A dose-volume effect is
clearly apparent.

chyma after conformal irradiation (5, 14, 15). VOD is
characterized by severe congestion of afferent sinusoids
and centrilobular veins by erythrocytes and extensive
deposits of fibrin as well as functional impairment and
atrophy of hepatocytes. Functional impairment and
atrophy of hepatocytes were found to occur secondary
to hypoxia and nutritional deficits caused by obstruction
of small branches of hepatic veins (16, 22). It typically
occurs 4-8 weeks after the completion of irradiation.
Recent in vitro and in vivo studies have stressed the
influence of radiation-induced early interdependent
biological mechanisms in nonparenchymal and paren-
chymal liver cells of the liver sinusoids in the develop-
ment of radiation-induced liver disease (23-26). We
propose that the dose-volume effect observed in our
study is a phenomenon based on the interdependent
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FIG. 4. Dose gradient relationship: Correlation between Dy
isosurface and the corresponding average dose gradient. The curve
is fitted with a nonlinear approach. The fitting parameters are printed
next to the graph.
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amplification of radiation-induced microvascular injury
and inflammatory response.

Radiation-generated free radicals lead to apoptosis,
altered expression of adhesion molecules, and up-
regulation of proinflammatory cytokines like IL-1p,
IL-6 and TNFa in endothelial cells (25-27). Increased
vascular permeability due to disruption of the endothe-
lial cell barrier allows inflammatory cells and their
metabolic products to enter the liver parenchyma
around the hepatic veins easily. Proinflammatory
cytokines secreted by the endothelium not only attract
inflammatory cells but also lead to increased parenchy-
mal damage, facilitated by a radiation-induced transient
down-regulation of hepatoprotective genes in hepato-
cytes (24). Transient susceptibility of hepatocytes to
TNFa-mediated apoptosis has been proposed as an
initial step toward radiation-induced liver disease and
liver fibrosis (23). The proinflammatory cytokines
secreted by the endothelial cells further induce expres-
sion of multiple proinflammatory chemokines in the
hepatocytes adjacent to the hepatic veins. The increased
chemokine expression potentially perpetuates hepatic
damage through activation and attraction of neutro-
phils, T lymphocytes and natural killer cells in the
irradiated area (26).

Impaired hepatic blood flow in the irradiated area
leads to hypoxia and nutritional deficits of the
hepatocytes. Subsequent shunting of portal venous
blood into collaterals and anastomoses between afferent
and efferent vessels might additionally aggravate paren-
chymal dysfunction in the irradiated area independent of
the functional status of the hepatocytes (28).

Regeneration is indicated by systematic reduction of
the exposed volume between week 6 and week 12 by
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FIG. 5. Dose gradient relationship: Correlation between D
isosurface and dose gradient on the corresponding reference isodose
surface. The reference isodose surface was chosen based on MRI
sequence (T2- and TI-weighted) and follow-up time (6 and 12
weeks postirradiation).
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30.1 cm? = 22.4% and 31.0 cm® = 21.9%, respectively
(see Table 1). The dose-volume curve in Fig. 3 flattened
out between weeks 6 and 12, indicating that the dose—
volume effect is reduced in the course of follow-up. The
threshold dose range was reduced from =~11-23 Gy at
week 6 to =13-18 Gy at week 12 (see Table 4). This may
be a result of repair and regeneration in the transitional
zone between functionally damaged and morphological-
ly normal liver tissue between 6 and 12 weeks after
irradiation.

Cytology specimens extracted from the exposed
volumes by core biopsy =6 weeks after high-dose-rate
92]r brachytherapy in our previous study confirmed high
regenerative activity with multiple polyploid hepatocytes
and only a minor portion of lymphatic cells and
fibroblasts in areas that had been exposed to low doses
(10-12 Gy). Multiple lymphatic cells and fibroblasts as
predecessors of fibrosis and only a minor amount of
polyploid hepatocytes were observed in areas of high-
dose exposure (18-20 Gy) (6). We found a significant
linear relationship between the exposed volume 6 weeks
after intervention and the absolute volume decrease (in
cm’) between 6 and 12 weeks after intervention. No
significant linear relationship was found between the
exposed volume at 6 weeks and relative volume changes
(in %) between 6 and 12 weeks after intervention. We
therefore conclude that hepatic regeneration is not
impaired in a volume-dependent manner.

The volume effect on the liver tissue threshold dose
was relatively consistent for exposed volumes >100 cm?;
however, we found a considerable standard deviation for
the threshold doses in exposed volumes <100 cm®.
Interindividual differences in the radiosensitivity of
normal liver tissue probably become more evident if
the irradiated volume is small and might account for the
variable standard deviation of the threshold doses
observed in the current study and our previous
prospective assessment of the dose-response relationship
for small volumes of liver parenchyma after single-
fraction high-dose-rate '’Ir brachytherapy (6).

The threshold doses determined in this study differ
from those calculated in our previous study. In our
previous study we found that the average extent of both
edema and hepatocyte dysfunction for the Dy, corre-
sponded to the 9.9 = 2.6- and 9.9 * 2.3-Gy isodose
surface, respectively, 6 weeks after irradiation (=SD). At
12 weeks, the extent decreased to the 11.1 £ 2.6- and
11.9 = 3.0-Gy isodose surface for edema and hepatocyte
dysfunction, respectively (6).

There are two possible explanations for this differ-
ence: First, the threshold dose and exposed volume
correlated significantly (see Table 4). In our previous
study we did not calculate the threshold doses separately
for different irradiated volume sizes. The difference
might therefore be attributable to the fact that exposed
volumes were not taken into account in the earlier study.
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Second, in our previous study we used dose-volume
histograms to calculate the Do, threshold isosurface
(covering 90% of the exposed volume) based on overlap
of the 3D dosimetry data with the fused MR images.

Although accurate image registration was attempted,
small registration errors of a few millimeters could have
led to over- or underestimation of the Dy, especially for
small lesions. In the present study, calculation of the D,
threshold isosurface was based on volumetry of exposed
volumes on fused MR images. First-order misregistra-
tion errors have no impact on the results if the lesion is
completely surrounded by liver tissue because only the
lesion volume is used for threshold estimation. Regis-
tration is necessary only to exclude dose contributions
from outside the liver and for quality assurance; thus the
impact of image fusion uncertainties on the calculated
threshold isosurface was minimized, especially for small
irradiated volumes, resulting in a more accurate
estimate.

In the present study, liver dysfunction volumes
between 14 and 568 cm® and edema volumes between 4
and 607 cm® were determined for analysis of the
threshold isodose. The distance between the boundary
separating functionally intact and functionally impaired
hepatocytes and the radiation source increased with the
size of the irradiated volume. At a large distance, the
dose distribution of a point source can be assumed to
decrease in first order according to the inverse square
law with the distance, r, from the point source,
D(x;y;z)oc1/r?. As follows, the dose gradient decreases
with inverse cubic law, ie. |VD(x;y,z)ocl/r?, which
means D(x;y;z) oc|VD(x;y;z)|*?. At small distances
from the radiation source, the source can no longer be
regarded as a point source and dose and dose gradient
are not correlated by D(x;y;z) oc|VD(x;y;z)|*®. The
exponent found in the present study, 0.898, differs from
the exponent that would be expected for a point source,
0.666 (Fig. 4). The difference between a point source
and the dose gradient actually measured is attributable
mainly to catheter geometry and dwell positions. To
exclude the intrinsic relationship between the threshold
isosurface of the exposed volume and the corresponding
average dose gradient as confounder based on the
distance r from the point source, we calculated the
average dose gradient at the corresponding median
threshold isosurface. We found no correlation between
the threshold isosurface of the exposed volume and the
average dose gradient at the corresponding median
threshold isosurface, indicating that there is no signif-
icant threshold dose dependence on the steepness of the
average dose gradients produced by the geometrical
array of the catheters in the "*Ir point source. Therefore,
we conclude that high-dose-rate '’Ir brachytherapy can
be applied safely without the need to consider catheter
geometry as long as all catheters are placed properly
inside the tumor volume. This holds true for the catheter
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distribution used in our study patients (i.e., distance of 1
to 2 cm between the catheters or between the catheters
and the border of the CTV).

We used a voxel property-based image registration
method based on an NMI similarity measure to
perform affine registration of the CT/dosimetry images
and the follow-up MR images. The NMI similarity
measure has been shown to yield robust and accurate
registration results for liver images (/3). Introduction
of image scaling and shearing allowed correction for
first-order liver deformations. Nevertheless, elastic
registration would have enabled correction of all liver
deformations between the imaging modalities used.
Volumetry of each exposed volume in the fused MR
images was performed. The volumes determined in this
way served to calculate the threshold isosurface of the
3D dosimetry data (confined to the liver) for an
exposed volume of identical size. This reduced under-
and overestimation of the threshold dose resulting
from registration errors.

Our method has some limitations with respect to the
determination of the volume and dose gradient
dependence of the threshold dose of perifocal normal
liver tissue. First, the outer borders of edema in the T2-
weighted images and area of functionally impaired
hepatocytes in the T1-weighted Gd-BOPTA-enhanced
MR images were outlined manually in each slice. Thus
low contrast between the exposed volume and mor-
phologically unaffected normal liver tissue was a
potential source of error for the determination of the
liver tissue threshold dose. Second, calculation of the
threshold dose of the perifocal normal tissue reaction
was based on the assumption of a relatively consistent
relationship between the distribution of isodoses and
biological effects within an individual. This assumption
has been tested for high-dose-rate *Ir brachytherapy
in experimental investigations (29, 30). Third, we used
a highly simplified approach to examine the relation-
ship between the liver tissue threshold dose and dose
gradients produced by the '?Ir implants. Calculation
of an average dose gradient resulted in loss of spatial
information on dose gradient inhomogeneity and
precluded intraindividual comparison of regions irra-
diated with different dose gradients. Additionally, a
slice thickness of 8 mm was used to acquire the images
during breathhold. A slice thickness of 8 mm results in
a significant partial volume effect. This might have an
impact on small lesions and result in under- or
overestimation of lesion size. As the lesion becomes
larger, the partial volume effect is reduced.

The threshold dose of the structural damage of the
perifocal normal liver tissue must be considered if
brachytherapy is performed in patients with unfavor-
able preconditions such as multiple liver lesions or
diminished hepatic reserve capacity after surgical
resection. Available data on the threshold dose of
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normal liver parenchyma for highly conformally
irradiated malignancies shows considerable variations
(2, 3, 5, 6). To the best of our knowledge, our study is
the first to demonstrate a volume dependence of the
normal liver tissue threshold dose after single-fraction
irradiation on a structural level. The volume depen-
dence of the normal liver tissue threshold dose has to
be taken into consideration for individual treatment
planning, especially if several larger malignant tumors
are irradiated in patients with diminished hepatic
reserve capacity. The catheter geometry-dependent
average dose gradient of the brachytherapy implant
did not correlate with the liver tissue threshold dose.
This indicates that high-dose-rate '*Ir brachytherapy
can be used safely without the need for strict
geometrical catheter placement restrictions as long as
all catheters are placed properly inside the tumor
volume and the catheter distribution applied in our
study patients is used.

In conclusion, the normal liver tissue threshold dose
proved to be dependent on the irradiated volume. The
long-term tolerance dose (>12 weeks) is expected in the
range of 15 Gy for volumes <100 cm?® and lower (11.5-
14 Gy) for volumes >300 cm?. This has to be taken into
consideration for individual treatment planning for
patients with a diminished hepatic reserve capacity. No
effect of the steepness of the average dose gradient was
found.
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Abstract

Purpose Radiotherapy of liver malignancies shows
promising results (radioembolization, stereotactic irradia-
tion, interstitial brachytherapy). Regardless of the route of
application, a certain amount of nontumorous liver paren-
chyma will be collaterally damaged by radiation. The
functional reserve may be significantly reduced with an
impact on further treatment planning. Monitoring of radi-
ation-induced liver damage by imaging is neither estab-
lished nor validated. We performed an analysis to correlate
the histopathological presence of radiation-induced liver
damage with functional magnetic resonance imaging
(MRI) utilizing hepatobiliary contrast media (Gd-BOPTA).
Methods Patients undergoing local high-dose-rate brach-
ytherapy for whom a follow-up hepatobiliary MRI within
120 days after radiotherapy as well as an evaluable liver
biopsy from radiation-exposed liver tissue within 7 days
before MRI were retrospectively identified. Planning
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computed tomography (CT)/dosimetry was merged to the
CT-documentation of the liver biopsy and to the MRI.
Presence/absence of radiation-induced liver damage (his-
topathology) and Gd-BOPTA uptake (MRI) as well as the
dose applied during brachytherapy at the site of tissue
sampling was determined.

Results Fourteen biopsies from eight patients were eval-
vated. In all cases with histopathological evidence of
radiation-induced liver damage (n = 11), no uptake of
Gd-BOPTA was seen. In the remaining three, cases no
radiation-induced liver damage but Gd-BOPTA uptake was
seen. Presence of radiation-induced liver damage and
absence of Gd-BOPTA uptake was correlated with a for-
mer high-dose exposition.

Conclusions Absence of hepatobiliary MRI contrast
media uptake in radiation-exposed liver parenchyma may
indicate radiation-induced liver damage. Confirmatory
studies are warranted.
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Introduction

Radiotherapy of liver malignancies has been demonstrated to
be an effective treatment modality in selected patients.
External radiotherapy as well as *°Y-radioembolization and
image-guided brachytherapy have been described in the lit-
erature with promising results [1, 3, 14, 24, 33, 37]. One of
the few factors limiting the use of liver-directed radiotherapy
(regardless of the route) is the relatively low tolerance dose
of the liver parenchyma, leading to an either focal or gen-
eralized liver parenchymal damage, which if a certain vol-
ume of the liver is affected might lead to a reduction of the
functional liver capacity, a so-called radiation (or radio-
embolization)-induced liver disease (RILD or REILD) [4, 7,
15, 22, 29, 32, 36]. Reliable prediction and avoidance of
substantial radiation-induced liver damage is not always
possible. The “gold standard” for the diagnosis of a radia-
tion-induced liver damage remains histopathology with
evidence of veno-occlusive disease [8, 22, 27, 38].

Functional MRI using organ-specific contrast agents
might serve as a new method to visualize radiation-induced
liver damage. The so-called hepatobiliary contrast agents
(gadobenate dimeglumine (Gd-BOPTA) and gadoxetate
disodium (Gd-EOB-DTPA)) differ from other available
gadolinium chelates in that they distribute not only to the
extracellular fluid space but also are selectively and
actively taken up by functioning hepatocytes and excreted
into the bile [6, 19, 25, 26, 34, 35, 41]. The uptake of the
hepatobiliary contrast media in functionally altered liver
parenchyma is significantly reduced. This also seems to be
true for radiation-induced liver damage, because a loss of
uptake of hepatobiliary contrast media is described in the
liver parenchyma adjacent to the clinical target volume
after local radiotherapy [23, 29, 36, 42].

We therefore sought to determine the correlation of
hepatobiliary MRI findings with histopathological evidence
of radiation-induced liver damage in patients undergoing
local high-dose-rate brachytherapy of liver tumors in a
feasibility study.

Materials and Methods
Patients, Inclusion and Exclusion Criteria
Patients were identified from our institutional database

using the following inclusion criteria: (1) secondary liver
malignancy, (2) computed tomography-guided interstitial
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Patients with secondary liver
malignancies treated by CTGB
(n=331)

Excluded patients:
e No liver biopsy (n=306)

v

A 4

Patients with liver biopsy
available (n=25)

Excluded patients:

e Liver biopsy not within 120 days
after CTGB (n=7)

e Tumor only in biopsy (n=4)

—> o No evaluable liver parenchyma
in the biopsy specimen (n=2)

¢ No hepatobiliary imaging
available within 7 days prior to
biopsy (n=4)

\4

Evaluated patients (n=8
with 14 biopsies)

Fig. 1 Patient enrolment

high-dose-rate brachytherapy (CTGB), (3) available liver
biopsy of a liver region with radiation exposure after
CTGB (within 120 days), and (4) available magnetic res-
onance imaging (MRI) of the liver using hepatobiliary
contrast media within 7 days before liver biopsy. Patients
displaying histopathological evidence of liver cirrhosis or
no evaluable liver parenchyma in the biopsy specimen
were excluded (Fig. 1). In total, eight patients (patients
characteristics see Table 1) with 14 evaluable liver biop-
sies from radiation-exposed liver regions were identified.

The local ethics committee approved this retrospective
study; written, informed consent for general anonymized
data processing, including acquired tissue samples was
available from all patients. Most of the patients with
colorectal metastases were part of a prospective trial on the
effectiveness of CTGB [28].

Radiotherapy

All patients underwent CTGB. The technique has been
described previously [28]. Briefly, the placement of the
introducer sheaths (6F Radiofocus, Terumo, Tokio, Japan)
with the brachytherapy applicators (Lumencath, Nucletron,
Veenendaal, The Netherlands) inside was performed using
computed tomography (CT) fluoroscopy (Siemens, Erlan-
gen, Germany) using Seldinger technique. For treatment
planning purposes, a spiral multislice CT of the liver
enhanced by intravenous application of iodide contrast
media was acquired. According to the defined course of the
catheters, the clinical target volume and the predefined
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Table 1 Patient characteristics and histopathological and imaging
findings; biopsy-based evaluation

Sex (f/m) 4/10
Age (year, mean, range) 64 (55-72)
Primary tumor (n)
CRC 10
Breast 1
GIST 3
Median time interval MRI 1 (1-3)
to biopsy (d, range)
Median time interval CTGB 35 (24-77)

to biopsy (d, range)

Time from CTGB to biopsy, 6/6/2
graded (<30 d/30-60 d/60-120 d) (n)

Mean dose at biopsy site (Gy, SD) 20.8 (8.4)
Dose at biopsy site, graded 1/5/8
(<10 Gy/10-20 Gy/>20 Gy) (n)
Uptake of Gd-BOPTA at biopsy site (yes/no) 3/11
Presence of radiation-induced 11/3
liver damage at biopsy site (yes/no)
Other histopathological findings
(n (with/without concomitant presence
of radiation-induced liver damage))
Fat depositions 4 (3/1)
Focal necrosis 6 (6/0)
Focal fibrosis 4 (2/2)
History of chemotherapy (yes/no) 14/0
Platinum containing chemotherapy, 6/8
all cases (yes/no)
Platinum containing chemotherapy, 6/5
in cases with radiation-induced
liver damage only (yes/no)
Median time interval from last 3 (2-17)

chemotherapy to MRI (mo, range)

minimum dose at the tumor margin (15-20 Gy, delivered
as a single fraction) the planning software (Brachyvision,
Varian Medical Systems, Charlottesville, VA) calculated a
dosimetry. The high-dose-rate afterloading system (Gam-
mamed, Varian Medical Systems) employed a Iridium-192
source.

Liver Biopsy and Histopathological Evaluation

In all patients, analyzed core biopsies were part of liver
sample sets obtained after CTGB to exclude a local
recurrence/new tumor close to the former tumor margin.
Biopsies were taken 35 days (median; range 2477 days)
after CTGB. Core biopsies were obtained under CT fluo-
roscopic (Siemens) guidance with a 16 or 18G biopsy
needle (Quick-Core, Cook Group Inc., Bloomington, IN),
throw length 20 mm. The location of the biopsy was doc-
umented by CT. Standard hematoxylin-eosin as well as
Gomori stain was used for this analysis (Fig. 2H,I). All

specimens were evaluated by two independent pathologists
for presence or absence of radiation-induced liver damage
(defined as presence of sinusoidal and hepatic vein con-
gestion, increased perisinusoidal reticulin network, and
coexistence of atrophy of hepatocytes; rating: yes/no) [8,
22, 27, 38]. Other pathological findings were recorded
(e.g., tumor, fibrosis, necrosis, fat deposits). In case of
divergent opinions of the reviewers, the decision was made
by consensus. However, initial interrater reliability was
92.9 % with a Cohen’s kappa of 0.811, which resembles an
almost perfect agreement [21].

Magnetic Resonance Imaging

In all patients MRI (Gyroscan NT® 1.5T, Philips, Best, The
Netherlands) employing Gd-BOPTA (Multihance, Bracco,
Princeton, NJ) was performed 1-3 days (median 1) before
liver biopsy. The MRI protocol consisted of the following
sequences: axial T2-weighted (T2-w) ultrafast spin-echo
(UTSE) (time to echo (TE)/time to repetition (TR)
90/2100 ms) with and without fat suppression, axial T1-
weighted (T1-w) gradient echo (GRE) (TE/TR 5/30 ms,
flip angle 30°) without fat suppression precontrast, 20, 60,
and 120 s post intravenous administration of 0.1 mL/kg
bodyweight Gd-BOPTA (in median 7 mL), and 2-h post
injection of i.v. Gd-BOPTA. The slice thickness was
5-8 mm. For the image registration, the axial T1-w GRE
sequence 2 h after intravenous application of Gd-BOPTA
was used.

Image Registration

Image registration of the CT documentation of the site of
the liver biopsy with the contrast-enhanced planning CT
(including the dosimetry) was performed using the treat-
ment planning software BrachyVision (semiautomated
point based 2D-3D image registration). Match points were
defined on corresponding landmarks of the liver (n = 3-4)
by an experienced radiologist to enable fusion of biopsy
CT with planning CT/dosimetry data. As a result of this
procedure, BrachyVision simultaneously displayed the
treatment plan as well as the anatomical structures of the
biopsy CT allowing a dose measurement at the site of
biopsy (Fig. 1A-C). Image registration of the CT docu-
mentation of the site of the liver biopsy with the hepa-
tobiliary phase MRI (T1-w GRE) was executed using an
independent image registration implementation within the
3D-visualization software Amira 3.1 (Mercury Computer
Systems, Berlin, Germany) [30]. Again, a semiautomated
point-based 2D-3D image registration was performed
according to defined landmarks in the liver (Fig. 2D-F).
Dose measurements and Gd-BOPTA uptake evaluation
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Fig. 2 Patient example of the image workup. Image fusion of the
planning-CT/dosimetry (A) with the CT documentation of the CT-
guided liver biopsy (B) leading to a fused image data set of A and B,
displayed in an overlay modus (C). A Blue circles resemble the
clinical target volumes, red circles resemble the 15-Gy isodose,
orange circles the 10-Gy isodose. Brachytherapy catheters in-plane
are superimposed by light green arrows, catheters positioned in other
levels are indicated by dark green arrows. B Biopsy was taken
32 days after brachytherapy (A). The throw of the biopsy needle is
marked by an arrow at the beginning and at the end. C Fusion of
A and B. The CT documentation of the CT-guided liver biopsy is
superimposed and colored transparent magenta. The former applied
dose at the center of biopsy was calculated within mean 18 Gy. D-F
Image fusion of the hepatobiliary MRI (D) with the CT documen-
tation of the CT-guided liver biopsy (E) leading to a merged image
data set of D and E, displayed in an overlay modus (F). D T1-w GRE

@ Springer

2 h after application of Gd-BOPTA, acquired 1 day before biopsy.
Dark grey areas in the liver (marked by white arrowheads) indicate
an absent uptake of the hepatocyte specific Gd-BOPTA in contrast to
the remaining liver parenchyma. Note that the geometry of the absent
Gd-BOPTA uptake region is in good concordance with the overall
isodose geometry from the dosimetry (resembling approximately the
12 Gy isodose). F Fusion of D and E. The CT documentation of the
CT-guided liver biopsy is superimposed and colored transparent
magenta. Clearly visible: no Gd- BOPTA uptake at the site of biopsy.
G displays the correspondent (to D) T1-w GRE 60 s after application
of Gd-BOPTA: no relevant other finding (e.g., tumor) is present at the
site of biopsy. H and I Procured histological specimen: severe
sinusoidal and hepatic vein congestion with atrophy of hepatocytes
and increased perisinusoidal reticulin network (H: hematoxylin-eosin
stain; [: Gomori stain, original magnification x200)
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The formerly applied dose at the site of biopsy was
measured in the centre of the biopsy core. The range was
6-35 Gy [mean 20.8 Gy, standard deviation (SD) 8.4].
Two experienced MRI GI radiologists (blinded for the
histopathology results) independently evaluated the pre-
sence or absence of Gd-BOPTA uptake at the site of biopsy
sampling (on the merged images, rating: yes/no). To avoid
uptake misinterpretation (underlying anatomical structures,
tumor), all other obtained MRI sequences (although not
merged) were available to the reviewers (Fig. 2). In case of
divergent reviewer opinions the decision was made by
consensus. However, as with histopathology, initial inter-
rater reliability was 92.9 % with a Cohen’s kappa of 0.811
[21].

Statistics

Statistical analysis was performed using SPSS (SPSS 21,
IBM, Chicago, IL). Measurements in different regions of
the same patient were regarded as independent. Cross-
tables were used to display the association of histopathol-
ogical and MRI findings. The confidence interval according
to Clopper-Pearson was calculated to estimate the con-
gruence of histopathology and MRI. T test was performed
to analyze the relation of formerly applied dose and his-
topathology/MRI findings. A p < 0.05 was regarded as
statistical significant.

Results

Patient characteristics and biopsy-based results of the his-
topathological analysis, the dose determination at the site
of tissue sampling, and the uptake characteristics of Gd-
BOPTA at the sampling site are summarized in Table 1.
Radiation-induced liver damage was seen in 11 of the 14
biopsies.

In all cases of histopathological evidence of radiation-
induced liver damage, no uptake of Gd-BOPTA was
detected at the site of tissue sampling. Conversely, in all
cases without radiation-induced liver damage, Gd-BOPTA
uptake at MRI was preserved (Table 2). The Clopper-
Pearson 95 % confidence interval (CI) reaches from 76.8 to
100 % for concordance of histopathology and MRI and
from 71.5 to 100 % for the sensitivity to detect a radiation-
induced liver damage by MRI.

The association of the degree of former radiation exposure
(graded: <10 Gy/10-20 Gy/> 20 Gy) and resulting radia-
tion-induced liver damage and loss of Gd-BOPTA uptake is
displayed in Tables 3 and 4. After exposure to >20 Gy
radiation-induced liver damage and loss of Gd-BOPTA were
seen in all cases, whereas cases with or without radiation-
induced liver damage/Gd-BOPTA uptake were seen if prior

Table 2 Cross-table, presence of radiation-induced liver damage,
and uptake of Gd-BOPTA at the site of tissue sampling

Presence of radiation- Uptake of Gd-BOPTA Total
induced liver damage

Yes No
Yes 0 11 11
No 3 0 3
Total 3 11 14

Cross-table of findings of histopathology and hepatobiliary MRI. A
perfect congruence of histopathology and hepatobiliary MRI can be
seen

Table 3 Cross-table, presence of radiation-induced liver damage and
dose (Gy) at the site of tissue sampling

Presence of radiation- Dose (Gy) at the site of tissue Total
induced liver sampling
damage

<10 >10and <20 >20 Gy
Yes 0 3 8 11
No 1 2 0 3
Total 1 5 8 14

Cross-table of the degree of former radiation-exposure (graded
(<10 Gy/10-20 Gy/>20 Gy)) at the site of biopsy and radiation-
induced liver damage (yes/no). An increasing rate of presence of
radiation-induced liver damage can be seen with increasing radiation-
exposure

radiation exposure was <20 Gy. However, statistical testing
revealed a significant lower dose exposition (continuous
values) in cases with preserved Gd-BOPTA uptake or absent
radiation-induced liver damage (mean exposure: 10.7 Gy)
compared with cases with lost Gd-BOPTA uptake or radia-
tion-induced liver damage (mean exposure: 23.5 Gy;
p = 0.012). A clinically overt RILD was not observed in any
of the patients.

Discussion

To our knowledge, no systematic study focusing on the
correlation of histopathological presence of radiation-
induced liver damage after radiotherapy with hepatobiliary
MRI findings has been published to date. We were able to
show that in our small patient cohort radiation-induced
liver damage in radiation-exposed liver parenchyma is
significantly associated with a loss of uptake of the hepa-
tocyte-specific MRI contrast media Gd-BOPTA. The con-
cordance was perfect with absence of Gd-BOPTA uptake
demonstrated in all cases with and in no case without
radiation-induced liver damage.

Functional MRI wusing hepatocyte-specific contrast
agents is increasingly being evaluated as a method to
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Table 4 Cross-table, uptake of Gd-BOPTA and dose (Gy) at the site
of tissue sampling

Uptake of Dose (Gy) at the site of tissue sampling Total
Gd-BOPTA

<10 Gy >10 and <20 Gy >20 Gy
Yes 1 2 0 3
No 0 3 8 11
Total 1 5 8 14

Cross-table of the degree of former radiation-exposure (graded
(<10 Gy/10-20 Gy/> 20 Gy)) and Gd-BOPTA uptake (yes/no), both
at the site of biopsy. An increasing rate of absence of Gd-BOPTA
uptake can be seen with increasing radiation-exposure

determine the liver capacity noninvasively [42]. According
to our results, liver MRI employing hepatocyte-specific
contrast media also might serve as a new method to visu-
alize radiation-induced liver damage. The hepatobiliary
contrast agents Gd-BOPTA and Gd-EOB-DTPA are
selectively taken up (through an organic-anion-transporter-
polypeptide, mainly OATP1B1 and 3) by functioning
hepatocytes and excreted into the bile by the adenosine-
triphosphate-dependent-multidrug-resistance-protein 2 [5,
19, 25, 26, 34, 35, 41]. Regarding Gd-BOPTA, the biliary
excretion rate is 3-5 % in humans [5, 41]. The biliary
excretion rate of Gd-EOB-DTPA in humans is even higher
with approximately 50 % [25, 35]. However, with both
contrast media the level of uptake is sufficient to bring
about specific, long-lasting enhancement of MR signal
intensity in normal liver parenchyma.

Significant damage to the hepatocyte results in a reduced or
absent uptake of both of these agents [23, 26, 34, 42]. This also
seems to be true for significantly radiation-exposed liver
parenchyma for which a reduced uptake of the hepatobiliary
contrast agents Gd-BOPTA and Gd-EOB-DTPA has been
demonstrated [29, 36, 43]. Besides direct damage to the
hepatocyte by irradiation, the radiation-induced liver damage
is mainly determined by the low radiation tolerability of
nonparenchymal cells, particularly venous and sinusoidal
endothelial cells, which results in the early development of
venous and sinusoidal congestion [11]. However, this endo-
thelial damage is followed by a thrombogenic state, inducing
additional and substantial hepatocyte damage [8, 22, 27].

We see a potential clinical use of these results for the
following purposes in patient management (and use them
already in our daily practice): to support the diagnosis of
clinically suspected radiation-induced liver disease; to
optimize treatment planning in repeat liver-directed
radiotherapy (to visualize the functional remnant liver
parenchyma); to evaluate the topographic concordance
between treatment planning and distribution of radiation
effects as early therapy control [44].

Additionally, the indication of the functional state of
the hepatocyte after radiation-exposure may provide a
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possibility to determine the tolerance of hepatic tissue to
irradiation quantitatively. Studies on quantitative in vivo
data of the hepatic tolerance to irradiation are sparse and
frequently biased by the volume function of exposed liver
parenchyma [4, 7]. Reports of hepatic tolerance after whole
organ irradiation also are rare [9, 16, 40]. New approaches
use surrogates (contrast-enhanced computed tomography
(CT), hepatobiliary MRI) to determine the functionality of
the liver parenchyma after focal radiotherapy [15, 29, 36,
43]. Notably, a correlation of imaging findings with his-
topathology of radiation-induced liver damage was not
investigated in these cited studies. However, all these
studies indicate that a relevant parenchymal damage can be
expected if a single dose of approximately >10 Gy or a
fractionated dose of approximately >30 Gy (2 Gy/d) is
applied to the liver. However, the interindividual hetero-
geneity of hepatic tolerance to irradiation remains high,
most probably due to prior exposition to potentially hepa-
totoxic chemotherapeutic agents [9, 36, 40]. Based on the
structure of the presented analysis and the low sample size,
we cannot provide reliable data on quantitative liver tol-
erance. Nevertheless, we found a significant association of
applied dose and the presence of radiation-induced liver
damage with a high rate of radiation-induced liver damage
after exposition to a single fraction of >10 Gy.

There is reason to believe that our results obtained from
CTGB treatment can be transferred to other radiation
treatment methods for liver malignancies, such as *°Y-ra-
dioembolization. During CTGB, the liver parenchyma is
exposed to single doses of high-dose-rate radiation, with a
liver damage starting to develop already at doses of
approximately 10 Gy [29, 36, 43]. Radiation exposure of
liver tissue is characterized by a slope-factor alpha/beta
equal to 2 Gy. This translates into a conventional frac-
tionation scheme of 5 x 2 Gy with a total threshold dose
(EQ) of approximately 30 Gy. This dose pattern is quite
similar to “°Y-radioembolization. Here, a high-radiation
dose of upto 200 Gy is directed at metastases by intra-
arterial injection of *°Y-microspheres. A steep fall-off of
dose around the *°Y-microsphere-accumulating lesions is
observed, ideally with a mean dose of 15 Gy in the
remaining liver tissue and—if occurring at all—parenchy-
mal damage exclusively at the interface of tumor and
parenchyma [2, 18]. However, depending on the embolized
volume, the tumor-to-liver distribution ratio of the spheres,
and the number and spatial distribution of metastases, the
volume of liver tissue exposed to >30 Gy and more may be
considerable. The resulting focal or generalized radio-
embolization-induced liver damage may lead to clinically
overt REILD in upto 22.7 %, especially in patients with
preexisting liver damage [2, 10, 12, 17, 18, 20, 32, 37].
Clearly, the time factor with °°Y-radioembolization is
different. However, for cells with a typical repair constant
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(u) of 0.1-1 h-1, we have calculated that nominal doses of
20Y_radioembolization are equal or slightly below the
corresponding standard doses EQ, indicating that the dose
ranges associated with °°Y-radioembolization and CTGB
are comparable if recalculated with respect to the standard
fractionation. Moreover, a reduced uptake of Gd-EOB-
DTPA in liver regions exposed to >30 Gy after *°Y-ra-
dioembolization was presented recently [13]. Because
imaging of the actual distribution of the °°Y-microspheres
is hampered by properties and low resolution of post
therapeutic bremsstrahlung imaging, the identification of
hepatic parenchymal injury induced by implantation of
%Y _microspheres is appealing in terms of quality assur-
ance, patient management and, most importantly, identifi-
cation of patients at risk for REILD.

As a limitation of our study the low sample size (8
patients, 14 biopsies) has to be discussed. In order to mini-
mize confounders, we excluded patients with an underlying
liver cirrhosis (reduced contrast agent uptake), patients with
a long time period between brachytherapy and biopsy
(>120 days) (after that a radiation-induced liver damage is
unlikely) and patients with a delay of more than 7 days
between biopsy and hepatobiliary MRI (to avoid a mor-
phological bias between imaging and histopathology). Thus,
while certainly reducing the number of evaluable patients,
we believe that the strict application of these criteria for
inclusion and exclusion of patients increased the homoge-
neity of the cohort and therefore improved the overall quality
of this analysis. However, the study concept remains
exploratory. A confirmatory study is needed to verify these
findings (i.e., prospective hepatobiliary MRI and collection
of liver tissue samples within a defined time span after
CTGB, for example in patients who require repetitive
interventions due to lesion number or new lesions).

Finally, interference of sinusoidal-obstruction-syndrome
(SOS) after platinum containing chemotherapy with histopa-
thological and imaging findings should be discussed [31, 39].
In contrast to SOS, the geometry and the distribution of the
uptake loss of hepatobiliary contrast media after CTGB is
focal, homogenous, and circumferential around the clinical
target volume, as shown in our example (Fig. 2D) and
described in the literature as well [29, 36]. Thus, we believe
that we can exclude underlying SOS as a confounder to our
results.

Conclusions

We were able to show that loss of hepatobiliary MRI
contrast media uptake in patients undergoing liver-directed
radiotherapy may indicate the presence of radiation-
induced liver damage as determined by histopathology. We
believe that, if confirmed in larger studies, this finding has

an impact on treatment follow-up and further treatment
planning after radiotherapy of the liver, as well as on fur-
ther research on liver reaction to radiotherapy.
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Abstract

-

Background: To assess radiobiological restrictions and tolerance doses as well as other toxic effects derived from
repeated applications of single-fraction high dose rate irradiation of small liver volumes in clinical practice.

Methods: Twenty patients with liver metastases were treated repeatedly (2 - 4 times) at identical or intersecting
locations by CT-guided interstitial brachytherapy with varying time intervals. Magnetic resonance imaging using the
hepatocyte selective contrast media Gd-BOPTA was performed before and after treatment to determine the volume of
hepatocyte function loss (called pseudolesion), and the last acquired MRI data set was merged with the dose
distributions of all administered brachytherapies. We calculated the BED (biologically equivalent dose for a single dose
d =2 Gy) for different a/B values (2, 3, 10, 20, 100) based on the linear-quadratic model and estimated the tolerance
dose for liver parenchyma Dg,as the BED exposing 90% of the pseudolesion in MRI.

Results: The tolerance doses Dy, after repeated brachytherapy sessions were found between 22 - 24 Gy and proved
only slightly dependent on a/f in the clinically relevant range of o/ = 2 - 10 Gy. Variance analysis showed a significant
dependency of Dy, with respect to the intervals between the first irradiation and the MRI control (p < 0.05), and to the
number of interventions. In addition, we observed a significant inverse correlation (p = 0.037) between Dy, and the
pseudolesion's volume. No symptoms of liver dysfunction or other toxic effects such as abscess formation occurred
during the follow-up time, neither acute nor on the long-term.

Conclusions: Inactivation of liver parenchyma occurs at a BED of approx. 22 - 24 Gy corresponding to a single dose of
~10 Gy (a/B ~ 5 Gy). This tolerance dose is consistent with the large potential to treat oligotopic and/or recurrent liver
metastases by CT-guided HDR brachytherapy without radiation-induced liver disease (RILD). Repeated small volume
irradiation may be applied safely within the limits of this study.

J

Background

Irradiation of liver malignancies has been shown benefi-
cial for patients with both primary and secondary intra-
hepatic tumors under specific oncological conditions, e.g.
oligotopic metastases. Both stereotactic irradiation and
image-guided brachytherapy have been described
recently with promising results [1-6].
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A dose-response relationship exists with an association
between the delivery of a higher dose and improved clini-
cal outcome [7] but since the liver is a radiosensitive
organ there is an increasing risk of radiation-induced
liver disease (RILD) when the whole organ is exposed to
moderate doses, e.g. 30 Gy [8,9]. RILD, the most common
liver toxicity after radiation therapy, is a clinical syn-
drome of anicteric hepatomegaly, ascites, and elevated
liver enzymes occurring typically between 2 weeks to 3
months after completion of radiation therapy [10].
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For this reason, external total liver irradiation plays a
very limited role in the treatment of intrahepatic tumors.
However, treatment of parts of the liver with higher radi-
ation doses is possible without clinical consequences as
long as an adequate volume of normal liver is spared.

Hepatic toxicity due to radiation therapy has been
extensively investigated. Robertson et al. reported 12 of
26 patients with primary hepatobiliary cancers and mea-
surable treatment-related toxicity. Doses ranged from 36
Gy (whole liver) to 72.6 Gy (focal liver). Two patients
were diagnosed with nonfatal radiation hepatitis [11].
Cheng et al reported 12 out of 68 patients developing
RILD after three-dimensional conformal radiotherapy
(3D-CRT) of hepatocellular carcinoma with radiation
portals designed to include the gross hepatic tumor on
CT scan with 1.5-2 cm margins. No patient was given
radiation to the whole liver. The mean dose was 50.2 Gy
in daily fractions of 1.8-2 Gy [12]. Our own workgroup
has previously published 2 papers on human hepatic dose
tolerance after single small volume irradiation treatments
employing the brachytherapy model and hepatocyte
selective contrast agent to determine focal liver function
loss. Whereas the mean dose threshold for lasting focal
hepatic dysfunction was 15 Gy for all lesions. We found a
considerable dose volume effect up to a threshold of 18
Gy favouring very small irradiation volumes [13,14].
However, no human in vivo data on dose tolerance or late
toxic effects of repeated treatments of hepatic paren-
chyma is available today. The aim of the study described
herein was to determine hepatic threshold doses for
repeated small volume irradiation e.g. in case of tumor
recurrence after previous radiation treatment of liver
metastases, and to rule out the occurrence of any other
toxic effects.

Methods

General methodology

Patients eligible for this study had received at least 2
applications of computed tomography (CT)-guided
brachytherapy of adjacent liver areas with intersecting
dose distributions with time intervals of more than 4
weeks between radiation treatments. We sought to deter-
mine safety and clinical consequences of multiple appli-
cations of single-fraction irradiation of small liver
volumes. We utilized a methodology previously
described in a study on the tolerance dose of hepatic
parenchyma after singular single-fraction HDR irradia-
tion [13,14]. A fluoroscopy CT was used for catheter
positioning and 3D-CT data sets are acquired for dose
planning (Figure 1, 2). During follow-up to irradiation-
therapy, magnetic resonance imaging (MRI) with the
hepatocyte-directed contrast agent gadobenate dimeglu-
mine (Gd-BOPTA) was selected to identify the function
loss of liver parenchyma, hereinafter referred to as

Page 2 of 12

Figure 1 Image-fusion: Contrast-enhanced computed tomogra-
phy (CT) after CT-guided positioning of brachytherapy catheters
(arrows) in a liver metastasis of a colorectal carcinoma, merged
with the last magnetic resonance imaging of the liver acquired
after all interventions (grey delineation). The hypointensity area
shows the impairment of hepatocyte function in the left liver lobe.

"cumulative pseudolesion”. Gadobenate dimeglumine is
an octadentate chelate of the paramagnetic ion gadolin-
ium. Its kinetic properties resemble those of conventional
iodinated contrast media and comprises a distribution
phase and an elimination phase [15]. Studies have shown
that this agent differs from other available gadolinium
chelates in selectively being taken up only by functioning
hepatocytes and excreted into the bile by the so-called
canalicular multispecific organic anion transporter
shared with bilirubin [15-17]. Changes in uptake of a
hepatocyte specific contrast media illuminate the final
path of the radiation injury, i.e. visualize areas of a dys-
functional hepatic system [18] (Figure 3). The histological
appearance of radiation induced liver damage indicates
that endothelial injury and subsequent obstruction of
centrilobular venules and sinusoids are the key events in
the pathogenesis of radiation injury of the liver. The path-
ological lesion resembles veno-occlusive disease [19-21]
(Figure 4).

After image fusion, the isodose lines calculated for
interstitial irradiation were projected onto the respective
MRI scans. In the study described herein, we employed
these techniques to assess the biologically equivalent tol-
erance dose of the irradiated volumes of liver paren-
chyma after repeated applications of single-fraction high-
dose rate (HDR) brachytherapy. The LQ-model, estab-
lished to predict late effects for different fractionation
schemes, was adopted for the HDR-brachytherapy
approach. The sensitivity of a tissue for a specific late
effect was described by the critical dose o/ in Gy.
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Figure 2 Image fusion of CT-data set with the accumulated 3-D
dosimetry of three different irradiation sessions. (a) Contrast-en-
hanced CT after first (No.1) CT-guided positioning of brachytherapy
catheters (long arrow) in metastases of a colorectal carcinoma. The
short arrow shows the 3-D dosimetry of another lesion, irradiated in
session No.2. (b) Contrast-enhanced CT after third intervention (No.3)
in the same patient. The arrow shows the upper boundary of the 3-D
dosimetry of the lesion irradiated in session No.2. Physical doses are
shown in the colour map.

Study population
We retrospectively analyzed the dose distributions of
twenty patients. All patients received between two and
four applications of CT-guided HDR brachytherapy
either of the same liver lesion or in close proximity due to
local tumor recurrence or growth of a satellite lesion.
Written informed consent was obtained from all patients.
The patient population comprised of 10 men and 10
women; mean age was 64 years (51-84 years). Primary
malignancies were colorectal carcinoma (n = 18), cholan-
giocellular carcinoma (n = 1) and breast carcinoma (n =
1). Karnofsky performance score was higher than 80%.
Nineteen patients had received systemic anticancer treat-
ments before brachytherapy, terminated at least 4 weeks

Figure 3 Development of radiation injury of the liver after HDR
brachytherapy: (a) Colorectal metastasis in liver segment IV (ar-
row), T1Tw-GRE 20 minutes after application of Gd-BOPTA. (b) Con-
trast-enhanced planning-CT and dosimetry after insertion of
brachytherapy catheters (arrow) in the metastasis. The coloured lines
indicate different isodoses. Applicated dose at the tumor margin was
20 Gy. (c) MRI after 3 months with a decreased uptake (arrow) of Gd-
BOPTA around the irradiated and shrunken metastasis (T1w-GRE 20
minutes after application of Gd-BOPTA).
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Figure 4 Liver biopsy. Biopsy was performed to rule out a sus-
pected local recurrence. Tissue had been exposed to approximately
20 Gy two months ago. Heterogenous congestion of the sinusoids
with beginning atrophy of liver cells. Hematoxylin-eosin, original mag-
nification: ?100.

/

before tumor ablation. Some of these drugs cause specific
toxic effects in the liver as steatosis and steatohepatis,
hyperbilirubinaemia and vascular changes, sinusoidal
obstruction or dilatation syndrome. Patients received in
particular irinotecan (n = 8), fluorouracil (n = 15),
capecitabine (n = 2), oxaliplatin (n = 5), epirubicine (n =
1) and gemcitabine (n = 1) before intervention. In
between the interventions and during postinterventional
surveillance 7 patients received again irinotecan, 5
patients received fluorouracil and oxaliplatine respec-
tively, capecitabine (n = 3), avastine (n = 2) and UFT (n =
1).

Treatment was carried out consecutively without selec-
tion or randomisation. There was a minimum interval of
4 weeks and a maximum of 14 months between sequen-
tial applications (table 1). The decision to treat or re-treat
any lesion was taken individually following oncological
considerations.

Only patients who underwent more than one applica-
tion of CT-guided HDR-brachytherapy with intersecting
dose distributions were included. Normal liver function
based on laboratory parameters as well as clinical exami-
nation was acquired before CT-guided brachytherapy.

We excluded patients with any clinical or laboratory
sign of liver function degradation before therapy.

Interventional technique and irradiation

The technique of CT-guided brachytherapy has been
described in detail elsewhere [22]. Positioning of the
brachytherapy applicators was performed with a fluoros-
copy CT (Siemens, Erlangen, Germany). After catheter
placement a spiral CT of the liver (slice thickness: 5 mm,
increment: 5 mm), enhanced by i.v. application of iodide
contrast media (100 mL Ultravist 370, flow: 1 mL/s; start
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delay: 80s), was acquired using the breath-hold technique
for treatment planning purposes.

The HDR afterloading system (GammaMed, Varian,
Charlottesville,VA) used a 192Iridium source of 10Ci. The
source diameter was <1 mm and dwell positions were
located every 5 mm. Dwell times were corrected auto-
matically according to the actual source strength.

Treatment planning and dosimetry analysis
Treatment planning employed BrachyVision (Varian
Medical Systems, Palo Alto, CA). A radiation oncologist
and radiologist jointly performed the planning process,
i.e. delineation of the clinical target volume CTV (gross
tumor volume GTV plus safety margin of a few mm)
according to clinical considerations. The prescribed dose
to enclose the CTV ranged from 15 to 25 Gy (mean 20
Gy, average 18.27 Gy) (table 1). In organs at risk (intes-
tine, stomach) D, ,; was prescribed to be < 15 Gy. The
volume dose to the liver (D5 g,» Dy gy D7 gy) Was kept as
small as reasonable.

All applications were performed as a single dose
employment.

Follow-Up

MRI examinations were performed in 20 patients 1 day
before, 3 days, 6 weeks and following every 12 weeks after
irradiation. The MRI protocol was comprised of the fol-
lowing sequences: T2-w breathing-triggered UTSE (TE/
TR 90/2,100 ms), T1-w breath-hold gradient echo (GRE)
(TE/TR 5/30 ms, flip angle 30°) precontrast, 20 s and 2 h
post i.v. application of 15 mL Gd-BOPTA (Multihance;
Bracco, Princeton, NJ). The slice thickness was 8 mm,
acquired in interleafed mode with no gap applied.

At the same control dates we also assessed the follow-
ing laboratory parameters: bilirubin, aspartate amin-
otransferase,  alanine  aminotransferase, alkaline
phosphatase, albumin, ammonia and C-reactive protein
to assess treatment-related toxicity using Radiation Ther-
apy Oncology Group (RTOG) toxicity score.

Image registration
All 3D-dosimetry data calculated by BrachyVision during
all CT-guided brachytherapies were merged with the last
MRI-data set which had been acquired during a period of
<12 months after the last intervention. All data were pro-
cessed by anisoscalar image registration (Figure. 1, 2). By
reducing the images to contain liver parenchyma and a
small surrounding margin (approx. 1 cm), anisotropic
image fusion was sufficient to achieve accuracy better
than 5 mm for the liver surface and prominent anatomic
structures (e.g. large vessels) [14].

The registration routine of the algorithm was based on
normalized mutual information and has been described
by Studholme et al. [23]. We employed a modified inde-
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Table 1: The extent of the irradiation effects ("cumulative pseudolesion” in cm3) and calculated Dy, (for a/ = 2 Gy) with respect to the minimal prescribed dose inside
of the clinical target volume (CTV) in the different irradiation sessions.

Pat. Dyo 2 6y) Cum. Pseudo-le- Fractions (n) Interval between  Interval between Interval between Minimal Liver Volume
sion Volume inter-ventions first irradiation & last irradiation & prescribed dose

(cm?) (months) last MRI (months)  last MRI (months) inside CTV (Gy) (em?)
1 18.80 289 3 3/3 17 1 20/20/20 1960
2 16.20 327 2 7 14 7 25/15 2184
3 35.20 135 4 7/1/8 31 3 15/20/20/20 1123
4 25.30 172 3 4/3 18 1 20/20/15 1548
5 17.20 710 2 12 5 4 15/15 2077
6 25.15 381 2 13 13 12 15/20 1357
7 16.40 239 2 7 18 1 25/15 1847
8 14.35 803 2 6 13 7 15/20 1463
9 31.90 92 4 4/4/8 24 7 15/15/20/20 1424
10 23.65 425 2 14 18 4 20/15 2054
11 28.35 178 2 5 10 4 15/20 1662
12 21.64 668 3 4/6 16 6 20/15/20 2165
13 21.70 207 2 10 12 3 15/15 1439
14 15.90 529 3 1/5 9 4 15/15/15 1441
15 16.30 238 2 11 14 3 20/15 2025
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pendent implementation of this algorithm within the 3D
visualization software Amira version 3.1 (Mercury Com-
puter Systems, Inc, San Diego, USA). The accuracy of the
implemented algorithm was verified by Rohlfing et al.
[24].

Quantitative analysis
For every patient, we calculated the cumulative biologi-
cally equivalent dose BED in every voxel over the whole
liver for different a/p-values (2, 3, 10, 20, 100) by the fol-
lowing equation [25]:

ZDk(a+Dk]=(a+2JDm (1)
— | p p

where Dy is the dose per voxel deposited during the
intervention k = 1,...,n and D, is the BED per voxel with
respect to conventional fractionation.

Every lesion was the result of repetitive single interven-
tions with different dose distributions. On the T1-w late
Gd-BOPTA enhanced images of the last MRI acquired
after the last therapy, two experienced GI-radiologists
evaluated the fused images of MRI and dose distributions
by delineating the border of hypointensity in the irradi-
ated liver area in consensus. In liver regions with no
detectable uptake of Gd-BOPTA (hypointensity) we
assumed radiation-induced damage of liver tissue [13,14].

Based on the total 3D Dy,-data set, Amira software cal-
culated the dose-volume histograms for a set of a/p val-
ues (2, 3, 10, 20, 100) (Figure 5) to determine the Dy, (/)

for every cumulative pseudolesion, i.e. the BED exposing
90% of the pseudolesion in MRI.

Statistical analysis

Standard Pearson correlation coefficients were deter-
mined to perform an univariate correlation analysis with
following variables used: Dy, (for a/f = 2), number of
interventions, interval between first irradiation and last
MRI, interval between last irradiation and last MRI,
mean interval between several interventions and volume
of the cumulative pseudolesion. Kendall's W-test for
related samples was used to test the difference with
respect to various o/p-values.

We compared 2 groups of patients with pseudolesion
volumes of <200 mL (n = 5) or >200 mL (n = 15). The
comparison between the Dy, g, of the two groups was
performed by using an unpaired ¢- test.

Analyses were performed using the Statistical Package
for the Social Sciences, version 13.0.0 (SPSS for Win-
dows, Chicago, Illinois, USA). A p-value < 0.05 was con-
sidered statistically significant.
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Results

The volumes of radio-affected liver tissue (pseudolesion)
are presented in Table 1 in dependency on the time inter-
vals between the interventions and the time intervals
from interventions to MRI examinations. The lesion size
overall ranged from 75 cm3 to 803 cm3 (median 266.5
cm?), the whole liver volume ranged from 1123 cm3 to
2184 cm3 (median 1576 cm3). The time interval from the
first brachytherapy to the last MRI ranged from 5 to 31
months (median 13.5 months), and from the last
brachytherapy to the last MRI from 3 to 12 months
(median 5 months), respectively. The MRI-data we used
was the latest MRI acquired during a period of median 5
months after the last intervention.

Table 2 shows the calculated Dy, covering the inacti-
vated liver tissue corresponding to variable a/p values.
The mean tolerance doses ranged from 22.40 Gy for a/p
=2 to 23.34 Gy for a/p = 10, and 24.08 Gy for a/P = 20 to
26.17 Gy for a/p = 100, respectively. The differences in
the Dy, were statistically significant, but the differences
for clinical relevant o/fB-values between 2 and 10 were
smaller than 1 Gy (table 2, Figure 5, 6).

The Dy, (for o/ = 2) and the interval between the first
irradiation and the last MRI correlated significantly (p =
0.005) as a result of ongoing repair or regeneration. A
correlation was also shown between the Dy, and the num-
ber of interventions, likely as a result of better recovery in
case of a smaller number of irradiation treatments (p =
0.004) (table 3). There was a trend for a positive correla-
tion (p = 0.092) between Dy, and the mean interval
between the whole series of several interventions. The
time interval between repeated interventions did increase
the Dy, gy)» indicating that the time available for regener-
ation influenced the dose tolerance. Conversely, a signifi-
cant inverse relationship (p = 0,037) between the volume
of the pseudolesion and Dy, was found (table 3).

After definition of three groups with different
pseudolesion volumes (1: up to 199 mL (30.1 Gy), 2: 200-
399 mL (19.1 Gy) and 3: 2400 mL (21 Gy)), the Bonfer-
roni-test revealed a significant difference for the Dy, gy
between group 1 and both other groups, while there was
no difference between group 2 and 3. However, there was
a cut off at 200 mL and the comparison of the two groups
regarding patients with different pseudolesion volumes
showed a difference between the Dy, g,) (30.1 Gy vs. 19.1
Gy) (p = 0.01) (table 4).

There was no significant correlation with all the other
variables tested: a) the interval from last i