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Gewidmet meiner Frau Katharina

»1 will love you as a drawer loves a secret compartment, and as a secret compartment
loves a secret, and as a secret loves to make a person gasp...
I will love you until all such compartments are discovered and opened, and all the
secrets have gone gasping into the world.”

Lemony Snicket, The Beatrice Letters



1. Abklrzungsverzeichnis
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2. Einleitung

2.1 Klassifikation maligner Hirntumoren

Hirntumoren werden im Hinblick auf ihre Atiologie unterschieden in primére, sogenannte
hirneigene Tumoren und sekundare, metastatische Hirntumoren. Die Histologie, Therapie
und Prognose primarer und sekundarer Hirntumoren unterscheiden sich mitunter
erheblich. Gemeinsam haben die Hirntumoren jedoch die klinische Symptomatik, die
primar von Lokalisation, Grof3e und Wachstumsgeschwindigkeit der Lasionen abhangig
ist. In Bezug auf ihren zellularen Ursprung werden primare Hirntumoren grob
unterschieden in gliale und nicht-gliale Tumoren und in Bezug auf ihre Dignitat in maligne
und benigne Tumoren (Louis et al., 2021). Hirnmetastasen weisen ebenfalls verschiedene
zugrundeliegende Entitaten auf, werden grundsatzlich jedoch den malignen Hirntumoren
zugeordnet. Die Diagnostik der Wahl zur weiteren Abklarung ist die Durchfuhrung einer
(neuro-)radiologischen Bildgebung mittels Computertomographie (CT) oder besser
Magnetresonanztomographie (MRT) und die Verknupfung der Ergebnisse mit
anamnestischen und klinischen Befunden (Suh et al, 2020). Neben
behandlungsbedurftigen malignen Prozessen wie hdhergradigen Gliomen oder
Metastasen kommen auch Lymphome und zahlreiche benigne intrazerebrale Befunde
differentialdiagnostisch in Betracht. So kdnnen die prognostisch ebenfalls ungunstigen
Lymphome bildgebend wie primare Hirntumoren erscheinen, sprechen in der Regel initial
jedoch rasch auf eine Kortisontherapie an (Ferreri et al., 2023). Benigne Hirntumoren
gehen mit einer deutlich geringer ausgepragten Wachstumsdynamik und damit auch
einem latenteren klinischen Verlauf einher, wobei in vielen Fallen dennoch eine
Notwendigkeit zur medizinischen Intervention besteht (Ogasawara et al., 2021). Auch
wenn sich insbesondere durch moderne Bildgebung mittels dunnschichtiger MRT-
Sequenzen bereits wichtige Hinweise ergeben, kann eine definitive Zuordnung der
Tumorentitat erst nach histologischer Sicherung im Rahmen einer chirurgischen Biopsie
oder Resektion erfolgen. Bei Vorliegen eines hochgradigen Glioms oder einer zerebralen
Metastasierung solider Tumoren besteht eine Indikation zur zeitnahen zerebralen

Strahlentherapie, wobei eine ganze Reihe strahlentherapeutischer Verfahren, Techniken



und Dosierungsschemata sowie gegebenenfalls deren Kombination mit Systemtherapien

zur Anwendung kommen kann.
2.2 Primare Hirntumoren - Das Glioblastom

Das Glioblastom (GBM) ist der haufigste maligne primare Hirntumor des Erwachsenen
und geht mit einer schlechten Prognose einher. Wahrend eine Erkrankung in prinzipiell
jeder Altersgruppe mdglich ist, sind die meisten Patienten Uber 55 Jahre alt (Ostrom et
al., 2019). Manner sind relativ gesehen haufiger betroffen als Frauen. Der einzige
wissenschaftlich anerkannte Risikofaktor fur die GBM-Entstehung ist eine vorhergehende
Bestrahlung im  Kopf/Hals-Bereich.  Demgegenliber  suggerieren  verfligbare
epidemiologische Daten einen protektiven Effekt von Erkrankungen aus dem atopischen
Formenkreis (Ostrom et al, 2019). Der biologische Hintergrund der Erkrankung ist
insgesamt noch unzureichend verstanden und Gegenstand gegenwartiger
wissenschaftlicher Diskussionen. Aktuelle Konzepte postulieren eine Gliomentstehung
aus neuroglialen Stammzellen oder Progenitorzellen aus dem Bereich der
Subventrikularzone des Gehirns (Lee et al., 2018; Jung et al., 2019). Pathologisch
charakterisiert sich das GBM als diffuses astrozytares Gliom mit Vorliegen einer Trias aus
mikrovaskularen Gefaldproliferaten, Nekrosearealen sowie gegebenenfalls spezifischen
molekularen Auffalligkeiten (Weller et al., 2021). Die diagnosebestimmende World Health
Organization (WHO)-Klassifikation fur Tumoren des zentralen Nervensystems (ZNS)
wurde im Jahr 2021 erheblich Uberarbeitet, um den zwischenzeitlich neugewonnenen
molekulargenetischen Erkenntnissen und ihren prognostischen Implikationen Rechnung
zu tragen (Louis et al., 2021). Hierdurch ergaben sich zahlreiche Verschiebungen in der
diagnostischen Einteilung von Gliomen, was letztlich zu einer deutlich strengeren
Grenzziehung prognostisch glnstiger Gliome zum Glioblastom flihrte. So wurden etwa
IDH-mutierte Gliome grundsatzlich aufgrund ihrer therapeutisch adressierbaren Mutation
(Melinghoff et al., 2023) und des vorteilhafteren klinischen Verlaufs ausgegliedert und von
den GBM abgegrenzt (Reuss, 2023). Studien, die auf alteren Versionen der WHO-
Klassifikation basieren, sind insofern nur noch eingeschrankt mit neueren Daten auf
Grundlage der aktuellen Klassifikation vergleichbar. Gliome mit prognostisch glinstigeren

molekularen Eigenschaften waren Teil alterer Studienkohorten und kdnnen daher zu einer
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Heterogenitat der Studienpopulation erheblich beitragen und die Bewertung der

Ergebnisse deutlich erschweren.

Das GBM zeichnet sich ferner molekularpathologisch und -genetisch intra- wie auch
interindividuell durch eine erhebliche, zudem auch dynamische Heterogenitat aus (Wang
et al., 2022; Eisenbarth und Wang, 2023). Forschungsbemuhungen der vergangenen
Jahre zielten auf eine Charakterisierung der wichtigsten GBM-Subtypen ab (Aldape et al.,
2015). Der proneurale Subtyp ist der haufigste in jungen Erwachsenen und geht mit einer
CDK4- und PDGFRa-Amplifikation einher. Der klassische Subtyp ist mit einer EGFR-
Amplifikation und einem homozygoten CDKN2A- oder CDKN2B-Verlust assoziiert. Der
haufig einen NF1-Verlust aufweisende mesenchymale Subtyp wird mit einem besonders
aggressiven Verlauf sowie einer Tumorinfiltration durch Makrophagen in Verbindung
gebracht. Faktisch finden sich dynamische Mischbilder der genannten Subtypen und
aullerhalb experimentaltherapeutischer Ansatze ergeben sich hieraus bislang keine
spezifischen Implikationen. Zahlreiche aktuelle Studien versuchen jedoch,
molekulargenetische Auffalligkeiten und Tumorphanotypen therapeutisch zu adressieren
(Alexander et al., 2018; Le Rhun et al., 2019; Wick et al., 2019).

Standardtherapie des GBM ist die maximale chirurgische Resektion, gefolgt von einer
Radiotherapie oder Radiochemotherapie (Weller et al., 2021). Der bislang einzige
etablierte pradiktive Biomarker im GBM ist der O6-Methylguanin-DNA-Methyltransferase
(MGMT)-Promotor-Methylierungsstatus. Ca. 40% bis 50% aller Patienten weisen eine
MGMT-Promotor-Methylierung auf (Hegi et al., 2005). Diese Patienten profitieren
erheblich starker von einer systemischen Chemotherapie mit Temozolomid (TMZ) und
uberleben die Erkrankung im Durchschnitt etwa 50% langer (Hegi et al., 2005; Stupp et
al., 2009). Bei hohem Patientenalter kann bei Vorliegen einer MGMT-Promotor-
Methylierung auf eine Bestrahlung verzichtet und eine alleinige TMZ-Therapie
durchgefuhrt werden (Wick et al., 2012). Jungere MGMT-Promotor-methylierte Patienten
in hinreichend gutem Allgemeinzustand konnen zusatzlich von einer Erganzung des
Alkylans Lomustin im Rahmen der Radiochemotherapie profitieren (Herrlinger et al.,
2019). Der Nutzen der TMZ-Therapie in MGMT-Promotor-unmethylierten GBM-Patienten
ist hingegen umstritten. Eine Post-hoc-Analyse gemafl® der aktualisierten WHO-

Klassifikation als GBM definierter Falle aus der nach damaliger Definition bei
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anaplastischen Astrozytomen durchgefuhrten CATNON-Studie zweifelt gar generell die
Wirksamkeit der TMZ-Therapie im GBM an (Tesileanu et al., 2022). Eine Erganzung
elektrischer ~ Wechselfelder  (tumor treating fields) nach  Abschluss der
Radiochemotherapie zeigte in der Erstlinie ein verbessertes Gesamtlberleben und ist
zwar noch kein SOC, stellt aber die jungste Neuerung in den etablierten Verfahren dar
(Stupp et al., 2017). Zahlreiche Studien mit neuen therapeutischen Ansatzen sind in den
vergangenen Jahren gescheitert, darunter auch viele Medikamente insbesondere aus
dem Bereich der Immuntherapien, die sich in anderen Tumorentitdten als Uberaus
wirksam erwiesen (Reardon et al., 2020; Lim et al., 2022; Omuro et al., 2023). Ausweislich
aktueller Krebsregisterdaten bleibt die Erkrankung letztlich trotz aller therapeutischen
Bemuhungen infaust und weist eine Funfjahresiberlebensrate von deutlich unter 10% auf
(Ostrom et al., 2019). Aufgrund dieser sehr eingeschrankten klinischen Perspektiven
empfiehlt auch die deutsche Leitlinie flir Gliome ausdricklich, einen Einschluss
insbesondere der MGMT-Promotor-unmethylierten Patienten in Studien zu prufen (Wick
etal., 2021).

2.3 Sekundare Hirntumoren - Hirnmetastasen

Bis zu 40% aller Patienten mit soliden malignen Tumoren beklagen im Laufe ihrer
Erkrankung eine zerebrale Metastasierung (Cagney et al., 2017). Da sich die
Gesamtprognose der Erkrankungen in vielen Fallen durch die verbesserten
systemtherapeutischen Behandlungsoptionen mit zielgerichteten Therapien (targeted
therapies, TTs) und insbesondere den neuen immuntherapeutischen Ansatzen wie
Immuncheckpointinhibitoren (ICls) verbessert hat (Antonia et al., 2018; Haslam und
Prasad; 2019), ist ein indirekter Nebeneffekt dieses Fortschritts auch eine durch den
protrahierten Verlauf bedingt steigende Inzidenz zerebraler Metastasen (Nayak et al.,
2012; Davis et al., 2012). Ein weiterer Grund fur steigende Inzidenzen sind die
verbesserten Detektionsraten durch immer breiter verfigbare und technologisch
fortschrittlichere Bildgebungsverfahren (Bernstock et al., 2022). Die Tumorentitaten, die
absolut betrachtet am haufigsten intrazerebral metastasieren, sind das Lungenkarzinom,
das Maligne Melanom, das Mammakarzinom und das Nierenzellkarzinom (Lamba et al.,
2021). Wahrend Hirnmetastasen unter Ausnutzung der heutzutage gegebenen

medizinischen Therapieoptionen nicht notwendigerweise einen relevanten Einfluss auf
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das Gesamtuberleben austuben (Yamamoto et al., 2012; Nieder et al., 2022), ist ihre lokale
Behandlung in vielen Fallen unabdingbar, um einer neurologischen Verschlechterung und
der damit einhergehenden, potenziell erheblichen Einschrankung der Lebensqualitat
(Schodel et al., 2013; Verhaak et al., 2019) vorzubeugen. Die Prognose von zerebral
metastasierten Patienten ist abhangig von tumorspezifischen Faktoren wie dem
Allgemeinzustand, dem Alter, der Anzahl der zerebralen Metastasen sowie dem
extrazerebralen Ausbreitungsstatus und insgesamt weitgehend infaust (Sperduto et al.,
2011). Eine Auswertung von knapp 10.000 Datensatzen von Patienten mit zerebraler
Metastasierung unterschiedlicher Entitdten ergab ein medianes Gesamtiberleben
(overall survival, OS) nach Diagnosestellung von weniger als vier Monaten (Lamba et al.,
2021). Auch bei synchroner zerebraler Metastasierung lag das mediane OS

entitdtsunabhangig unter zwolf Monaten (Cagney et al., 2017).

Tumorzellen mussen zur Absiedelung einer zerebralen Metastase nach Zurlcklegen
grolRer Strecken Uber die Blutgefalde und Anheftung an die zerebralen Endothelzellen
letztlich die Blut-Hirn-Schranke (BHS) durchqueren. Dies gelingt durch Expression von
speziellen Proteinprogrammen zur Adhasion, Extravasation, Proteolyse, Migration,
Immunzellinteraktion und Proliferation (Eichler et al., 2011). Mit Erweiterung der
therapeutischen Handlungsspielraume durch Etablierung neuer, gegen diese Programme
zielgerichteter Substanzklassen oder versierterer strahlentherapeutischer Techniken
haben sich auch die Behandlungsmaoglichkeiten flr Hirnmetastasen verbessert. Zerebrale
Metastasierungswege stellen jedoch weiterhin eine besondere Herausforderung fur die
klinischen Behandler dar. Es kommt haufig zu einem zum Gesamterkrankungsstatus
diskrepanten lokalen Therapieansprechen (Seute et al., 2006; Mehta et al., 2009). Hierfur
gibt es verschiedene Grunde. So verhindert die BHS in bestimmten Fallen eine suffiziente
intrazerebrale Wirksamkeit zahlreicher Wirkstoffe (Di Giacomo et al., 2019). Ferner
bedingt eine erworbene Therapieresistenz aufgrund der haufig mehreren
vorhergehenden Therapielinien mdglicherweise eine Resistenz (Brastianos et al., 2015).
Zuletzt ist eine unabhangige, vom Primarius abweichende molekulargenetische Evolution
von zerebralen Metastasen beschrieben, die einerseits eine Notwendigkeit fir
lokalspezifische systemtherapeutische Schritte nahelegt (Brastianos et al., 2015) und
andererseits Implikationen far die Wirksamkeit strahlentherapeutischer

Behandlungskonzepte haben kann.
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2.4 Lokale Standardtherapieverfahren

Die lokale Therapie von malignen Hirntumoren ist von zahlreichen Faktoren abhangig und
letztlich sind Entscheidungen interdisziplinar sowie in gemeinsamer Abstimmung mit dem
Patienten zu treffen. Insbesondere der klinische Allgemeinzustand des Patienten, die
lokale Symptomatik, GroRe und anatomische Lage der Lasion sind zu bericksichtigen.
Falls sicher durchfiihrbar, ist bei groRen oder klinisch symptomatischen (Aizer et al., 2022)
sowie auch bei solitiren Raumforderungen (Lamba et al., 2019) eine chirurgische
Resektion indiziert. Auch bei Unsicherheit bezuglich der Entitat oder, genereller, der
Dignitat der Lasion sollte zwecks histologischer Sicherung eine Probenentnahme
erfolgen, die gegebenenfalls dann auch als vollstandige Resektion durchgefihrt werden
kann (Aizer et al., 2022). Eine mdglichst umfassende Resektion des Tumorgewebes ist
grundsatzlich sowohl beim GBM als auch bei Hirnmetastasen anzustreben (Weller et al.,
2021; Aizer et al., 2022) und beim GBM unbestritten prognostisch bedeutsam (Stummer
et al., 2009). Mit einer chirurgischen Resektion von Hirnmetastasen lasst sich gemal der
aktuellen Literaturlage eine Lokalkontrollrate von ca. 40% bis 50% nach einem Jahr
erzielen (Mahajan et al., 2017; Churilla et al., 2019). Fir das Glioblastom besteht neben
dem positiven Effekt auf die lokale Tumorkontrolle auch ein erwiesener positiver Einfluss
auf das Gesamtlberleben (Karschnia et al., 2023). Fur die Relevanz der kompletten
Resektion von Hirnmetastasen fur das OS finden sich hingegen widerspruchliche
Angaben (Junger et al., 2021; Baumgart et al., 2023).

Eine vermutete Ursache fur die haufige lokale Tumorrekurrenz nach Resektion von
Hirnmetastasen ist der intraoperativ nicht darstellbare Verbleib mikroskopischer
Tumorreste im Bereich der Resektionshohle. Diesbezuglich stellt die Strahlentherapie
eine ideale Erganzung zur chirurgischen Resektion dar, da sie bei adjuvanter Anwendung
grol¥flachig und ohne dimensionale Limitationen verbliebene Tumorzellen unschadlich
machen kann. Dies zeigt sich auch in den lokalen Kontrollraten, die durch eine adjuvante
perkutane Bestrahlung (external beam radiotherapy, EBRT) abhangig insbesondere von
der Grélke der Lasionen und dem gewahlten strahlentherapeutischen Verfahren auf ca.
70 bis 85% ansteigen (Kocher et al., 2011; Mahajan et al., 2017; Lehrer et al., 2019; Eitz
et al., 2020). Falls die oben genannten Grlinde fur eine unmittelbare Resektion von

Hirnmetastasen nicht vorliegen, sollte dem Patienten unabhangig von der Anzahl der
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Lasionen eine definitive Bestrahlung angeboten werden. Auch diese erzielt eine sehr gute
lokale Kontrolle von bis zu 90% in einem Jahr bei guter Vertraglichkeit (Minniti et al., 2011;
Yamamoto et al., 2014; Minniti et al., 2016). Bezuglich der Zielvolumendefinition und der
Dosisverschreibung ergeben sich regional und institutionell erhebliche Unterschiede.
Insbesondere gibt es bisher noch keine evidenzbasierte allgemeingultige Empfehlung fur
die strahlentherapeutische Behandlung von Hirnmetastasen. Bis in die 2010er Jahre
wurde die adjuvante und auch definitive Bestrahlung von Hirnmetasten in aller Regel in
Form einer Ganzhirnbestrahlung (whole brain radiotherapy, WBRT) durchgefuhrt. Trotz
vergleichbarer Lokalkontrollraten und insgesamt Uberzeugender distanter intrazerebraler
Kontrolle (Brown et al., 2017) wurde dieser Behandlungspfad mittlerweile grofitenteils
verlassen, da zahlreiche Studien eine unterlegene Toxizitat insbesondere mit einem
erheblichen negativen Einfluss der WBRT auf die Neurokognition (Chang et al., 2009;
Kocher et al., 2011; Brown et al., 2017) und die Lebensqualitat (Mulvenna et al., 2016)
nachweisen konnten. Stattdessen zogen modernere, zielgerichtetere Verfahren wie die
stereotaktische Radiochirurgie (stereotactic radiosurgery, SRS) und die fraktionierte
stereotaktische Strahlentherapie (fractionated stereotactic radiotherapy, FSRT) ein, die
mit erheblich héheren technischen Anforderungen und héherem planerischem Aufwand
einhergehen. Technisch betrachtet kann hierdurch selbst bei deutlich Uber zwdlf
Hirnmetastasen noch auf eine WBRT verzichtet werden (Becker et al., 2023). Wahrend
in den USA die einzeitige SRS sowohl im adjuvanten (Brown et al., 2017) als auch im
definitiven (Minniti et al., 2011; Lehrer et al., 2019) Setting praferiert wird, ist das Bild in
Europa etwas uneinheitlicher und vielfaltiger. Die SRS ist hier ebenfalls die primare
Behandlungsoption fir die definitive Bestrahlung kleiner Lasionen, wird jedoch in aller
Regel nicht fur eine adjuvante Bestrahlung genutzt. Hier setzt man ebenso wie fur groRere
Lasionen vielmehr auf die FSRT, die in einem Rahmen von ca. drei (Doré et al., 2017;
Minniti et al., 2016; Eitz et al., 2020) bis maximal zwdlf Fraktionen (Putz et al., 2022)
appliziert wird. Generell sind grof3ere Lasionen sowie geringere Strahlendosen im
Randbereich mit einer reduzierten Lokalkontrolle assoziiert (Vogelbaum et al., 2006; Han
etal., 2012).

Auch beim GBM verbessert die adjuvante EBRT die lokale Kontrolle und zusatzlich auch
das Gesamtlberleben selbst in fragilen Patientensubgruppen (Keime-Guibert et al.,

2007). Anders als bei der Behandlung von Hirnmetastasen ist jedoch aufgrund der
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Tumoraggressivitat, der Migrationsneigung der Gliomzellen und der diffusen Infiltration in
den Ubergangsbereichen zum gesunden Gewebe beim GBM unabhdngig von den
ohnehin haufig bereits groleren GTV ein signifikant erweiterter Sicherheitssaum fur das
CTV zu bericksichtigen (Nyazi et al., 2023). Fur die strahlentherapeutische
Primartherapie eignet sich daher am besten ein normofraktionierter (Stupp et al., 2009)
oder bei alteren Patienten in reduziertem Allgemeinzustand ein milde hypofraktionierter
(Perry et al., 2017) Ansatz. FSRT und SRS kommen hingegen bevorzugt in
Rezidivsituationen zum Einsatz, in denen die Strahlentherapie ebenfalls einen sehr hohen
Stellenwert hat (Minniti et al., 2021; Tsien et al., 2023).

2.5 Alternative intrakavitare strahlentherapeutische Lokalverfahren

Eine Reihe intrakavitarer strahlentherapeutischer Behandlungsverfahren steht als
Alternative fur die oben genannten perkutanen Techniken zur Verfugung. Als eine
mdgliche intrakavitdre  Behandlungsform ist eine dauerhafte Implantation
radioisotopischer Seeds im Rahmen der Resektion moglich. Diese birgt bei
vergleichbaren Tumorkontrollraten jedoch neben dem immanenten Risiko einer
Dislokation oder arterieller Verschlisse (Bernstein et al., 1993) insbesondere ein
erhebliches Risiko fur symptomatische postradiogene Veranderungen (Huang et al.,
2009). Ebenso geht die selten angewandte Brachytherapie zerebraler Metastasen bei
vergleichbarer Effektivitat mit erhdhten Risiken fur eine Radionekrose (RN) einher (Chitti
et al., 2020).

In den vergangenen Jahren kam als weitere therapeutische Alternative die intraoperative
Bestrahlung (intraoperative radiotherapy, |ORT) hinzu. In der Bestrahlung des
lokalisierten Mammakarzinoms konnte fur die IORT in einer randomisierten Phase 3-
Studie die Nichtunterlegenheit gegenuber der EBRT bei guter Vertraglichkeit
nachgewiesen werden (Vaidya et al, 2010). Prinzipiell eignen sich die lokalen
Begebenheiten des Tumorbetts nach Resektion einer Hirnmetastase technisch betrachtet
ebenfalls sehr gut fur eine IORT. Hierflr gab es hingegen bislang nur wenige, teils nicht
Peer Review-geprufte Auswertungen kleiner retrospektiver Kohorten mit sehr geringer
Evidenz, die jedoch eine mit einer EBRT vergleichbare Wirksamkeit nahelegten (Brehmer
et al., 2018; Cifarelli et al., 2019; Kahl et al., 2021). Fur das Glioblastom wird aufgrund

vielversprechender Phase 2-Daten (Giordano et al., 2019) derzeit eine multizentrische
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Phase 3-Studie durchgefuhrt, um das Potenzial der IORT im Sinne einer Dosiseskalation
vor leitliniengerechter EBRT zu eruieren (NCT02685605). Haufig genannte Vorteile der
IORT sind die unmittelbare lokale Tumorzelleradikation, die Vermeidung zusatzlicher
Behandlungstermine und dezidiert lokal begrenzte Wirksamkeit. Bei der IORT handelt es
sich anders als bei der EBRT, die ublicherweise mit einer Photonenenergie im Bereich
von 6 bis 10 MeV appliziert wird, um eine niedrigenergetische Bestrahlungstechnik mit
50 kV. Umgebende Risikoorgane (organs at risk, OARs) werden aufgrund des
resultierenden extrem steilen Dosisgradienten geringer belastet als bei der EBRT
(Herskind et al., 2017). Der an die anatomischen Begebenheiten angepasste und fur die
IORT von Hirntumoren in aller Regel spharische Applikator wird noch im Rahmen der
Operation nach vollstandiger Resektion des Tumors und Blutungsstillung in den
Operationssitus eingebracht. Ziel ist die vollstandige und unmittelbare Umschlieung des
Applikators durch die Resektionsrander. Sodann erfolgt eine Dosisverordnung von in der
Regel 20 bis 30 Gy auf die Oberflache, wobei die gegenuber der EBRT insbesondere auf
der Oberflache erhdhte relative biologische Effektivitat (RBE) der Strahlung zu beachten
ist (Schneider et al., 2013). Eine Verordnungsdosis von 30 Gy entspricht unter
Berucksichtigung der RBE einer EQD2 bei einem a / 3 =3 von Uber 250 Gy auf der
Applikatoroberflache, was eine deutlich hohere lokale Dosis als bei einer EBRT darstellt.
Nachteilig ist hingegen die ungenauere Bestimmung der ortlichen Dosisprofile und
Gewebebelastungen, da diese auf Tiefendosisprofilen beruht, sich jedoch intraoperativ
nur auf Grundlage einer praoperativen MRT mittels Neuronavigation orientiert werden
kann. Neben der exakten Positionierung des Applikators ist auch der Umschlie3ungsgrad
des Applikators durch angrenzendes Gewebe fir die Tiefe klinisch nur abschatzbar. Eine
aktuelle Studie unserer Klinik (Grimmer et al., 2024) untersucht daher derzeit die
Mdglichkeit einer intraoperativ bildgefihrten Strahlentherapie (image guided
radiotherapy, IGRT). Die Behandlungszeit einer IORT betragt abhangig von der
gewahlten ApplikatorgrofRe und der Dosisverordnung ca. zehn bis 45 Minuten. Es ergeben
sich keine weiteren Termine, wodurch Patienten bei verringertem personlichem Aufwand

auch potenziell friher konsekutiven Therapien zugefuhrt werden kdnnen.
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2.6 Vertraglichkeit der intrazerebralen Strahlentherapie - Die Radionekrose und

Pseudoprogression als primare Therapiekomplikationen

Strahlung stort die Proliferation und Differenzierung neuronaler Zellen, verursacht
vaskulare Schaden mit konsekutiver Ischamie sowie Flussigkeitsaustritt in die
Extrazellularmatrix und bedingt eine intrazerebrale Inflammationsreaktion (Wilke et al.,
2018). Insbesondere durch die technischen Innovationen der vergangenen 20 Jahre mit
zumindest in der westlichen Welt weitgehend flachendeckender Einfihrung der IGRT und
der intensitatsmodulierten Radiotherapie (IMRT) hat sich neben der Effektivitat auch das
Nebenwirkungs- und Komplikationsprofil der Strahlentherapie im Kopfbereich
entscheidend verbessert (De Ruysscher et al., 2019). Die Abkehr von der WBRT und die
Hinwendung zu immer praziseren fokalen Bestrahlungen mittels SRS und FSRT
begrindet weiterhin die heutzutage sehr gute Vertraglichkeit der Bestrahlung von
Hirntumoren (Brown et al., 2016). Abseits von niedriggradigen und transienten
Symptomen wie Nausea oder Cephalgien sind vor allem postradiogene Veranderungen
des Gehirns von besonderer Relevanz. Infolge hochdosierter Bestrahlung von
Hirnmetastasen kommt es in ca. 5 bis 25% der Falle zu einer fokalen RN (Bloningen et
al., 2010; Kohutek et al., 2015; Minniti et al., 2011). Typischerweise tritt die RN drei bis
zwolf Monate nach Abschluss einer Bestrahlung auf, jedoch sind auch Verlaufe mit

jahrelanger Latenz beschrieben (Kargiotis et al., 2010).

Pathophysiologisch liegt der RN am ehesten eine multifaktorielle Genese zugrunde
(Vellayappan et al., 2018). Die radiogene Destruktion der BHS verursacht eine verstarkte
vaskulare Gefalpermeabilitdt und kapillare Durchlassigkeit. Uber unter anderem TNFa
und IL-1B vermittelte Signalkaskaden kommt es zu einer Inflammation sowie Verengung
und fibrinoiden Nekrose kleiner Gefalle, was letztlich auch eine Apoptose neuronaler
Zellen verursacht. Durch die resultierende Hypoxie folgt zusatzlich eine Freisetzung von
HIF1a und VEGF. Die VEGF-vermittelte Angiogenese fuhrt zur Bildung vermehrt defekter,
relativ permeabler Gefale, was wiederum zu einer Verstarkung des zerebralen Odems
beitragt (Nordal et al., 2004). Die glialen Zellen werden zudem unmittelbar durch eine

postradiogene Demyelinisierung geschadigt (Panagiotakos et al., 2007).

Oft sind RNs asymptomatisch und treten als Zufallsbefund bzw. Differentialdiagnose der

Verlaufsbildgebung zutage. Bei Symptomatik kann eine medikamentdse Therapie der RN
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mittels Dexamethason oder bei Therapieversagen auch Bevacizumab angezeigt sein
(Tye et al., 2014). Schwerste Verlaufe kdnnen eine chirurgische Resektion erforderlich
machen, sind jedoch insgesamt selten. Frihzeitige medizinische Intervention kann das
Outcome der RN verbessern (Pan et al., 2022). Besonders problematisch ist die
Entstehung einer RN aufgrund der haufig nicht gegebenen Unterscheidbarkeit inres MRT-
morphologischen Korrelats mit einer Progression der Tumorerkrankung (Vellayappan et
al., 2018; Ma et al., 2019). Es besteht daher das Risiko, dass wirksame Therapien

vorzeitig aufgrund einer Fehleinschatzung des Bildbefundes abgesetzt werden.

Unscharf abgegrenzt von der RN ist die sogenannte Pseudoprogression, die in aller Regel
frGher auftritt und haufiger einen selbstlimitierten Verlauf zeigt. Auch ihr liegt eine
inflammatorische Response des TME auf eine Bestrahlung mit Ausbildung
groBenprogredienter Odeme und zunehmender Kontrastmittelaufnahme zugrunde
(Parvez et al., 2014). High Grade-Gliome sind in erhéhtem MalRe von diesen
Pseudoprogressionen betroffen. Im GBM kommt es unter einer Radiochemotherapie mit
TMZ in den ersten drei Monaten nach Abschluss der Radiatio in Uber 20% der Falle zu
einer Pseudoprogression (Brandsma et al., 2008), wobei selbst im Rahmen von Studien
mit dezidierten Bildgebungsprotokollen Pseudoprogressionen mitunter ubersehen
werden (Zeyen et al., 2023). Vorlibergehend zunehmende Kontrastmittelaufnahme wird
sogar in bis zu 50% der Falle beschrieben (Ellingson et al., 2017). Die jungst aktualisierte
Version der Response Assessment in Neuro-Oncology (RANQ) criteria for high grade
glioma 2.0 berucksichtigt das haufige Auftreten einer Pseudoprogression nach einer
Strahlentherapie und definiert daher erstmalig nicht das postoperative, sondern das nach
Abschluss der Strahlentherapie entstandene MRT als Baseline-Scan zur Beurteilung des
kinftigen Therapieansprechens. Ferner wird in den ersten zwodlf Wochen nach
Bestrahlung bei Nachweis einer Progression zunachst eine Therapiefortfiihrung und eine
Wiederholung der MRT nach mindestens vier Wochen empfohlen, bevor eine endgultige
Beurteilung des Ansprechens erfolgt (Wen et al., 2023). In Rezidivsituationen zeigt sich,
unabhangig vom weiterhin unklaren Nutzen in Bezug auf primare klinische Endpunkte,
eine deutlich verbesserte Vertraglichkeit einer in field-Re-Bestrahlung des GBM durch

parallele Gabe von Bevacizumab (Tsien et al., 2023).
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Wahrend die Einflhrung fortschrittlicher Diagnostik wie der diffusionsgewichteten MRT-
Bildgebung (diffusion weighted imaging, DWI) (Detsky et al., 2017), der Perfusions-MRT
(dynamic susceptibility contrast, DSC) (Morabito et al., 2019), der bislang noch nicht
routinemaRig eingesetzten chemical exchange saturation transfer (CEST)-MRT (Zaiss et
al., 2015; von Knebel Doeberitz et al., 2023) und insbesondere der Aminosauren-
Positronenemissionstomographie (Terakawa et al., 2008) die Empfindlichkeit fur die
Differentialdiagnosen einerseits verbessert hat, nimmt die Inzidenz der RN andererseits
mdglicherweise auch aufgrund der haufigeren Kombination einer Bestrahlung von
Hirnmetastasen mit Chemotherapien (Ruben et al., 2006) und TTs wie ICls (Martin et al.,
2018; Kim et al., 2021) weiterhin zu. Auch hoéhere bzw. wiederholte Strahlendosen
verursachen in Abhangigkeit vom bestrahlten Volumen in erhédhtem MalRe RNs (Sneed et
al., 2015). Die RN und Pseudoprogression sind damit direkte Antagonisten des
Therapieziels einer, soweit vertraglich, sowohl auf die Intensitat als auch die
Therapiedauer maximal eskalierten und multimodalen Tumortherapie.
Strahlentherapeutische Dosiskonzepte  wie  auch innovative  systemische
Kombinationspartner mussen auf das Risiko fur relevante postradiogene Veranderungen
sorgsam und frihzeitig Uberpruft werden, um Pseudoprogressionen wie auch RNs als
solche zu identifizieren und Risikogruppen gegebenenfalls bereits praventiv

medikamentds behandeln zu kénnen, ohne onkologische Therapieziele zu gefahrden.
2.7 Ziel der Arbeit

Ziel dieser Arbeit ist die wissenschaftliche Auswertung verschiedener innovativer
strahlentherapeutischer Therapiekonzepte bei Hirntumoren, die eine Verklrzung der
Behandlungszeit oder eine Kombination der Bestrahlung mit zielgerichteten Therapien
zum gemeinsamen Ziel haben. Hierbei sollen neben den vordringlich relevanten
Endpunkten der klinischen Effektivitdt auch sekundare Endpunkte wie kurz- und
langfristige Nebenwirkungsprofile, die Vertraglichkeit mit den immer wichtigeren
systemischen TTs und patientenzentrierte Behandlungsperspektiven charakterisiert
werden. AbschlieRend sollen mogliche Pradiktoren flr ein Therapieansprechen und die

Vertraglichkeit der Therapien diskutiert werden.
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3. Ergebnisse

3.1 Giordano FA*, Layer JP*, Leonardelli S*, Friker LL, Turiello R, Corvino D, Zeyen T,
Schaub C, Mueller W, Sperk E, Schmeel LC, Sahm K, Oster C, Kebir S, Hambsch P,
Pietsch T, Bisdas S, Platten M, Glas M, Seidel C, Herrlinger U*, Holzel M*. L-RNA
aptamer-based CXCL12 inhibition combined with radiotherapy in newly-diagnosed
glioblastoma: dose escalation of the phase I/ll GLORIA trial. Nat Commun. 2024 May
28;15(1):4210.

Hintergrund und Zielsetzung der Arbeit: Das GBM geht insbesondere bei Nicht-Vorliegen

einer MGMT-Promotor-Methylierung mit einer sehr schlechten Prognose einher. Eine
nachgewiesen wirksame systemische Behandlungsmaglichkeit gibt es flr diese Patienten
nicht. Die Standardtherapie besteht aus einer mdéglichst kompletten Tumorresektion
gefolgt von einer adjuvanten Bestrahlung. Das durch postradiogene Hypoxie verstarkt
sezernierte Chemokin CXCL12 begunstigt die Rezidiventstehung durch Induktion einer
Revaskularisierung des Tumors. Ziel dieser Arbeit war daher die klinische Anwendung
eines CXCL12-Inhibitors in Erganzung zur Strahlentherapie sowie die translationale

Erforschung madglicher Marker fur ein Ansprechen auf diese Kombinationstherapie.

Methoden und Ergebnisse: Im Dosiseskalationsteil der Phase 1/2-GLORIA-Studie wurden

insgesamt zehn Patienten mit erstdiagnostiziertem, inkomplett oder gar nicht reseziertem
und MGMT-Promotor-unmethyliertem GBM durch eine kombinierte Bestrahlung und
CXCL12-Inhibition mit dem Aptamer Olaptesed pegol (NOX-A12) behandelt. Es ergaben
sich keine dosislimitierenden Toxizitaten oder therapieassoziierte Todesfalle. Die
Behandlung war sicher durchfihrbar und gut vertraglich. MRT-morphologisch zeigte sich
in neun von zehn Patienten ein Therapieansprechen in Bezug auf RANO-Kriterien wie
auch in DWI- und DSC-MRT-Auswertungen. Eine hohere Haufigkeit CXCL12-
exprimierender Endothel- und Gliomzellen (,EG12-Score®) war bei GLORIA-Patienten,
jedoch nicht bei SOC-Fallen, signifikant mit einem besseren PFS assoziiert. Bei medianer
Teilung der Patientenkohorte in EG12M9" und EG12°% GBM zeigte sich ein signifikant
Uberlegenes PFS und ein Trend zu einem verbesserten OS fir Patienten mit EG12high
GBM.
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Schlussfolgerungen: Die Studienergebnisse suggerieren eine klinische Wirksamkeit der

Kombinationstherapie aus Bestrahlung und NOX-A12 in einer durch einen hohen EG12-
Score gepragten Patientensubgruppe und betonen die Notwendigkeit einer fortgefuhrten
und weitergehenden Charakterisierung des GBM-Tumormikromilieus. Die dargestellten
Entdeckungen bilden die Basis fur eine vertiefte Untersuchung dieses Biomarker-

stratifizierten Behandlungskonzepts im GBM.
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The chemokine CXCL12 promotes glioblastoma (GBM) recurrence after
radiotherapy (RT) by facilitating vasculogenesis. Here we report outcomes of
the dose-escalation part of GLORIA (NCT04121455), a phase I/1I trial combining
RT and the CXCL12-neutralizing aptamer olaptesed pegol (NOX-A12; 200/400/
600 mg per week) in patients with incompletely resected, newly-diagnosed
GBM lacking MGMT methylation. The primary endpoint was safety, secondary
endpoints included maximum tolerable dose (MTD), recommended phase I
dose (RP2D), NOX-A12 plasma levels, topography of recurrence, tumor vas-
cularization, neurologic assessment in neuro-oncology (NANO), quality of life
(QOL), median progression-free survival (PFS), 6-months PFS and overall sur-
vival (OS). Treatment was safe with no dose-limiting toxicities or treatment-
related deaths. The MTD has not been reached and, thus, 600 mg per week of
NOX-A12 was established as RP2D for the ongoing expansion part of the trial.
With increasing NOX-A12 dose levels, a corresponding increase of NOX-A12
plasma levels was observed. Of ten patients enrolled, nine showed radio-
graphic responses, four reached partial remission. All but one patient (90%)
showed at best response reduced perfusion values in terms of relative cerebral
blood volume (rCBV). The median PFS was 174 (range 58-260) days, 6-month
PFS was 40.0% and the median OS 389 (144-562) days. In a post-hoc explora-
tory analysis of tumor tissue, higher frequency of CXCLI2" endothelial and
glioma cells was significantly associated with longer PFS under NOX-A12. Our
data imply safety of NOX-A12 and its efficacy signal warrants further
investigation.

Published online: 28 May 2024
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Glioblastoma (GBM) is the most common malignant primary brain
tumor in adults and is associated with a dismal prognosis'. Standard-of-
care (SOC) treatment consists of maximum-feasible resection,
external-beam radiotherapy (RT), and adjuvant therapy with temozo-
lomide (TMZ)**. Tumors exhibiting unmethylated O°®methylguanine
DNA methyltransferase (MGMT) promoters are inherently resistant to

chemotherapy*, resulting in a median progression-free survival (PFS)
of 4-5 months and a median overall survival (OS) of 10-15 months® %,
Beside age and clinical performance, the extent of tumor resection is
an independent prognostic factor’™. It is estimated that patients with
completely resected tumors have a 61% higher likelihood of surviving 1
year than those with incomplete resection'.
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Residual tumor cells, along with their unique post-radiotherapeutic
tumor microenvironment, efficiently restore the therapy-depleted vas-
culature via vasculogenesis®. In contrast to angiogenesis, which is
characterized by VEGF-mediated local sprouting of pre-existing
vessels'*?, vasculogenesis occurs de novo and is mediated by pro-
genitor bone marrow-derived cells (BMDC)*?. Recruitment of
such BMDC occurs towards a gradient of the CXCR4/CXCR?7 ligand
CXCL12 (also known as SDF-1), which is induced through hypoxia-driven
activation of HIF1a”*%, Besides its crucial role in attracting pro-
vasculogenic BMDC, CXCLI12 is also suspected to, under certain
circumstances, repel or sequester T cells” %, promote invasion of GBM
cells, and decrease apoptosis®®®.

Preclinical studies have shown improved intracranial tumor
control in orthotopic GBM models after irradiation and subsequent
inhibition of CXCR4 with the bicyclam derivative plerixafor®. Clinical
safety of plerixafor after RT was recently reported in a phase I/1I trial
with 20 GBM patients as defined by the now outdated 2016 CNS WHO
classification®. This trial also included patients with fully resected
GBMs and more favorable molecular subtypes (IDH-mutant, MGMT
methylated). Median PFS and OS compared favorably to historical
data, and recurrence predominantly occurred outside of the irra-
diated areas, in line with the notion that CXCR4*/CXCR7* cells play a
key role in restoration of the local post-radiation vasculature leading
to recurrence”. As treatment was non-continuous, but abrogated
after just 28 days, the effects of CXCR4 blockade may conceptually
not have been fully exploited. Furthermore, its impact on poor-
outcome GBM remains unclear. Targeting CXCL12 with the pegylated
L-RNA aptamer olaptesed pegol (NOX-A12) was highly effective in an
autochthonous rat brain tumor model mimicking a highly treatment-
refractory GBM*. In this model, RT plus NOX-A12 significantly
reduced tumor burden and resulted in sustained complete regres-
sions. Due to its non-natural enantiomeric configuration, NOX-A12
harbors very low immunogenic potential®* while exhibiting a high
affinity and specificity to its target®*. To assess the clinical safety and
efficacy of RT combined with NOX-A12, we conducted an open-label,
multicentric phase I/I trial.

Here, we report on the results of the dose escalation part of this
trial and on post-hoc analyses of tumor tissue biomarker-dependent
outcomes.

Results

Trial design, enrollment, and patient characteristics

The GLORIA trial (NCT04121455) is a multicentric phase I/Il trial con-
ducted to assess the safety and efficacy of RT combined with con-
tinuous i.v. treatment with NOX-A12 in newly diagnosed, incompletely
resected, or biopsied GBM (CNS WHO grade 4) lacking MGMT pro-
moter methylation (Fig. 1a). The trial consists of a completed NOX-A12
dose escalation part reported here, and multiple expansion arms with
additional treatment schemes that are ongoing and, thus, not reported
here. In the dose-escalation part, NOX-A12 was administered in a
modified 3 + 3 rule-based design with escalating dose levels (DLs) of
200, 400, and 600 mg NOX-A12 per week. The primary endpoint of the
trial was safety. Secondary endpoints included maximum tolerable
dose (MTD), recommended phase Il dose (RP2D), NOX-A12 plasma
levels, topography of recurrence, tumor vascularization, neurologic
assessment in neuro-oncology (NANO), quality of life (QOL), median
PFS, 6-months PFS and OS. In addition, tumor tissue obtained during
surgery was analyzed as an exploratory post-hoc analysis by multi-
plexed immunofluorescence (mIF) imaging.

Between September 2019 and September 2021, three patients
were enrolled at each DL. One patient of DL 3 dropped out early and
was replaced to ensure safety data quality, hence a total of ten patients
were treated with RT and NOX-A12 (Fig. 1b). The median age at diag-
nosis was 65 years (range 43-79 years). Eight of ten patients had
undergone partial resection, two were not amenable to resection and

received biopsy only. Seven patients received normofractionated and
three hypofractionated RT (Table 1).

Pharmacokinetics and safety

NOX-A12 plasma levels reached a stable steady-state after approxi-
mately one week in all patients and surpassed 1.5uM, which was
considered to be the minimum plasma level required for disrupting
CXCL12-mediated migration while minimizing bone marrow cell
mobilization*. With increasing NOX-A12 DLs, a corresponding
increase of NOX-A12 plasma levels was observed, in excess of CXCL12
levels (Fig. 2a). The median treatment time with NOX-A12 was 23.2
(12.3-48.1) weeks. Treatment was discontinued due to the end of
treatment (EOT) as per protocol in two patients, suspected pro-
gressive disease (PD) in seven patients, and patient decision in one
case. No patient discontinued treatment due to adverse events (AEs).
In shared decision-making, the last patient enrolled continued
treatment as per protocol beyond regular EOT after 26 weeks and
also PD until a clinical deterioration in week 48. Treatment with RT
and NOX-A12 was safe and well tolerated. No dose-limiting toxicities
(DLTs) and no treatment-related deaths were observed. Thus, the
MTD has not been reached and 600 mg per week of NOX-A12 is the
RP2D also being taken forward into the ongoing expansion part of
the trial. Out of 171 AEs, 13 (7.6%) were considered solely related to
NOX-A12 (Table 2). Of all grade >2 adverse events (n=284), 4 (4.7%)
were considered to be NOX-Al2-related, including one grade 3 AE at
DL 3 (elevation of gamma-glutamyltransferase). Of note, this patient
had idiopathic grade 1 elevated serum levels at baseline and suffered
from an unrelated acute-on-chronic sigmoid diverticulitis soon after
the AE. The majority of AEs were of grade 1 (50.9%) and were either
unrelated or related to the GBM and RT. The most common
treatment-emergent AEs (TEAEs, n=160) were headaches which had
been reported for a total of six patients with a maximum grading of
grade 2 (Supplementary Fig. 1a). Increase of the alanine amino-
transferase was the only treatment-related AE (TRAE) that occurred
in three patients and did not exceed grade 2 (Supplementary Fig. 1b).
Complete AE listings are summarized in Supplementary Data 1. TEAEs
and TRAEs are provided in full in Supplementary Data 2-3 and Sup-
plementary Tables 1-2, respectively.

Radiographic response

All ten patients enrolled in the dose-escalation part of the trial were
considered for the response analysis. As an exemplary responsive
patient, C1-003 was treated with NOX-A12 continuously for 26 weeks as
per protocol, reaching partial remission (PR) in week 9 and relapsed at
the EOT as confirmed in a significantly aggravated MRI scan in week 33
(Fig. 2b). Under NOX-A12, nine patients (90%) showed radiographic
response in terms of MRI lesion sizes in at least one timepoint of
follow-up. Eight of the nine patients (89%) with target lesions (TLs) at
baseline MRI assessment showed a TL response during NOX-A12
therapy, with four (44%) reaching PR as per radiologic mRANO criteria,
i.e., 250% reduction in sum of the products of the longest perpendi-
cular diameters (SPD) (Fig. 2c). Of these, two patients each were
treated at DL 1 and DL 3, respectively. All three patients of DL 1 and all
four of DL 3 reached >50% size reduction of at least one non-target
lesion (NTL). In three cases, two at DL 1 and one at DL 3, at least one
NTL disappeared completely (Fig. 2d). Advanced MRI parameters,
including perfusion and diffusion assessment, were performed to
investigate anti-vasculogenic effects. Under NOX-A12, all but one
patient (90%) showed at best response reduced perfusion values in
terms of relative cerebral blood volume (rCBV) (Supplementary Fig. 2)
and threshold-calculated high fractional tumor burden (FTB"e") with a
median best response of -19.7% (24.0 to —55.5%) and —-38.0% (9.3 to
-100%) (Fig. 2e) indicating efficacy of the CXCLI2 inhibitor therapy.
In line with this, apparent diffusion coefficient (ADC) values were
improved in 9 patients (90%) with a median best response of 29.2%
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Fig. 1| Study outline of the GLORIA trial. a Graphical overview of the study.
GLORIA is a multicentric phase I/l trial conducted to assess the safety and efficacy
of RT combined with escalating DLs of continuous i.v. treatment with NOX-A12 in
newly diagnosed, incompletely resected, or biopsied GBM (CNS WHO grade 4)
lacking MGMT promoter methylation (n =10). *A complete and more detailed list of
eligibility criteria and outcome measures is provided under ClinicalTrials.gov
Identifier: NCT04121455. **End of treatment: 26 weeks as per protocol; treatment

continuation beyond 26 weeks per investigator’s choice if the patient has clear
clinical benefit. b Flow chart of the study. CODEX® CO-Detection by indEXing, DL
dose level, ECOG Eastern Cooperative Oncology Group performance score, GBM
glioblastoma, MGMT O°-methylguanine DNA methyltransferase, MRI magnetic
resonance imaging, NOX-A12 olaptesed pegol, OS overall survival, PFS progression-
free survival, RT radiotherapy.
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Table 1| GLORIA cohort patient characteristics (n =10)

Variable n (%) Median (range)
Gender

Male 7 (70)

Female 3(30)

Age (years) 65 (43-79)
ECOG score

(0] 7 (70)

1 3(30)

Baseline NANO score 0 (0-4)
Resection status

Incomplete Resection 8 (80)

Biopsy 2(20)
Methylation status

Methylated 0 (0)

Unmethylated 10 (100)

Residual tumor volume (cc) 4.3 (2.5-34.1)

Weeks post surgery 4.6 (3.9-7.1)
Tumor localization

Frontal lobe 4 (40)

Temporal lobe 5 (50)

Parietal lobe 3(30)

Occipital lobe 2 (20)
Radiotherapy

Normofractionated 7 (70)

Hypofractionated 3 (30)

(-15.2 to 161.8%) (Fig. 2f). NANO, QOL, and topography of recurrence
were secondary endpoints but are not reported here.

Clinical endpoints

The median PFS of the entire GLORIA cohort was 174 days (range
58-260 days), 6-month PFS 40.0%, and the median OS 389 days
(144-562 days; Supplementary Fig. 3). This high variability prompted
us to initiate a post-hoc exploratory analysis to search for potential
biomarkers that correlate with NOX-A12 treatment responses focusing
on CXCLI12, the target of NOX-A12.

Biomarker-dependent survival analysis

Analyzing publicly available single-cell RNA sequencing (scRNAseq)
data from human GBM* showed the highest level and frequency of
CXCL12 mRNA expression in endothelial cells, followed by pericytes,
myeloid (macrophages, microglia), and glioma cells (Fig. 3a, Supple-
mentary Fig. 4). Therefore, we decided to assess total and cell-type
specific CXCL12 protein expression in pre-treatment tumor samples
obtained from GLORIA patients (n=10) in a posthoc translational
analysis. As an external control, pre-treatment tumor samples from an
independent cohort of GBM patients with comparable clinical and
histological features treated with SOC (n = 22; patient characteristics in
Supplementary Table 3) were equally analyzed (Fig. 3b). We selected a
panel of six antibodies validated for formalin-fixed paraffin-embedded
(FFPE) tissue sections to identify endothelial cells (E; CD31), pericytes
(P; a-SMA), macrophages (M¢)/microglia (M; CD68), glioma cells (G;
GFAP), proliferating cells (Ki-67) and CXCL12" cells alongside 4’,6-dia-
midino-2-phenylindole (DAPI) as nuclear stain (Fig. 3c). For mIF ima-
ging we employed co-detection by indexing (CODEX®), a well-
established technology for profiling the tumor microenvironment of
different tumor types including GBM***. Following image raw data
processing, DAPI signals were used for automated nuclear segmenta-
tion with a custom-trained deep learning neural network algorithm

implemented within the HALO® Al analysis software. Subsequent cell-
type assignment was based on marker expression (e.g., CD31 for
endothelial cells). Lastly, the CXCLI2 expression status was deter-
mined in a cell-type-specific manner (Supplementary Fig. 5, Methods).
Samples of both the GLORIA and the SOC cohort were stained, imaged,
and analyzed under the same conditions and settings, with all tumor
areas being verified independently by two neuropathologists. Example
images of CXCL12" cell populations and H&E staining of the analyzed
tumor areas are shown in Fig. 3c. All side-by-side illustrations of the
analyzed areas in mlIF staining and corresponding H&E staining are
provided in Supplementary Fig. 6.

In total, we analyzed more than six million single cells with
an average of 189,000 cells per sample (Supplementary Data 4).
Consistent with scRNAseq data by Abdelfattah et al.**, mIF revealed
that the frequency of CXCL12' cells was highest in endothelial cells
(E12), followed by pericytes (P12), M¢/microglia (M12) and glioma
cells (G12) (Fig. 3d). As CXCL12 promotes post-radiogenic vasculo-
genesis and recurrence in preclinical models®®, we next asked whe-
ther CXCL12 positivity might be predictive for NOX-A12 treatment
responses.

While a PFS event was definable for nine of the GLORIA patients,
one patient was censored for PFS as per the statistical analysis plan (for
details, see patient narratives in Supplementary Note 1). We noted a
significant positive correlation between the frequency of CXCL12" cells
(total cells) and PFS in the GLORIA cohort (Spearman’s rank correla-
tion, rs=0.712, p=0.039). This correlation was absent in the SOC
cohort (r;=-0.251, p=0.259, Fig. 3e). Analyzing CXCL12 positivity per
individual cell types, we detected significant positive correlations for
frequency of CXCL12" endothelial cells (E12; rs=0.695, p = 0.046) and
of CXCL12' glioma cells (G12; rs=0.712, p = 0.039) with PFS of patients
enrolled in the GLORIA trial, while not reaching significance for fre-
quency of CXCL12* Md/microglia (M12; rs=0.458, p=0.223) and
CXCL12" pericytes (P12; rs=0.559, p=0.126) (Fig. 3f). Importantly, we
found no significant correlations between any of the cell-type specific
frequencies of CXCL12" cells and PFS of the SOC cohort, including E12
(rs=0.015, p=0.946) and GI2 (rs=-0.261, p = 0.240).

Both endothelial cells (E12) and glioma cells (G12) showed a sig-
nificant correlation with PFS. While endothelial cells showed the
highest relative CXCL12 positivity, the total number of endothelial cells
was roughly twelve times lower than that of glioma cells. Therefore, we
reasoned that combining E12 and G12 with approximately equal
weights could embrace independent biological mechanisms and, thus,
improve the correlation with NOX-A12 treatment responses. Conse-
quently, we calculated the mean of the median-centered values of E12
and G12, resulting in a combined EG12 score that can hence adopt
negative and positive values (Supplementary Fig. 7 and Supplementary
Table 4). Here, the combined EGI2 score strongly correlated with PFS
(rs=0.865; p = 0.005; Fig. 4a) of the GLORIA patients. Again, in the SOC
cohort, we found no significant correlation between the EG12 score
and PFS (rs=-0.133; p=0.556; Fig. 4b). There was no significant cor-
relation between the EG12 score and OS in the GLORIA cohort and the
SOC cohort, but a positive and negative trend, respectively (Supple-
mentary Fig. 8). Next, we used the EG12 score to divide the patients of
the GLORIA and the SOC cohort by an unbiased median classifier into
EGI12"e" and EG12"" subgroups. With a median PFS of 183 vs. 92 days,
EGI2"e" patients in the GLORIA cohort had a significantly longer PFS
than EGI2*¥ patients (HR 0.12 (95% confidence interval (CI) 0.01-0.81);
log-rank test, p=0.031; Fig. 4c). We also detected a trend for pro-
longed OS for E12"&" over E12' GLORIA patients (median OS 481 vs.
338 days; HR 0.25 (95% CI 0.03-1.17); log-rank test, p = 0.075; Fig. 4d).
In the SOC cohort, no significant difference was measured in PFS
(median PFS 118 vs. 136 days; HR 1.25 (95% CI 0.51-3.12); log-rank test,
p=0.628; Fig. 4e) or OS (median OS 328 vs. 288 days; HR 1.30 (95% ClI
0.53-3.25); log-rank test, p = 0.568; Fig. 4f) between E12"€" patients and
E12'° patients.
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Fig. 2 | Treatment with RT and NOX-A12 is safe and shows radiographic
responses in conventional and advanced MRI. a Serial plasma NOX-A12 (blue, full
lines) and CXCL12 (orange, dashed lines) concentrations (uM) over treatment time
(days) in respective GLORIA DLs (n=10) indicated by color coding. Error bars
indicate the standard error of the mean. b Representative illustration of the
treatment course of a responding patient. Patient C1-003 was treated with RT

(6 weeks; 2 Gy ad 60 Gy) and continuous NOX-A12 infusion for 26 weeks as per
protocol, reaching partial remission in week 9. The patient relapsed at the end of
NOX-AI2 treatment (week 27) and deteriorated both before and after the initiation
of TMZ. ¢, d Waterfall plots for best radiographic response as per mMRANO under
NOX-A12 (maximum change from baseline) of the sum of target lesion SPD (T1 Gd
MRI) (c) and the best responding non-target lesion SPD (T1 Gd MRI) (d). Colors

from blue to red indicate CR, PR, SD, and PD for each patient. As per mRANO, red
dotted line indicates 25% increase (PD), blue dotted line indicates -50% decrease
(PR). e, f Dot plots depicting mean maximum change from baseline under NOX-A12
for FTB"&" (e) and ADC (f) of patients in the respective DLs (color-labeling in blue;
200 (n=3), 400 (n=3), 600 mg/week (n=4)). Error bars indicate mean and stan-
dard deviation. Source data are provided as a Source Data file. ADC apparent dif-
fusion coefficient, CR complete response, DL dose level, FTB"&" high fractional
tumor burden, GBM glioblastoma, mRANO modified Criteria for Radiographic
Response, NOX-A12 olaptesed pegol, PD progressive disease, PR partial response,
RT radiotherapy, SD stable disease, SPD sum of product of perpendicular dia-
meters, TMZ temozolomide.

Discussion

In our study, we report the safety of RT and NOX-A12 in newly diag-
nosed, chemotherapy-resistant GBM meeting the primary endpoint of
the trial. In addition, post-hoc tumor tissue analyses suggest improved
clinical efficacy of this CXCL12-inhibiting L-RNA aptamer in a subgroup
of patients characterized by a high frequency of CXCL12 positivity of
endothelial and glioma cells.

Our trial supports previous findings that GBM recurrence after RT
may be promoted by CXCLI2-driven vasculogenesis®***°, We also
demonstrated colocalization of CXCL12 with CD31* endothelial cells and
GFAP* tumor (glioma) cells, in particular, identifying these cell popu-
lations as important sources of CXCL12. Our results are supported by a
recent preclinical study that identified high endothelial CXCLI12
expression as a key chemokine involved in pro-tumorigenic remodeling
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Table 2 | GLORIA trial adverse events by CTCAE grade and
indication of relationships

Adverse events n (%)

CTCAE grade
Grade 1 87 (50.9)
Grade 2 59 (34.5)
Grade 3 24 (14.0)
Grade 4 1(0.6)
Grade 5 0 (0)

Relationship
No relationship 81(47.4)
Related to GBM 43 (25.1)
Related to RT 20 (M.7)
Related to RT & GBM 6 (3.5)
Related to NOX-A12 13 (7.6)
yGT elevation 1(0.6)
ALT elevation 3(1.8)
Leukocytosis 3(1.8)
Constipation 3(1.8)
Dyspnea 1(0.6)
Paresthesia 1(0.6)
Pyrexia 1(0.6)
Related to NOX-A12 & GBM 4(2.3)
Related to NOX-A12 & RT 2(1.2)
Related to NOX-A12 & RT & GBM 2(1.2)
Total events 171 (100)

ALT alanine aminotransferase, CTCAE common terminology criteria for adverse events,
yGT gamma-glutamyltransferase.

of the glioma microenvironment. In addition, our approach also
underscores the value of single-cell analyses at spatial resolution to
identify microenvironmental mechanisms that determine disease
prognosis and recurrence as recently shown***,

Categorizing patients by their EG12 score in a low and high
subgroup can potentially cause bias and overestimation of the
observed effect*. Inherent with the design of early-phase clinical
trials, only ten patients were treated with NOX-A12, and thus, our
results will need further confirmation in larger cohorts. This future
investigation will then also allow for gender-based assessments that
were not feasible given the present patient numbers. The small
cohort size may also explain why the difference between the OS of
patients with EG12"e" versus EG12"" tumors did not reach statistical
significance. Specifically, since salvage treatments with variable
efficiency®*® were not pre-specified in the trial protocol and hence
individual management after recurrence varied from best supportive
care only (three patients) to anticancer therapies, including TMZ (six
patients), bevacizumab (five patients), CCNU (four patients), regor-
afenib (two patients), or re-irradiation (two patients), which may
have impacted OS.

Insufficient crossing of the blood-brain barrier is a frequent
limitation of novel drugs targeting brain tumors*’. However, tissue
penetration is not a prerequisite for NOX-A12 efficacy. NOX-A12
neutralizes CXCLI12 in the blood, and it also releases and sequesters
CXCL12 bound to glycosaminoglycans on the surface of tumor
endothelial cells at the interface between the blood system and
tumor cells*®. Thereby, NOX-A12 disrupts CXCL12-dependent
recruitment of circulating BMDC to the hypoxic tumor tissue,
which prevents restoration of the tumor vasculature and hence
restrains tumor cell growth in preclinical models**~°. Our study
confirms in humans that NOX-A12 treatment indeed detaches and
sequesters CXCLI12, as we detected a profound accumulation of the

chemokine in the plasma reaching concentrations in the low
micromolar range.

The mode of action of NOX-A12 strongly suggests that ongoing
and uninterrupted treatment is crucial to prevent recurrence, as only
the initial RT leads to devascularization of the tumor microenviron-
ment, and an interruption of NOX-A12 infusions is likely to
allow for rapid reconstitution of CXCL12 gradients and sequential
vasculogenesis within few weeks®®. Therefore, NOX-A12 effects on
GBM control were possibly not fully exploited due to treatment
interruptions or curtailments, especially in some of the responding
patients. Notably, in some patients, NOX-A12 treatment was dis-
continued prematurely as a consequence of a misinterpretation
of pseudo-progression (as observed and pathology-confirmed in
patient C1-001).

The DLs selected for the GLORIA trial were supported by safety
and efficacy considerations, as a NOX-A12 dose of 200 mg/week is
expected to result in pharmacologically relevant mean plasma levels at
steady state. Accordingly, NOX-A12 treatment resulted in excess of
drug over target plasma levels in all DLs, which might explain the lack
of a dose-dependency in this trial. The highest DL of 600 mg NOX-A12/
week was safe and well tolerated. It is, therefore, the RP2D and also the
DL being taken forward into expansion. While the GLORIA trial
recruited only patients lacking MGMT methylation due to ethical
reasons (no proven benefit of SOC with TMZ), there is no mechanistic
reason to question the mode of action of NOX-A12 in MGMT methy-
lated GBM. Thus, confirmation trials are now warranted that will con-
tinue to assess patient outcomes stratified by their EG12 score rather
than other factors.

In conclusion, our results emphasize the need for further char-
acterization of the GBM microenvironment to identify additional
druggable targets and provide a rationale to intensify the in-depth
investigation of a potential biomarker-stratified treatment of GBM with
RT and CXCL12-directed therapy.

Methods
Trial design and oversight
GLORIA (SNOXA12C401, 2018-004064-62, NCT04121455) is a multi-
centric phase I/l study of RT in combination with NOX-A12 in first-line
partially resected or unresected GBM (CNS WHO grade 4) patients with
unmethylated MGMT promoter. The trial consisted of an initial dose-
escalation arm (reported here) and additional expansion arms that
evaluate NOX-A12 in combination with other drugs (follow-up ongo-
ing). The first patient was enrolled on 23 September 2019. The last
patient of the dose-escalation arm was enrolled on September 2, 2021.
The trial was first registered on EudraCT upon approval by the
German authority (Bundesinstitut fiir Arzneimittel und Medizinpro-
dukte (BfArM)) in May 2019 (https://www.clinicaltrialsregister.eu/ctr-
search/trial/2018-004064-62/DE). The dose escalation was designed as
a modified 3 +3 rule-based design according to Le Tourneau et al.”
with three successional cohorts consisting of three patients each.
Patients of DL 1 were to be treated with a weekly dose of 200 mg, DL 2
with a weekly dose of 400 mg, and DL 3 with a weekly dose of 600 mg
NOX-A12. After 4 weeks of treatment of the first patient of DL 1, the
data safety monitoring board (DSMB) reviewed all DLTs, AEs, and
relevant laboratory values. During the following ten weeks of treat-
ment, the DSMB was kept informed continuously about all DLTs and
SAEs, and, at the end of this period, reviewed all DLTs, AEs, and rele-
vant laboratory values, including NOX-A12 plasma concentrations
prior to enrollment of the next two patients of this DL. The evaluation
was repeated prior to enrolling patients in DL 2 and after patients 2 and
3 received at least four weeks of treatment. The same procedures were
performed prior to the enrollment of further patients in DL 2 and DL 3.
If none of the three patients in any DL experienced a DLT, another
three patients were to be treated at the next higher DL. However, if one
of the three patients in a DL experienced a DLT, three more patients
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were to be treated at the same DL. The dose escalation was planned to
be continued until at least two patients among a cohort of three to six
patients experienced DLT (i.e., >33% of patients with a DLT at that DL),
but the dose would not be escalated beyond 600 mg/week. The RP2D
was defined as the DL just below this toxic DL, or 600 mg/week, if this
DL is not toxic. DLTs, according to the common terminology criteria
for adverse events (CTCAE, version 5.0), were defined as any grade 3-4

CXCL12* M®/Microglia (M12, %) CXCL12* Glioma cells (G12, %)

non-hematological toxicities (excluding grade 3 vomiting and/or
nausea, if encountered without adequate and optimal prophylactic
therapy), at any DL, assessed by the Investigator and/or the sponsor as
related to NOX-Al2.

Inclusion criteria of the dose-escalation arm of the trial were
age =18 years, incompletely resected or biopsied GBM (detectable
postoperative residual tumor), absence of MGMT promoter (hyper)
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Fig. 3 | CXCL12 positivity in endothelial cells and glioma cells correlates with
PFS in the GLORIA cohort. a UMAP projection overlayed with CXCLI2 mRNA
expression in cell types from scRNAseq in human GBM samples (dataset from
Abdelfattah et al.**). b Experimental setup of mIF imaging and outline of analysis
pipeline. FFPE tissue samples were used for 7-plex mIF imaging; GLORIA cohort
(RT + NOX-A12) (n=10) and SOC cohort (RT; TMZ) (n=22). All tumor areas were
confirmed independently by two neuropathologists. Cell types and CXCL12 posi-
tivity were identified as indicated. ¢ Representative images of GBM tissue samples
from GLORIA cohort patients (n =10) showing CXCL12 (yellow) expression in the
cell types of interest: CD31" endothelial cells (red); a-SMA" pericytes (blue); CD68*
M®/microglia (green) and GFAP* glioma cells (magenta). d Frequency of CXCL12*
cells per cell type measured in the GLORIA cohort (in blue; different DLs as indi-
cated; n=10) and in the SOC cohort (in red; n=22). Unpaired two-tailed
Mann-Whitney U test; ns: not significant (p > 0.05). e Spearman’s rank correlation
(rs) calculated between PFS (days) and total CXCL12" cells (%) measured in the

GLORIA cohort (left; in blue and with DLs as indicated; n = 10) and in the SOC cohort
(right; in red; n =22). ry- and p values (two-tailed) are depicted in the corresponding
graphs. f Spearman’s rank correlation (rs) calculated between PFS (days) and
CXCLI12" endothelial cells (%) out of total endothelial cells (E12), CXCL12" pericytes
(%) out of total pericytes (P12), CXCL12* M®/Microglia (%) out of total M®/
microglia (M12) and CXCL12" glioma cells (%) out of total glioma cells (G12) mea-
sured in the GLORIA cohort (upper panels; in blue with DLs as indicated; n =10) and
in the SOC cohort (lower panels; in red; n=22). r- and p values (two-tailed) are
depicted in the corresponding graphs. Source data are provided as a Source Data
file. DL dose level, FFPE formalin-fixed paraffin-embedded, GBM glioblastoma, M®
macrophages, mIF multiplexed immunofluorescence, NOX-A12 olaptesed pegol,
PFS progression-free survival, RT radiotherapy, scRNAseq single-cell RNA sequen-
cing, SOC standard-of-care, TMZ temozolomide, UMAP uniform manifold
approximation, and projection.

methylation, Eastern Cooperative Oncology Group (ECOG) perfor-
mance score <2, estimated life expectancy >3 months, stable or
decreasing dose of corticosteroids and adequate hepatic and renal
function. Sex was determined based on self-report. All patients were
neuropathologically confirmed as GBM, IDH-wildtype (CNS WHO
grade 4) according to the WHO classification for CNS tumors 2021 by
immunohistochemistry (IHC). If patients were <54 years of age, they
were assessed additionally by pyrosequencing for IDH1 and IDH2.
GLORIA was conducted at six academic centers in Germany, whereas
the protocol was approved by ethics committees at each participating
site (ethic committees of the university hospitals of Mannheim, Bonn,
Leipzig, Essen, Tiibingen, and Miinster). The study design and conduct
complied with all relevant regulations regarding the use of human
study participants. The trial followed the guidelines of the Declaration
of Helsinki and the International Conference on Harmonization Good
Clinical Practices Guidelines. Each patient provided written informed
consent in accordance with established guidelines. The trial was
reviewed by an independent data safety and monitoring committee.
No trial participant received financial compensation. The sponsor
agreed to the separate report of the dose escalation part of the trial as
provided in this manuscript after the end of follow-up of the last
patient of DL 3, as all patients in the expansion arm receive differing
treatment combinations, limiting comparability. This dose escalation
part was the only part of the trial in the initial protocol versions before
the expansion arms were added to explore additional combination
treatment options of interest. A minimally redacted version of the
study protocol is provided in Supplementary Note 2.

Treatment and endpoints

Following adequate cranial wound healing and implantation of a
venous port catheter, treatment with NOX-A12 was initiated within
six weeks post-cranial surgery. After an initial dose of 70, 160, or
230 mg per day, respectively, on day 1, patients were administered a
fixed dose of 200, 400, or 600 mg NOX-A12 per week (DL 1, DL 2, DL
3) by continuous (24 h) i.v. infusion over a commercially available
closed pump system (CADD®-Solis VIP Ambulatory Infusion Pump by
Smiths Medical) starting on day 1. Treatment with NOX-A12 ended
after 26 weeks. Patients with disease progression during the 26-week
treatment period continued treatment with all assessments if
deemed appropriate by the investigator. Continuation of treatment
with NOX-A12 beyond 26 weeks was allowed as per each investiga-
tor’s decision, if the patient had clear clinical benefit. No simulta-
neous systemic oncologic treatment was permitted. Baseline patient
and treatment characteristics are enlisted in Supplementary Data 4.
Clinical and radiographic follow-up assessments included standard
and advanced magnetic resonance imaging (MRI) sequences. The
primary endpoint of the trial was safety as per the incidence of AEs.
Secondary endpoints included NOX-A12 plasma levels, MTD, RP2D,
imaging parameters with a specific emphasis on monitoring re-

vascularization, topography of recurrence, PFS, OS, and clinician/
patient-reported outcomes (CRO/PRO). Topography of recurrence
as well as CRO and PRO (NANO, QOL) are not reported here, as
analyses are planned after overall completion of the trial. As an
additional exploratory endpoint, tumor tissue obtained in surgery
was post-hoc analyzed by mlIF staining (CODEX®). RT was initiated on
day 2 after the start of NOX-A12 and administered as intensity-
modulated, image-guided RT in a normofractionated (2 Gy per frac-
tion) or hypofractionated (2.67 Gy per fraction) fashion up to
cumulative doses of 60 or 40.05Gy, respectively. For treatment
planning, pre- and post-surgery MRI scans were co-registered on
planning computer tomography (CT) scans. Gross tumor volumes
(GTV), clinical target volumes (CTV), and planning target volumes
(PTV) were defined as per current guidelines®.

Assessment of clinical and radiographic response

Patients visited the study site once weekly when presenting for the
change of the medication cassette of the pump. Clinical routine follow-
up visits included regular AE monitoring, physical and neurological
assessments, vital signs, ECG, and blood tests. AEs were assessed and
graded by the investigators according to the National Cancer Institute
CTCAE, version 5.0. Baseline MRIs were obtained within a week prior to
treatment initiation and up to 6 weeks post-surgery or post-biopsy.
Follow-up MRIs were obtained every 8 weeks under treatment and at
EOT. MRI imaging sequences included: 3D Tl-weighted volumetric
imaging (3D T1), T2-fluid-attenuated inversion recovery (FLAIR) ima-
ging, diffusion-weighted imaging (DWI), Tl-weighted dynamic
contrast-enhanced perfusion imaging (DCE), T2-weighted turbo spin-
echo imaging (T2 TSE), T2-weighted dynamic susceptibility contrast-
enhanced perfusion imaging (DSC), and post-contrast 3D T1 imaging.
The following additional advanced imaging parameters were calcu-
lated: DWI-derived ADC; diffusion susceptibility contrast (DSC)-
derived leakage-corrected normalized rCBV and threshold-calculated
FTB"e" (rCBV >1.75); DCE-derived transfer constant of contrast agent
(Ktrans) between the blood and the extravascular extracellular space
(EES), fractional EES volume (ve), and fractional plasma volume (v).
Following acquisition, MRI images were uploaded to a secure online
portal (decidemedical, Clinflows) where a central quality check was
performed. All image post-processing and interpretation were per-
formed using IB Neuro™ (Imaging Biometrics), Olea Sphere (Olea
Medical), and Mint Lesion™ (Mint Medical GmbH) software and
assessed by a central reader not involved in the treatment of the
patients (SB). MRI response values for all patients can be found in
Supplementary Data 4.

Outcome assessment

All MRI images were uploaded to an imaging database, and outcome
was centrally assessed by a board-certified radiologist with expertize in
the field blinded for study site and clinical status. Target lesions (TLs)
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and NTLs were identified, validated, and assessed in regard to tumor
size (SPD) and corresponding timepoint tumor response according to
the modified Criteria for Radiographic Response (mMRANO)*. One
patient enrolled had a singular residual tumor lesion meeting the
inclusion criteria, while not qualifying for a TL (<10 mm in at least one
diameter as per mRANO), thus documented as NTL. New non-
measurable contrast-enhancing lesions only constituted progression
in the case of complete response (CR). NTLs only impacted the
response assessment in the case of a complete response of TLs. Pre-
liminary tumor progression (PD) or regression (partial response, PR)
required confirmation in a successive scan after 8 weeks. PFS was
calculated as time (in days) between the first day of treatment with
NOX-AI12 to the day of PD. The PFS event was defined as the first date at
which progression criteria had been met, i.e., (1) the date of the first
sequentially confirmed MRI assessment resulting in preliminary PD or
(2) the date of the radiographic assessment irrespective of its outcome
in case of simultaneous investigator-assessed clinical progression
attributable to no other cause apart from the tumor or; (3) the date of
death by any cause if the patient died before clinical or radiographic
progression. If preliminary PD was not confirmed in a sequential MRI
and there was no subsequent SD, PR, or CR, the date of preliminary PD
was still considered as an event for PFS if (1) the patient stopped
protocol treatment due to clinical progression; (2) no further response
assessments were done; or (3) the patient died due to any cause. For
patients without a clinical or confirmed radiographic progression prior
to a change of systemic therapy, PFS was censored at the date of
initiation of a new anticancer treatment. Independent of MRI or clinical
assessment, the diagnosis of PD was not established in the case of
histopathologically confirmed pseudo-progression after re-surgery,
which was the case in one patient where treatment with NOX-A12 was
continued afterwards. OS was calculated as the time from the first day
of treatment with NOX-A12 until death by any cause. The individual
clinical courses, therapies, investigator decisions, and definitions of
PFS and OS events for all patients are described in detailed narratives
provided in Supplementary Note 1.

SOC cohort

To benchmark tissue and outcome, we established a reference cohort
of GBM patients treated outside of the study with SOC RT and optional
TMZ at the University Hospital Bonn between 2010 and 2023. All
patients had consented to analyses of preserved tissue and imaging
studies. The procedures were approved by the Ethics Committee of
the University Hospital Bonn (approval number: 222/23-EP). Histolo-
gical criteria for selection of reference SOC patients were: newly-
diagnosed GBM, IDH-wildtype (CNS WHO grade 4) according to the
valid WHO classification for CNS tumors, absence of MGMT promoter
methylation as confirmed by pyrosequencing’. Clinical criteria were:
ECOG of 0-2, status post biopsy or incomplete resection, and first-line
therapy with RT (and optionally TMZ, n=18/22 receiving TMZ). In
addition, despite leading to a possible (positive) survivorship bias, the
availability of a baseline MRI scan and at least 2 consecutive scans
suitable for mRANO assessment was mandatory for all SOC patients.
The patient characteristics are provided in Supplementary Table 3. Sex
was determined based on self-report. The PFS event was defined as the
first date at which progression criteria had been met, i.e., the date of
the sequentially confirmed MRI assessment resulting in preliminary PD
as per mRANO, the date of initiation of second-line therapy or the date
of death by any cause if the patient died before clinical or radiographic
progression. PFS was defined as the time interval from the first day of
RT to the PFS event. OS was calculated as the time from the first day of
RT until death by any cause.

Plasma NOX-A12 and CXCL12 concentrations
A liquid chromatography-UV assay, based on an anion-exchange
chromatography analysis coupled to a UV detector, was used to detect

and quantify the analyte NOX-A12 in patient plasma samples. The
comparable calibration curve, generated from a standard-of-dilution
series, corresponded to a linear range of NOX-A12 concentrations in
human plasma from 0.5 to 200 pg/mL (0.034-13.6 pM). Quantification
of CXCLI12 concentrations in patient plasma samples was performed by
a contractor (Swiss BioQuant AG) using HPLC-MS/MS bioanalytics. The
comparable calibration curve corresponded to a linear range of
CXCLI12 (human SDF-1a and SDF-1f3) concentrations in human plasma
from 25 to 2500 nM.

Buffers and solutions for multiplexed immunofluorescence
TCEP-reducing solution: 2.5 mM TCEP (Sigma, 646547) and 2.5mM
EDTA pH 8.0 (Invitrogen, AM9261) in ddH,0, pH 7.0. Buffer C: 150 mM
NaCl (Carl Roth, 9265.2), 2 mM Tris stock solution (Carl Roth, AE15.3),
pH7.2,1mMEDTA, and 0.02% w/v NaN3 (AppliChem, A14300,1000) in
ddH,0. High-salt PBS: 900 mM NaCl in 1x DPBS (Gibco, 14190-094).
CODEX® antibody stabilizer solution: 0.5M NaCl, 5mM EDTA, and
0.02% w/v NaN; in PBS antibody stabilizer solution (CANDOR Bios-
ciences GmbH, 131125). Staining solution 1 (S1): 5mM EDTA, 0.5% w/v
bovine serum albumin (BSA, Carl Roth, 8076.3) and 0.02% w/v NaN; in
1x DPBS, stored at 4 °C. Staining solution 2 (S2): 61mM NaH,PO,
(Sigma, S0876), 39 mM NaH,PO, - H20 (Sigma, S9638), 250 mM NaCl
in a 1:0.7 v/v solution of S1 and doubly-distilled H,O (ddH,0); final pH
6.8-7.0, stored at 4 °C. Staining solution 4 (54): 0.5 M NaCl in S1, stored
at 4 °C. Blocking buffer: S2 buffer containing Bl (1:20), B2 (1:20), B3
(1:20), and BC4 (1:15), stored at 4 °C. Blocking reagent 1 (B1): 1 mg/ml
mouse IgG (Sigma, 15381) in S2, stored at 4 °C. Blocking reagent 2 (B2):
1 mg/ml rat IgG (Sigma, 14121) in S2, stored at 4 °C. Blocking reagent 3
(B3): sheared salmon sperm DNA (Invitrogen, AM9680), 10 mg/ml in
H20, stored at 4 °C. Blocking component 4 (BC4): Mixture of 57 non-
modified oligonucleotides (Biomers) at a final concentration of
0.05mM each in TE buffer (Sigma, 93302), stored at 4 °C (Supple-
mentary Data 5). BS3 fixative solution: 200 mg/ml BS3 (ThermoFisher,
21580) in DMSO from a freshly opened ampoule (Sigma, D2650-
5x5ML), stored at 20 °C in 3 pl aliquots. H2 buffer: 150 mM NacCl, 10 mM
Tris pH 7.5, 10 mM MgCl, « 6 H,O (Carl Roth, 2189.1), 0.1% w/v Tri-
tonTM X-100 (Sigma, X-100) and 0.02% w/v NaN3 in ddH,O. Plate
buffer: H2 buffer containing DAPI nuclear stain (1:300, Biolegend,
422801) and 0.5 mg/ml sheared salmon sperm DNA. Fluorescent oli-
gonucleotide stock solution (Biomers): 100 uM Fluorescent oligonu-
cleotide dissolved in 1x TE buffer, stored in the dark at —-20°C.
Fluorescent oligonucleotide working solution: Fluorescent oligonu-
cleotide stock solution diluted 1:10 in 1x TE buffer, stored in the dark at
4 °C. Plate Buffer: H2 buffer containing DAPI nuclear stain (1:300) and
0.5 mg/ml sheared salmon sperm DNA.

Multiplexed immunofluorescence of tumor tissue

All tumor samples were obtained following informed consent as part
of SOC surgical procedures. All patients had consented to in-depth
analyses of tissue. FFPE tumor samples were sliced by standard pro-
cedures at 3 um slice thickness and adhered onto poly-L-lysine-coated
coverslips. Antibody conjugation, tissue staining, and mIF imaging
were performed (with modifications) as described elsewhere®**. In
short, purified, carrier-free antibodies were conjugated to maleimide-
modified oligonucleotides (Biomers), concentrated, reduced, and
washed with buffer. Maleimide-modified oligonucleotides were first
dissolved in 1x DPBS, then added to the reduced antibody and incu-
bated at room temperature for two hours in a 2:1 (w/w) ratio with the
antibodies. Next, the conjugated antibodies were washed in high-salt
PBS three times and then eluted by centrifugation at 3000 x g for 2 min
in the CODEX® antibody stabilizer solution. The conjugated antibodies
were stored at 4 °C until usage. Prepared FFPE tissues were baked at
55°C for 30 min, and rehydrated by immersion in fresh xylene, twice,
for 5min and in descending concentrations of ethanol, each step for
5min (100% twice, 95% twice, 70%, ddH20 twice). Heat-induced

Nature Communications | (2024)15:4210

32

10



Article

https://doi.org/10.1038/s41467-024-48416-9

epitope retrieval was performed using 1x Dako target retrieval solu-
tion, pH 9 (Agilent) at high pressure, for 20 min. Tissues were then
washed for 10 min in 1x TBS IHC wash buffer with Tween 20 (Ther-
moFisher, 28360). Tissues were blocked for 1h at room temperature
using 100 ul of blocking buffer. Conjugated antibodies were added to
the blocking buffer, concentrated through a 50 kDa Amicon Ultra Fil-
ter, and resolved in the blocking buffer. Tissues were incubated with
the antibody staining solution in a humidity chamber overnight at 4 °C.
The following antibodies were used: Ki-67, 0.01 mg/ml, clone B56, BD
Biosciences, Cat.# 556003 (RRID:AB_396287); SDF-1/CXCL12, 0.01 mg/
ml, clone 79018, ThermoFisher, Cat.# MA5-23759 (RRID:AB_2608711);
ao-SMA, 0.01 mg/ml, clone 1A4, ThermoFisher, Cat.# 14-9760-82 (RRI-
D:AB_2572996); CD31, 0.01mg/ml, clone EP3095, Abcam, Cat.#
ab226157; GFAP, 0.01 mg/ml, clone 2.2B10, ThermoFisher Scientific,
Cat.# 13-0300 (RRID:AB_2532994); CD68, 0.005 mg/ml, clone KP-1,
Biolegend, Cat.# 916104 (RRID:AB_2616797). The antibodies and their
characteristics are additionally provided in a table overview in Sup-
plementary Data 5 and the Reporting Summary. After staining, tissues
were washed twice in S2 buffer and fixed with a three-step fixation
process. First, tissues were fixed in S4 containing 1.6% paraformalde-
hyde (Electron Microscopy Science, 15710-S) for 10 min, followed by a
15 min-long incubation in 100% ice-cold methanol (Sigma, 34860-1L-R)
for 5min, and a final fixation with BS3 fixative solution dissolved in 1x
PBS at room temperature for 20 min. Tissues were stored in S4 in a six-
well plate at 4 °C for up to 2 weeks, or further processed for imaging.
400 nM fluorescent oligonucleotide working solution was aliquoted in
Corning™ black 96-well plates (Merk, CLS3925-100EA) in 250 pl of
plate buffer, according to the multi-cycle reaction panel. Image
acquisition was performed on Zeiss Axio Observer 7 microscope
equipped with a Colibri 7 LED Light source (Carl Zeiss), and a Prime BSI
PCle camera (Teledyne Photometrics). Imaging cycles were performed
using an Akoya Phenocycler™ instrument and CODEX® instrument
manager software (Akoya Biosciences). Automated images were
acquired with the Plan-Apochromat 20x/0.8 M27 (a=0.55mm)
objective (Carl Zeiss), and the imaging pipeline was controlled by a
focus strategy with autofocus for each support point created, with a
three z-stack image with a distance of 1.5 um. DAPI (1:300 final con-
centration) was imaged in each cycle at an exposure time of 20 milli-
seconds and LED intensity of 40%. The images were processed with
CODEX® Processor (Akoya Biosciences) and analyzed with HALO®
Image Analysis software (Indica Labs, v.3.3). After each multi-cycle
reaction, standard H&E staining was performed on the same tissue
slice to confirm histopathological features. The H&E staining was
analyzed independently by a neuropathologist with 5 years of experi-
ence and a board-certified neuropathologist with >30 years of
experience in the field. With consensus, pathological features of GBM
(CNS WHO grade 4) were again confirmed, and zonal characteristics
within the tumor tissue were depicted. Adjacent regions like lepto-
meninges, hemorrhage, or healthy brain tissue were excluded, and
only confirmed tumorous tissue parts were considered for the fol-
lowing analyses. Annotated H&E staining can be found in Suppl. Data 1.
Analyses were performed using the Highplex FL module (v. 4.1.2) from
HALO®. A nucleus/cytoplasm membrane % completeness threshold for
positivity was set as follows: DAPI, Nucleus % Completeness Threshold
15%; CXCL12, Nucleus and Cytoplasm % Completeness Threshold 35%;
CD68, Nucleus and Cytoplasm % Completeness Threshold 20%; CD31,
Nucleus and Cytoplasm % Completeness Threshold 30%; Ki-67,
Nucleus % Completeness Threshold 30%, a-SMA, Nucleus and Cyto-
plasm % Completeness Threshold 35%; GFAP, Nucleus and Cytoplasm
% Completeness Threshold 30%. Cellular phenotypes were defined as
follows: endothelial cells (DAPI*, CD31"), pericytes (DAPI*, a-SMA”,
CD31"), M¢/microglia (DAPI', CD68*), tumor cells (DAPI', GFAP*,
CD687, CD31°, a-SMA"). All phenotypes were also assessed for CXCL12
expression positivity. Nuclear segmentation was based on DAPI with a
custom-trained deep learning neural network algorithm, with nuclear

segmentation aggressiveness of 0.5 and nuclear size for positivity set
between 12 and 1000 pum?. Details on the multi-cycle reactions and
oligo sequences can be found in Supplementary Data 5.

scRNAseq analysis

Dataset GSE182109* was downloaded from the Broad Institute Single
Cell Portal (https://singlecell.broadinstitute.org/single_cell). Data was
analyzed and visualized using R version 4.2.2. CXCL12 expression was
overlayed on UMAP using scCustomize (Version 1.1.1)°*° using the Fea-
turePlot_scCustom() function with RColorBrewer (Version 1.1-3) and
the color pallet “OrRd”. Cells were called positive for CXCL12 if they had
a log-normalized count of 1 or more.

Statistics and reproducibility

No formal sample size calculations were performed for this dose-
escalation trial, and thus, no statistical method was used to pre-
determine the sample size. The dose escalation was designed as
a modified 3+3 rule-based design as described above and in the
study protocol provided in Supplementary Note 2. No data were
excluded from the analyses. The experiments were not randomized,
and thus, investigators were not blinded to allocation during
experiments and outcome assessment. The independent central
reader was blinded to all clinical aspects of the trial. Also, mIF was
performed and analyzed blinded to all clinical aspects of the trial
and patient identities. mIF sample sizes are provided for cohorts and
subgroups.

Graphical elements were generated using GraphPad Prism 9
(GraphPad Software) and Adobe lllustrator 2023 (Adobe Inc.). Data-
base management (eCRF) was carried out using Viedoc version 4.66
eCRF (Viedoc Technologies) and Microsoft Excel 2019 (Microsoft
Corporation). Statistical tests were performed using GraphPad Prism
10 and R (V.3.3.2, x86_64-pc-linux-gnu) as specified in the figure
legends. Descriptive statistics were applied to characterize the patient
collectives, treatment response, and observed toxicity. Survival rates
were estimated using the Kaplan-Meier method and statistically
assessed by log-rank test and Cox proportional hazards regression.
Group differences for continuous variables were evaluated using the
unpaired two-tailed Mann-Whitney U test. Spearman’s rank correla-
tion was used for correlation analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The study protocol is made available as Supplementary Note 2. The
data generated in this study are provided in the Supplementary
Information and Source Data file. High-resolution images of Supple-
mentary Fig. 6 are provided in the following repository: “Giordano,
Layer, Leonardelli et al. Supplementary Fig. 6”, Mendeley Data, V1,
https://doi.org/10.17632/wfhnv7j2wh.1  (https://data.mendeley.com/
datasets/wfhnv7j2wh/1). The publicly available scRNAseq dataset
used for re-analysis (from Abdelfattah et al.*) can be accessed via the
GEO archive provided under accession ID GSE182109. Identifying
individual participant data is protected and is not available due to data
privacy laws. Individual de-identified participant data are available
upon written request from the sponsor (according to local legal
requirements for at least ten years). Source data are provided with
this paper.

Code availability

All code generated in this study to analyze and plot scRNAseq data has
been deposited in the GitHub repository under accession code Gior-
dano_Layer_Leonardelli_etal CXCL12_GBM_GSE182109 (https://github.
com/BaldLab).
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Hintergrund und Zielsetzung der Arbeit: Neben dem klinischen Outcome ist auch das

Sicherheitsprofil einer Behandlung ein entscheidender Faktor bei der Wahl der optimalen
Therapieform. Die unmittelbare IORT nach Resektion einer Hirnmetastase kann prinzipiell
durch die zusatzliche Intervention ein erhéhtes Risiko flr perioperative Morbiditat und
Mortalitat darstellen. In dieser Arbeit sollte daher das zusatzliche perioperative Risiko
einer Resektion mit IORT gegenlber einer Resektion ohne IORT eruiert werden. Zu
diesem Zweck erfolgte ein individuelles Matching retrospektiv erhobener Patientenfalle,

die eine IORT erhalten hatten, mit Patientenfallen, in denen keine IORT erfolgt war.

Methoden und Ergebnisse: Fir 35 konsekutive Falle von Patienten mit Hirnmetastasen,

die im Universitatsklinikum Bonn zwischen November 2020 und Oktober 2021 mit einer
Resektion und anschlie3ender IORT behandelt wurden, wurden
Patientensicherheitsindikatoren, nosokomiale Erkrankungen und Hirnchirurgie-bedingte
Komplikationen erhoben. Die Ergebnisse wurden mittels einer comparative matched-pair
Analyse im Verhaltnis 1:3 mit denen einer institutionellen Datenbank mit insgesamt 388
konsekutiven Patientenfallen mit Resektion ohne IORT gegenubergestellt. Es ergaben
sich keine signifikanten Unterschiede flr die perioperativen Komplikationen oder die 30

Tages-Mortalitat.

Schlussfolgerungen: Trotz der zusatzlichen medizinischen Intervention ergaben sich
keine Hinweise auf eine relevante perioperative Risikoerhdhung durch die IORT. Die
Ergebnisse belegen eine gute Vertraglichkeit der IORT nach Resektion von

Hirnmetastasen.
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Simple Summary: Patients with brain metastasis (BM) are at advanced stages of metastatic cancer,
and surgical resection is often required in order to avoid severe neurologic deficits. After surgery,
patients are usually committed to postoperative radiotherapy. In recent years, intraoperative radio-
therapy (IORT) has been proposed as an alternative to conventional postsurgical radiation approaches.
This possibility has several advantages, e.g., as IORT is administered only once during the surgical
procedure, patients do not have to attend several radiotherapy sessions afterward. However, the
application of radiation therapy directly into the open brain during surgery might be accompanied
by severe perioperative complications and, therefore, might negatively impact the overall benefit. In
the present study, we show that patients who underwent surgery for BM combined with IORT do
not suffer from elevated levels of perioperative complications compared to patients without IORT.
Therefore, IORT constitutes a safe treatment strategy for cancer patients with BM.

Abstract: Intraoperative radiotherapy (IORT) of the operative cavity for surgically treated brain
metastasis (BM) has gained increasing prominence with respect to improved local tumor control.
However, IORT immediately performed at the time of surgery might be associated with increased
levels of perioperative adverse events (PAEs). In the present study, we performed safety metric
profiling in patients who had undergone surgery for BM with and without IORT in order to com-
paratively analyze feasibility of IORT as an adjuvant radiation approach. Between November 2020
and October 2021, 35 patients were surgically treated for BM with IORT at our neuro-oncological
center. Perioperative complication profiles were collected in a prospective observational cohort
study by means of patient safety indicators (PSIs), hospital-acquired conditions (HACs), and specific
cranial-surgery-related complications (CSCs) as high-standard quality metric tools and compared
to those of an institutional cohort of 388 patients with BM resection without IORT in a balanced
comparative matched-pair analysis. Overall, 4 out of 35 patients (11%) with IORT in the course BM
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resection suffered from PAEs, accounting for 3 PSIs (9%) and 1 HAC (3%). Balanced matched-pair
analysis did not reveal significant differences in the perioperative complication profiles between the
cohorts of patients with and without IORT (p = 0.44). Thirty-day mortality rates were 6% for patients
with IORT versus 8% for patients without IORT (p = 0.73). The present study demonstrates that IORT
constitutes a safe and clinically feasible adjuvant treatment modality in patients undergoing surgical
resection of BM.

Keywords: surgery for brain metastasis; intraoperative radiotherapy; perioperative complication profiling

1. Introduction

Postoperative adjuvant cranial radiotherapy constitutes the standard clinical practice
following surgical resection of brain metastases (BMs) [1,2]. In recent years, low-energy
X-ray intraoperative radiation therapy (IORT) has been increasingly proposed as a viable
alternative to conventional postsurgical irradiation approaches, as this technique yields
considerable advantages: the delay between surgery and radiation therapy is greatly
reduced, the dose gradient is steep, and challenges in target volume delineation are avoided
due to postoperative anatomical alterations. The combination of these beneficial factors
is associated with reduced doses to healthy brain tissue and may prevent repopulation of
residual microscopic disease [3-7]. The safety of IORT has been demonstrated in the setting
of surgically resected glioblastoma [8] and its efficacy is currently being evaluated in a
Phase III clinical trial [9]. To date, known data regarding IORT in surgically treated BM are
limited to several single institutional studies indicating promising high rates of local tumor
control and a low incidence of radiation necrosis [10]. These studies are mainly focused
on radiotherapeutic parameters, such as dosage, size of applicator, and time span of IORT
procedures [3,10,11]. From an interdisciplinary perspective, the avoidance of postoperative
complications in patients with surgically resected BM is of paramount importance to
prevent prolonging the initiation of further adjuvant (including systemic) therapies [12,13].
In the context of IORT in BM, it remains unknown whether the concentrated radiation
exposure administered intraoperatively has adverse consequences, e.g., for wound healing
or other identifiable postoperative complications for the severely affected patients.

Therefore, the present prospective observational study aimed to investigate the fre-
quency or occurrence of established perioperative adverse events (PAEs) during and after
IORT in surgically treated BM. The results obtained were compared with data from patients
without IORT who underwent standard postoperative adjuvant radiotherapy in order to
benchmark the value and potential safety of IORT in patients with surgically treated BM.

2. Materials and Methods
2.1. Patients

Study data of all consecutive patients who were admitted to the Neurosurgical Depart-
ment of the University Hospital Bonn and underwent surgical resection of BM and IORT
between November 2020 and October 2021 were prospectively collected and managed
using SPSS (version 25, IBM Corp., Armonk, NY, USA). Informed consent was obtained
from the patients or the patients’ representatives. Information collected for each patient
included sociodemographic characteristics, location of primary tumor, radiological and
histopathological characteristics of both the tumor of primary origin and the intracranial
metastatic lesion, and functional status at admission, among others. The comorbidity
burden was objectified using the Charlson comorbidity index (CCI) [14]. The Karnofsky
performance score (KPS) was used to classify the patients according to their functional
status at admission. A stratification cut-off of 70 was chosen according to Péus et al. with
regard to the patient’s ability to carry on their normal activities and work [15].

All patients received preoperative contrast-enhanced T1-weighted MRI providing 3D
image guidance for both surgery and radiation treatment. For IORT, optic nerves, chiasma,
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and brain stem were identified preoperatively and intraoperatively as organs at risk (OAR),
and applied doses were defined based on dose—depth profiles of the utilized spherical
applicators ranging from 1.5 to 5 cm in diameter. IORT was delivered using INTRABEAM®
600 (Carl Zeiss Meditec AG, Oberkochen, Germany) nominal 50 kV photons at an optimal
dose of 30 Gy prescribed to the applicator surface. A decrease in the prescribed dose toward
24 Gy was acceptable in case of OAR doses exceeding the constraints of 12 Gy to the optical
nerves and chiasma or 12.5 Gy to the brain stem following the Quantitative Analyses of
Normal Tissue Effects in the Clinic (QUANTEC) recommendations [16].

Perioperative complications were assessed by means of a publicly available list of
events introduced by the Agency for Healthcare Research and Quality and the Center for
Medicare and Medicaid Services, and referred to as patient safety indicators (PSIs) and
hospital-acquired conditions (HACs) [17,18]. PSIs included the complicative occurrence
of pressure ulcers, iatrogenic pneumothorax, transfusion reactions, peri- and postopera-
tive hemorrhage, pulmonary embolism, acute postoperative respiratory failure, deep-vein
thrombosis, postoperative sepsis, wound dehiscence, and accidental puncture or laceration.
Within the group of HACs, screening was performed for pneumonia, catheter-associated uri-
nary tract infections, blood incompatibility, crushing injury, manifestation of poor glycemic
control (diabetic ketoacidosis, nonketotic hyperosmolar coma, and hyperglycemic coma),
fall injuries, and vascular catheter-associated infections. In addition, to assess complications
specific to cranial surgeries, postoperative periods were screened for iatrogenic postopera-
tive infarction, cerebrospinal fluid (CSF) leakage, postoperative meningitis and ventriculitis,
brain edema, cerebrovascular venous thrombosis, postoperative seizures, and postopera-
tive new or worsened neurological deficits; they were classified as cranial-surgery-related
complications (CSCs) as previously described [19,20]. Perioperative complications were
defined as any intra- and /or postoperative adverse event with or without further surgical
interventions occurring within 30 days of the initial BM resection.

This study was conducted in accordance with the Declaration of Helsinki and ap-
proved by the Ethics Committee of the University Hospital Bonn (approval number 018/21).

2.2. Matching Procedure

Matching was used to control for measured pretreatment variables that were prog-
nostic of the outcome. For the matched-pair analysis, the statistical computing program R
(version 4.1.2 (The R Foundation, Boston, MA, USA); The R Foundation for Statistical Com-
puting, https:/ /www.r-studio.com (accessed on 25 January 2022)) was used. Propensity
score matching was performed at a ratio of 1:3 between the cohort of 35 prospectively
collected patients with IORT and a retrospectively collected cohort of 388 patients with sur-
gically treated BM without IORT. The matching cohort of patients without IORT consisted
of all patients aged >18 years who had undergone surgery for BM at our neuro-oncological
center between 2013 and 2018. Within this time span, no patient received IORT at our
neuro-oncological center. The study protocol for retrospective data collection was approved
by the local ethics committee (approval number 250/19). Informed consent was not sought
as a retrospective study design was chosen. Patients with leptomeningeal disease were
excluded. To produce a covariate balance in the two groups and therefore increase the
robustness of the data, the following known prognostic parameters were selected for match-
ing: age [21], KPS and CCI at admission [19,21,22], tumor entity, and status of solitary
versus multiple BM [19]. The balance was measured by the standardized mean differences,
variance ratios, and empirical cumulative density function statistics, and visualized using a
love plot. To display the distribution of propensity scores, we chose a jitter plot.

2.3. Statistics

Data analyses were performed using the computer software package SPSS (version 25,
IBM Corp., Armonk, NY, USA) and GraphPad PRISM (GraphPad Software, San Diego,
CA, USA). Categorical variables were analyzed in contingency tables using Fisher’s
exact test. The Mann-Whitney U test was chosen to compare continuous variables as
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the data were mostly not normally distributed. Results with p < 0.05 were considered
statistically significant.

3. Results
3.1. Patient Baseline Characteristics

Between November 2020 and October 2021, 35 patients underwent surgical therapy
for BM combined with IORT at our neuro-oncological center. The median age was 63 years
(IQR 54-71 years) including 18 women (51%) and 17 men (49%) (Table 1). The most
common tumor entity of the intracranial metastatic lesion was NSCLC (60%), followed by
melanoma (11%), and breast cancer (6%). Fifteen patients (43%) suffered from multiple
BMs at the date of the operation. The median dose of IORT was 30 Gy (16-30 Gy). The
median duration of IORT was 20 min (IQR 17-21 min). Overall, perioperative unfavorable
events following resection of BM combined with IORT were present in 4 of 35 patients
(11%). Two patients (6%) died within 30 days of surgery. The reasons for death were
fulminant pulmonary embolism on day 15 following neurosurgical resection and sepsis
from postoperative catheter-associated urinary tract infection. For further details on patient
characteristics, see Table 1.

Table 1. Baseline characteristics of patients with IORT.

Baseline Characteristics n
Female sex 18 (51%)
Median age (IQR) (in years) 63 (54-71)
Primary site of cancer
Lung 21 (60%)
Melanoma 4 (11%)
Breast 2 (6%)
Others 8 (23%)
Multiple BMs 15 (43%)
Preoperative KPS > 70 25 (71%)
Median CCI (IQR) 10 (8-11)
ASA >3 24 (69%)
Median duration of surgery (IQR) 272 (187-250)
Median dose of IORT (in Gy) 30 (16-30)
Median duration of IORT (IQR) (in min) 20 (17-21)
Perioperative complications 4 (11%)
30-day mortality 2 (6%)

Values represent the absolute number of patients unless indicated otherwise. ASA, American Society of Anesthe-
siology physical status classification system; BM, brain metastasis; CCI, Charlson comorbidity index; Gy, gray;
IORT, intraoperative radiotherapy; IQR, interquartile range; KPS, Karnofsky performance status.

The functional status at discharge objectified by the KPS did not significantly differ for
the groups with and without IORT (70 (60-90) vs. 80 (70-90), p = 0.52).

3.2. Perioperative Complications

Subclassification of intraoperative and early postoperative unfavorable events revealed
three PSIs and one HAC (Table 2).

PSIs consisted of postoperative hemorrhage with the need for revision surgery, post-
operative pulmonary embolism, and postoperative sepsis from urinary tract infection in
1 out of 35 patients (3%). HACs accounted for postoperative pneumonia in one subject
(3%). No specific CSC was found.

3.3. Safety-Metric Profiling for IORT in a Comparative Matched-Pair Analysis

In order to compare the complication risk profiles of patients with surgically treated
BM dependent on the presence of IORT, we decided to perform multivariate and propensity
score matching with additional balance optimization. For this purpose, patients with BM
and IORT were individually matched at a ratio of 1:3 to a cohort of 388 patients that had
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undergone resection of BM without IORT between 2013 and 2018 at our neuro-oncological
center (Figure 1).

Table 2. Overview of perioperative complications of patients with IORT.

No. of Patients with IORT n=35
No. of complications 4 (11)
PSIs
Postoperative hemorrhage 1(3)
Postoperative pulmonary embolism 1(3)
Postoperative sepsis (urinary tract infection) 1(3)
HACs
Pneumonia 1(3)
Specific CSCs 0(0)

Values represent the number of patients unless indicated otherwise (%). CSCs, cranial surgery-related com-
plications; HAC, hospital-acquired conditions; IORT, intraoperative radiotherapy; No., number; PSls, patient
safety indicators.
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Figure 1. Illustration of the matching procedure for patients with surgically treated BM dependent
on the presence of IORT. (A) Comparative matched-pair analysis at a ratio of 1:3 identified 105 out of
388 patients with surgically treated BM without IORT that individually corresponded to the present
series of 35 patients with surgically treated BM combined with IORT. Heat map is a color-coded
illustration of the matching strategy of patients without IORT to individually matched IORT cases by
means of age at admission, KPS at admission, CCI at admission, and tumor entity and solitary versus
multiple BM as matching parameters. Red frames depict individually matched patients without
IORT. (B) Visualization of obtained propensity scores for matched and unmatched patients with BM.
(C) Love plot depicting the balance of the matching analysis for each matching parameter determined
by the standardized mean differences. BM, brain metastasis; CCI, Charlson comorbidity index; IORT,
intraoperative radiotherapy; KPS, Karnofsky performance score.

Patient age, CCI and KPS at admission, primary site of cancer, as well as solitary
versus multiple intracranial metastatic status as known prognostic parameters for survival
in patients with an advanced metastatic stage of cancer disease were chosen as matching
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variables. Hence, the matched-pair analysis yielded two individually matched cohorts of
35 patients with IORT and 105 patients without IORT that did not significantly differ with
regard to the above-mentioned prognostic survival parameters (Table 3). Safety-metric
profiling by means of PSIs, HACs, and specific CSCs as highly standardized quality rating
tools did not reveal significant differences between the two groups of matched patients
with resected BM dependent on the presence of IORT (p = 0.44). Similarly, 30-day mortality
did not significantly differ between patients with and without IORT (p = 0.73) (Table 3).

Table 3. Comparative matched-pair analysis on perioperative complication profiles for patients with
versus without JORT.

Surgery with IORT Surgery without IORT

Variables =35 =105 p-Value
Matching variables

Age (years) 63 (54-71) 65 (56-73) 0.69

Preoperative KPS 80 (60-90) * 80 (70-90) * 0.73

CCI 10 (8-11) * 98111t 0.74

Primary site of cancer 0.70
Lung cancer 21 (60) 58 (55)
Others 14 (40) 47 (45)

Solitary versus multiple BM 1.0
Multiple BM 15 (43) 46 (44)
Solitary BM 20 (57) 59 (56)

Perioperative complications 4(11) 19 (18) 0.44

PSIs 309 12 (11) n.s.

HACs 1(3) 3(3) n.s.

Specific CSCs 0 (0) 4 (4) 0.04

30-day mortality 2 (6) 8 (8%) 0.73

Values represent the number of patients unless indicated otherwise (%). BM, brain metastasis; CCI, Charlson
comorbidity index; CSCs, cranial surgery-related complications; HAC, hospital-acquired conditions; IORT,
intraoperative radiotherapy; IQR, interquartile range; KPS, Karnofsky performance status; PSIs, patient safety
indicators. ¥ Median (IQR).

4. Discussion

IORT has gained growing attention with regard to its high rates of local tumor control
as well as low incidences of radiation necrosis [10]. In addition, IORT should allow for the
reduction of a patient’s socio-economic burden compared to standard surgery followed
by multiple adjuvant radiation sessions [23], thereby also enabling faster initiation of sys-
temic treatment. However, such additional intraoperative procedures accompanied by an
extended time of surgery might result in elevated levels of early postoperative unfavorable
events, which in turn may impair the initially supposed overall benefit of a combined
surgery-radiation approach. In the present study, we aimed to analyze the prevalence of
perioperative complications in patients who had undergone surgical removal of BM. The
data indicate that the addition of IORT delivered immediately within the resection cavity
following resection of BM is not associated with higher levels of perioperative unfavorable
events within 30 days of surgery compared to a resection policy without IORT.

In contrast to the above-mentioned concerns of increased complication rates in the
IORT cohort, these results might partly be attributed to radiation-induced activation of cell
survival pathways and stimulation of the innate immune system. Both direct and indirect
effects trigger inflammatory cytokine signaling and local immune cell recruitment [24],
which may promote healing responses of the surgical-induced intracranial wound surface,
leading to a superior antimicrobial milieu and reduced risk of intracavitary side infections.
Compared to a postoperative stereotactic radiosurgical regime, the steep dose fall-off to
the surgical wound surface in the setting of IORT results in lower dose exposure of the
whole brain and in eloquent areas at risk, such as the optic apparatus and the brainstem [3].
Furthermore, by direct apposition of the applicator surface to the cavity wall, treatment
dose delivery is highly accurate, and changes in cavity size due to tissue rearrangement
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during the delay between resection and radiation in case of SRS do not occur [10]. These
advantages of IORT may have provided a rationale for the preservation of safety metric
profiles of a conventional postoperative radiation regime observed in the present study.

In order to comprehensively assess the overall complication profiles, we used PSIs
and HACs as publicly available and highly standardized classification tools [20]. Overall,
the complication rate for the IORT group was found to reach about 11%. This level of
PAE is within the range of reported data on the prevalence of perioperative complications
in the course of BM surgery [25]. Moreover, a PSA- and HAC-based assessment of PAEs
will also cover transient events, such as catheter-associated urinary tract infections and
pneumonia and, therefore, quantitatively surpass previously reported complication levels
of several studies that concentrated exclusively on adverse events that entailed further
surgical interventions [26].

Thus, for the first time, the results of this study provide a benchmark insight into
the expectable postoperative complication rate after BM surgery with simultaneous IORT
and might thereby assist the consideration of potential benefits of such an approach for
the individual patient. Beyond these insights into the feasibility of IORT as a modality of
adjuvant radiotherapy, future analysis will have to comprehensively evaluate the issue
of local tumor control rates and OS compared to conventional postsurgical irradiation
approaches. The first available data indicate a 1-year local control rate of 88% in a cohort of
54 patients with BM and IORT with a median dose of 30 Gy [10]. In another study, where a
median marginal dose of 20 Gy was used, a 1-year control rate of 84% was reported [11]
indicating a dose dependency on the tumor control rate [27]. With regard to the advantages
of a single intraoperative delivery compared to repeated postsurgical sessions of radiation,
currently available data on tumor control indicate a promising overall benefit of IORT in
the setting of surgically treated BM.

5. Limitations

Despite the prospective observational design of the present study, several limita-
tions have to be considered in its interpretation. Primarily, the prospective sample size of
35 patients is considered quite small. Nevertheless, employing a matched-pair approach
might have outweighed some confounding factors when comparing the safety profiles to
those of BM patients without IORT. Furthermore, the present feasibility analysis of IORT
in surgery for BM does not take into account neurocognitive assessment, which is known
to significantly add to valuable outcome analysis in the field of neuro-oncology. Despite
these limitations in sample size, the findings of the present study may suffice to conceive
further large-scale, cross-regional databases to accurately evaluate the safety, feasibility,
and efficacy of IORT in the setting of surgery for BM.

6. Conclusions

The present study findings indicate that IORT is a safe and clinically feasible adjuvant
treatment modality in patients undergoing surgical resection of BM. The preservation of
perioperative standard safety-metric profiles known for surgical BM resection without IORT
presented herein might constitute another aspect to establish immediate intraoperatively
delivered adjuvant radiation as a promising treatment approach. Further studies are
needed to comprehensively evaluate the efficacy and overall value of IORT in the long-term
follow-up.
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Hintergrund und Zielsetzung der Arbeit: Bislang lagen nur sehr eingeschrankt Daten zum

klinischen Outcome einer IORT von resezierten Hirnmetastasen vor. Insbesondere in
Bezug auf primare klinische Endpunkte ist letztlich ein direkter Vergleich mit dem
Goldstandard der adjuvanten FSRT notwendig, allerdings gibt es bislang keinerlei
prospektiv-randomisierte Daten und auch noch zu wenig Vordaten, die eine solche Studie
hinreichend begrinden wurden. Ziel dieser Arbeit war daher, durch individuelles Matching
retrospektiv erhobener FSRT-Falle mit IORT-Patienten einen mdglichst realistischen

Vergleich der beiden Modalitaten in Bezug auf das klinische Outcome vorzunehmen.

Methoden und Ergebnisse: Insgesamt 35 konsekutive Patienten mit Hirnmetastasen, die
im Universitatsklinikum Bonn zwischen November 2020 und Oktober 2021 mit einer IORT
behandelt wurden, wurden in Bezug auf die RN-Rate, die lokale Kontrolle, die distante
intrazerebrale Kontrolle und das Gesamtliberleben ausgewertet. Die Einjahres-
Uberlebensrate und das Gesamtiiberleben wurden mittels einer comparative matched-
pair Analyse einer Datenbank mit insgesamt 388 konsekutiven Patientenfallen mit
Resektion und adjuvanter EBRT gegenubergestellt, wobei ein individuelles Matching der
FSRT- auf die IORT-Falle im Verhaltnis 2:1 erfolgte. Bei einer sehr geringen RN-Rate von
nur 2,9% ergab sich nach einem Jahr eine lokale Kontrollrate von 97,1% und eine distante
intrazerebrale Kontrollrate von 73,5%. Bei einem medianen Gesamtuberleben von 17,5
Monaten ergaben sich keine signifikanten Unterschiede zu der gematchten FSRT-

Vergleichskohorte.

Schlussfolgerungen: Die IORT weist in den zentrumseigenen Daten insbesondere eine

sehr gute Lokalkontrolle bei beachtenswert niedriger RN-Inzidenz auf. Im Vergleich zu
gematchten FSRT-Fallen ist das Gesamtuberleben der IORT-Patienten trotz nachteilig

kirzerem Follow-up nicht unterlegen. Letztlich konnen diese Beobachtungen die
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Grundlage einer prospektiv-randomisierten Phase 2/3-Studie sein, um endgultige

Wirksamkeitsaussagen im direkten Vergleich zur FSRT treffen zu kdnnen.
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Abstract

Purpose Intraoperative radiation therapy (IORT) is an emerging alternative to adjuvant stereotactic external beam radiation
therapy (EBRT) following resection of brain metastases (BM). Advantages of IORT include an instant prevention of tumor
regrowth, optimized dose-sparing of adjacent healthy brain tissue and immediate completion of BM treatment, allowing an
earlier admission to subsequent systemic treatments. However, prospective outcome data are limited. We sought to assess
long-term outcome of IORT in comparison to EBRT.

Methods A total of 35 consecutive patients, prospectively recruited within a study registry, who received IORT following BM
resection at a single neuro-oncological center were evaluated for radiation necrosis (RN) incidence rates, local control rates
(LCR), distant brain progression (DBP) and overall survival (OS) as long-term outcome parameters. The 1 year-estimated
OS and survival rates were compared in a balanced comparative matched-pair analysis to those of our institutional database,
encompassing 388 consecutive patients who underwent adjuvant EBRT after BM resection.

Results The median IORT dose was 30 Gy prescribed to the applicator surface. A 2.9% RN rate was observed. The estimated
1 year-LCR was 97.1% and the 1 year-DBP-free survival 73.5%. Median time to DBP was 6.4 (range 1.7-24) months in the
subgroup of patients experiencing intracerebral progression. The median OS was 17.5 (0.5-not reached) months with a 1 year-
survival rate of 61.3%, which did not not significantly differ from the comparative cohort (p=0.55 and p=0.82, respectively).
Conclusion IORT is a safe and effective fast-track approach following BM resection, with comparable long-term outcomes
as adjuvant EBRT.

Keywords Surgery for brain metastases - Intraoperative radiotherapy - IORT - Local tumor control - Survival - Adjuvant
radiotherapy

Introduction diagnostic incidence of BM and risk of local recurrence are

increasing [6, 7]. Although BMs do nowadays not necessar-
Over the course of their disease, up to 40% of cancer patients  ily impact overall survival [8, 9], local treatment is critical
develop brain metastases (BM) [1]. With novel therapeutic  to prevent or stabilize neurological deterioration and impair-
options prolonging their overall survival (OS) [2-5], the = ment of quality of life (QOL) [10, 11]. If feasible, large or
symptomatic lesions require surgical intervention. Adjuvant
radiation therapy (RT) of both potential tumor remnants
Julian P. Layer and Motaz Hamed are shared first authorship. and the resection cavity improves local control rates (LCR)
[12—-14]. Considering the tumor localization, histology and
volumes, common RT regimens apply stereotactic external-
beam RT (EBRT) of one (stereotactic radiosurgery, SRS)
Extended author information available on the last page of the article to seven fractions (fractionated stereotactic radiotherapy,

Matthias Schneider and Leonard Christopher Schmeel are shared
last authorship.
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FSRT) either before resection or afterwards, following ade-
quate wound healing and recovery from surgery [14-18].
As an alternative, low-energy intraoperative RT (IORT) has
increasingly gained attention in the past years. Initial reports
suggest promising LCR [19, 20] and a favorable safety pro-
file [21] with a comparatively lower radiation necrosis (RN)
incidence [22]. Available data are solely based on retrospec-
tive single institution experiences, with a radiation oncology
focus on dosage and technical aspects of the IORT approach
[23, 24]. Nonetheless, its safety profile has been previously
explored in brain tissue for treating glioblastoma [25, 26]
and its efficacy is currently evaluated in a phase III trial
(NCT02685605). Several advantages of IORT include a
steep dose gradient, improved healthy brain tissue sparing
[27] and avoiding RT target-volume delineation challenges
caused by post-surgery tissue alterations. The instant appli-
cation of local high dose RT to the tumor bed may prevent
early repopulation of residual microscopic tumor. Further-
more, an accelerated completion of the interdisciplinary BM
treatment eases a faster recovery, shorter in hospital-times
and earlier initiation of subsequent systemic treatments.

We previously reported on a favorable periopera-
tive safety profile of patients receiving IORT for BM in a
matched-pair fashion with 388 BM patients who underwent
conventional post-surgical RT [28]. Here, we report on their
clinical long-term outcome and assess their survival in com-
parison to the same matched institutional cohort.

Methods
Patients

The study collected data from consecutively recruited
patients admitted to the Neurosurgical Department of the
University Hospital Bonn between November 2020 and
October 2021, who had undergone surgical resection of BM
combined with IORT. In all cases, BM were histopathologi-
cally confirmed. At a weekly tumor board meeting, inter-
disciplinary consensus was used to determine the treatment
strategies for each patient individually [29]. Treatment plans
were also coordinated with the referring physicians and
considered the patient’s past oncological therapies. Besides
receiving a histopathological diagnosis in case of cancer
of unknown primary, criteria for surgical resection were
presence or severe risk of acute neurological impairment or
clinically significant mass effects as abnormal intracranial
pressure or hemispheric shift. In case of multiple BMs, only
the clinically manifest lesion was considered for surgical
removal to prevent mass effects and tumor-related hydro-
cephalus [28, 30]. Clinical inclusion criteria for [ORT were
gross total resection, intraoperative confirmation of BM on
frozen tumor sections, no previous intracerebral irradiation
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and fulfillment of dose constraints as described below. The
data were prospectively collected and managed using SPSS
(version 25, IBM Corp., Armonk, NY). Informed consent
was obtained from all patients. The collected information
included, among others, sociodemographic characteristics,
primary tumor location, radiological and histopathological
characteristics of the intracranial metastatic lesions, baseline
functional status. The Karnofsky performance score (KPS)
was used to classify the patients according to their functional
status at admission. A stratification cut-off of 70 was chosen
according to Péus et al. with regard to the patient’s ability
to carry on their normal activity and work [31]. Diagnostic-
Specific Graded Prognostic Assessment (DS-GPA) [32]
scores were calculated by standard procedures. The study
was conducted in accordance with the principles of the Dec-
laration of Helsinki and approved by the Ethics Committee
of the University Hospital Bonn (approval number: 018/21
and 057/22).

IORT

Preoperative contrast-enhanced T1-weighted MRI imaging
was used to provide 3D image guidance for both surgery
and radiation treatments. Optic nerves, chiasm, and brain
stem were identified preoperatively and intraoperatively as
organs at risk (OARs) for IORT and delivered doses were
defined based on dose-depth template profiles correspond-
ing to each applicator diameter. The INTRABEAM® 600
(Carl Zeiss Meditec AG, Oberkochen, Germany) was used
to deliver IORT with a spherical applicator ranging from 1.5
to 5.0 cm diameter by application of nominal 50 kV pho-
tons at a standard dose of 30 Gy prescribed to the applicator
surface. Decreasing the prescribed dose down to 16 Gy was
acceptable in case of OAR doses exceeding the constraints
of 12 Gy to the optical system or 12.5 Gy to the brain stem
following the QUANTEC (Quantitative Analyses of Normal
Tissue Effects in the Clinic) recommendations [33] consid-
ering the specific (1.3—1.5 times higher) RBE of low energy
photons. In individual cases, an anatomical positioning of
the applicator required consideration of further OAR that
were not regularly assessed, e.g., cochlea or thalamus, with
equal consideration of the QUANTEC recommendations.

Follow-up

All patients had regular follow-up (FU) visits including
physical examination and magnetic resonance imaging
(MRI). MRI assessments were performed according to the
RANO criteria by board-certified radiologists. In case of
uncertain clinical or radiographic response, the interdisci-
plinary neuro-oncological tumor board was consulted and a
combined decision was taken upon findings. The following
conditions qualified for diagnosis of RN: (1) after initial
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suspected progressive disease (PD), a minimum of two
FU MRI time points showed no sign of ongoing PD; (2)
advanced MRI incorporating dynamic susceptibility contrast
(DSC) or diffusion weighted imaging (DWI) was concord-
antly suggestive of RN; (3) RN was confirmed histopatho-
logically after surgery.

Study endpoints

The primary endpoints of the study were RN rates and
cumulative 1 year-LCR. The secondary endpoints were DBP,
1 year-OS rates and estimated OS. Local control was defined
as the absence of MRI-radiographic PD in or surrounding
the previously irradiated BM resection cavity and calculated
from the day of surgery until the date of PD. Patients lost to
FU or deceased prior to radiographic progression were cen-
sored at the last FU time point. OS was defined as the time
interval between the date of surgery and the date of either
the last FU (censored) or death.

Matching procedure

The study performed a propensity score matching, which
involved matching a cohort of 35 patients who received
IORT with a cohort of 388 patients who underwent surgery
for BM followed by EBRT (patient characteristics provided
in Suppl. Table 1). The matching was performed at a ratio
of 1:2, and the statistical computing program R (version
4.1.2; The R Foundation for Statistical Computing, https://
www.r-project.org/) was used for the analysis as previously
described [28]. The group of EBRT patients included all
patients aged 18 years or older who underwent surgery for
BM at the University Hospital Bonn neuro-oncological
center between 2013 and 2018, and who did not receive
IORT but EBRT (SRS, FSRT or whole brain radiotherapy
(WBRT)) during that period. The study aimed to increase
the robustness of the data by selecting known prognostic
parameters, such as age [34], KPS and Charlson comorbid-
ity index (CCI) at admission [34—-36], tumor entity, and the
status of solitary versus multiple BM [35], for matching. The
balance of these parameters was measured and visualized
to ensure that the two groups were comparable. A jitter plot
was used to display the distribution of propensity scores. The
study protocol for retrospective data collection was approved
by the local Ethics committee (approval number: 250/19 and
057/22).

Statistics

The computer software packages used for the data analyses
were SPSS and GraphPad Prism (version 9, GraphPad Soft-
ware, Boston, MA). Fisher’s exact test was used to analyze
categorical variables, which were presented in contingency
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tables. The Mann—Whitney U test was used to compare con-
tinuous variables, as the data were not normally distributed.
Statistical significance was defined as a p-value of less than
0.05.

Results
Patient and tumor characteristics

Between November 2020 and October 2021, 35 consecutive
BM patients receiving IORT to the resection cavity were
enrolled. Their median age was 63 (range 43—80) years and
the median KPS was 80 (50-100). Of note, 29% of patients
had a KPS <70. The median DS-GPA score was 2 (0-4).
The most frequent BM localization was the frontal lobe
(37.1%) followed by the occipital lobe (25.7%). Most histo-
pathology results corresponded to non-small cell lung cancer
(NSCLC, 54%), followed by melanoma (11%) and breast
cancer (6%). With a range of 2 to 10 intracranial lesions,
15 patients (43%) suffered from multiple BM at the time
of surgery. Further details on patient characteristics can be
found in Table 1.

Treatment and dosimetry
No dose constraints were exceeded and all patients com-

pleted treatment. The median IORT duration was 18:12
(6:56—49:00) min and the median prescription dose was 30

Table 1 Patient and tumor characteristics*

n=35

Median age (IQR) (in yrs) 63 (54-71)
Female sex 19 (54.3)
Primary site of cancer

Lung 21 (60)

Melanoma 4(11)

Kidney 4(11)

Breast 2 (6)

Others 4 (11)
Multiple BMs 15 (43)
Preoperative KPS < =70 14 (40)
Median DS-GPA score 2 (0-4)
Concomitant systemic treatment 309
Median dose of IORT (in Gy) 30 (16-30)
Median duration of IORT (in min) 18.2 (6.9-49)

BM brain metastasis, CCI Charlson comorbidity index, DS-GPA diag-
nosis-specific graded prognostic assessment, Gy gray, /QR interquar-
tile range, KPS Karnofsky performance score, mOS median overall
survival, n number of patients, yrs years

“Values represent the number of patients unless indicated otherwise

(%)
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(16-30) Gy. The median applicator size was 2.5 (1.5-5.0)
cm. The brainstem and the optic tracts (optic nerves and
chiasm) were regularly assessed as OARs. Doses to other
structures were negligible and therefore not considered rel-
evant for this report. The median distance from the applica-
tor surface was 35.5 (10—65) mm to the brainstem and 60
(13-70) mm to the optic tracts, with a median estimated
OAR dose exposure of 0.7 (0.0-6.0) Gy and 0.0 (0.0-4.4)
Gy, respectively.

Radiation necrosis rate, local tumor control
and distant brain progression

In all patients, a gross total resection was achieved. After a
median FU of 10.4 (0.5-24.5) months and a median imag-
ing FU of 7.9 (0.1-24.4) months incorporating a median of
6 (1-13) MRI assessments, only one RN event was noted
at 18.7 months. Hence, an overall RN rate of 2.9% was
observed (Fig. 1a). As this patient’s RN was a grade 2 event,
only mild conservative management was initiated and subse-
quently led to clinical remission. Of note, the patient did not

a Radiation necrosis

100
9
= 80
C
9
o 604
G
2 40
Q
3
o 204
o l.u.l_u.u.u

0 AL LU |I 1 1 AI 1 IIIA | ]
0 6 12 18 24 30
Time (months)

c Distant brain progression

100
S
= 80
o]
o 60-
‘G
Z 40
Q
3
o 204
o

0 1 1 1 1 1
0 6 12 18 24 30

Time (months)

experience distant intracranial progression and is still alive
and systemically stable after 23.2 months of FU.

A second patient showed local recurrence after
2.9 months, in addition to previous distant intracranial pro-
gression. The latter led to clinical deterioration and sub-
sequent exitus. The overall IORT 1-year LCR was 97.1%
(Fig. 1b). With an overall distant brain progression rate of
29.4%, the median DBP-free survival (DBPS) was 24 (0.5-
not reached) months and the 1 year-DBPS 73.5% (Fig. 1c¢).
The median time to DBP was 6.4 (range 1.7-24) months in
the subgroup of patients experiencing distant intracranial
progression. Leptomeningeal spread occurred in 5.7% of
cases (2 cases), after 18.2 and 21.9 months, respectively.

Survival and comparison to matched EBRT cohort

For the IORT cohort, the median OS was 17.5 (0.5-
not reached) months and the 1 year-survival rate 61.3%
(Fig. 1d). 70 patients from the institutional database of
patients, who underwent surgery with subsequent EBRT
(Suppl. Table 1) and individually corresponded to the pre-
sent series were matched at a ratio of 1:2 to those receiving
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Fig. 1 Outcome of IORT patients. Kaplan—-Meier curves for a radiation necrosis, b local control, ¢ distant brain progression and d overall sur-
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Fig.2 Graphical visualization of the applied matching procedure. a
Comparative matched pair analysis at a ratio of 1:2 identifies 70 out
of 388 patients with resected BM not receiving IORT who individu-
ally correspond to the present series of 35 patients with resected
BM undergoing IORT. Heat map as color-coded illustration of the
matching strategy of patients not receiving IORT to IORT cases
stratified by age, KPS at admission, tumor entity and solitary versus
multiple BM as matching parameters. The red box illustrates indi-

IORT (Fig. 2). The two patient populations did not differ
significantly by the matching variables age (p=0.74), KPS
(p=0.88), primary site of cancer (p=1.00) and frequency
of multiple BM (p=0.68). Concomitant systemic treatment
was equally distributed (p=0.99). With 61.3% versus 68.2%,
the 1 year-survival was not significantly different between
IORT and EBRT, respectively (p=0.82; Table 2). Further-
more, the median OS was comparable with 17.5 months and
26 months, in each respective cohort (p=0.55; Fig. 3).
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Propensity Score

vidually-matched patients without IORT. b Love plot demonstrat-
ing the balance of the matching analysis for each matching param-
eter determined by the standardized mean differences. ¢ Illustration
of propensity scores obtained as described in a for matched (blue:
IORT; red: EBRT) and unmatched BM patients (green). BM brain
metastasis, EBRT external beam radiation therapy; /ORT intraopera-
tive radiotherapy, KPS Karnofsky performance score.

Discussion

IORT following BM resection is an emerging alternative
to adjuvant EBRT, but long-term experience and efficiency
are yet to be established. Taken together with our previous
study [28], this is the first report on IORT for BM that covers
both short and long-term clinical FU of a consecutive patient
cohort and matches and compares their survival outcomes
to those of EBRT.

There is consensus on the beneficial effect of adjuvant
RT on local control after BM resection [14, 16, 37]. How-
ever, depending on the individual clinical context, it remains
controversial which RT sequencing and technique achieves
best long-term outcomes at lowest toxicity levels. Despite
providing convincing BDFS [38, 39], WBRT was abandoned
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Table 2 Comparative matched

. . : Surgery with IORT n=35 Surgery with EBRT n=70 p-value
pair analysis on survival
outcome in patients with Matching variables
;2:%;1? 'V‘;f:;esdE%“}gTsfa“ﬁed Age (years) 63 (54-71) 63 (57-70) 0.74
Preoperative KPS 80 (60-90) 80 (70-90) 0.88
Primary site of cancer 1.0
Lung Cancer 21 (60) 41 (59)
Others 14 (40) 29 (41)
Solitary vs. multiple 0.68
Multiple 15 (43) 27 (39)
Solitary 20 (57) 43 (61)
Outcome parameters
1 year-survival 19/35%* (61.3) 33/70%** (68.2) 0.82
mOS (months) 17.5 26 0.55
BM brain metastasis, CCI Charlson comorbidity index, EBRT external beam radiation therapy, Gy gray,
IQR interquartile range, KPS Karnofsky performance score, mOS median overall survival, n number of
patients
*Values represent the number of patients unless indicated otherwise (%)
**2 of 35 patients censored with lost to follow-up < 12 months (33 patients with event at any time)
**17 of 70 patients censored with lost to follow-up < 12 months (53 patients with event at any time)
Overall survival from patient-centered and socioeconomic view points. This
100 applies in particular to BM patients in a palliative care set-
N i == IORT | ting that may suffer from neurological impairment along
S i — EBRT with a limited life expectancy. Additionally, most patients
s T 7 from our collective were first diagnosed with BM during
(% p=0.55 staging of an extracranial primary tumor. For these patients,
5 507 swiftness is particularly important, since at time of brain
2 surgery they often still require completion of staging exami-
§ . S— ! nations and the initiation of systemic treatment [5S0]. [ORT
09_ can expedite these urgent subsequent steps by approximately
0 — T T two to 3 weeks. Furthermore, patients at first diagnosis of
0 24 48 72 96 120 metastatic cancer [51], especially with favorable prognostic

Time (months)

Fig.3 Kaplan Meier survival curves for patients with surgically-
treated BM stratified for IORT versus EBRT. EBRT external beam
radiation therapy, JORT intraoperative radiotherapy

due to an inferior toxicity profile [15, 40-42] in comparison
to modern stereotactic RT approaches. Accordingly, previ-
ous intracavitary treatment modalities, such as permanent
intracerebral radio-isotopic seed implantation, yielded very
good LCRs, [43-45] yet are prone to induce RN [46, 47].
Moreover, arterial occlusion [48], seed detachment and
necessity of subsequent re-surgery could arise. For stereo-
tactic RT, reports on LCR and toxicity differ significantly
depending on entities, BM volume and number, but also
the fractionation scheme [14, 15, 17, 18, 49]. Besides clas-
sical outcome parameters, patient-centered factors such as
reduction of hospitalization times, timely treatment access
and quality of life have become increasingly important both
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factors like solitary BM [52], are likely to experience DBP
requiring reirradiation to potentially closely located brain
structures. The specific physical features of 50 kV IORT
provide an increased linear energy transfer and a higher rela-
tive biological effectiveness [53] with steep dose gradients
allowing both optimized tumoricidal effect and OAR spar-
ing. Thus, patients may benefit from preservation of neu-
rological functions and improved subsequent reirradiation
options. The main disadvantage of IORT is a lack of dose
modulation options that render certain anatomic conditions
challenging. Therefore, it is not surprising that, in line with
previous reports [20], most of the BM treated in this cohort
were located either craniofrontal or occipital.

Consistent with our previously reported perioperative
safety profile [28], we here report a favorable overall RN rate
of just 2.9% after IORT. This is an improvement in compari-
son to adjuvant SRS or FSRT where RN rates typically range
between 8% [14] to more than 20% [49], but also to some
previous series of IORT patients. While Kahl et al. reported
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2.5% [22], Cifarelli et al. noted a RN rate of 7% [19] and
Diehl et al. of 11.1% [20]. Of note, the latter also included
few patients receiving additional post-surgery stereotactic
radiosurgery. In line with previous reports, we found only
a comparably low incidence of leptomeningeal spread after
IORT [19, 22]. This may be an additional clinical advantage
of IORT over other RT techniques that requires further sci-
entific attention. Our observed 1-year LCR of 97.1% com-
pares well with the 94% observed by Cifarelli et al. [19] and
outperforms most studies on both adjuvant and definitive
SRS or FSRT with rates roughly between 80 to 90% [14, 17,
18, 49, 54-56]. Definitive SRS of BM is the primary alterna-
tive option to resection when systemic treatment delays are
to be avoided. Both effectiveness and safety of single frac-
tion EBRT mainly depend on lesion volume [55]. Compared
to SRS only [56], our data indicate a superior LCR and RN
rate for IORT of BM > 2 cm, while equally avoiding addi-
tional treatment times following surgery.

By matched pair analysis, we demonstrated compara-
ble long-term survival outcomes of EBRT and IORT. The
1 year-survival rate of 57% reported here is also within the
range of previous reports for IORT [20, 22]. Meanwhile,
despite being marginally different, the matched cohort
exhibited outstanding long-term survival. Many of the
patients from this cohort surpassed a FU that timewise can-
not be achieved yet for the IORT group and, thus, long-term
survivors are censored at an earlier time point in the latter.
In addition, there are remaining risk factors that could not
be adjusted between the groups. While age, CCI, KPS and
singularity of BM were considered as matching factors, DS-
GPA scores were not. Depending on the tumor entity, this
score covers further disease-specific risk factors. However,
DS-GPA scores do not qualify for matching analyses as they
are not applicable to all tumor entities, nor are they prog-
nostically comparable between different entities [32]. The
IORT cohort had a relatively low median DS-GPA score of
only 2 and included a total of 25.7% of patients with at least
3 BM. Regardless of these unfavorable prognostic factors,
the IORT cohort achieved outstanding local control as well
as convincing RN rates in comparison to previous reports,
while demonstrating equal long-term outcomes compared to
matched EBRT cases.

Limitations

Although the present study had a prospective observational
design, its interpretation should take into account several
limitations. The most significant limitation is the relatively
small sample size of 35 patients, which may impact the
generalizability of the findings. Of note, IORT remains a
novel treatment option for BM with only very limited data
available from comparably sized patient collectives. As an
additional methodological measure, using a matched-pair
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approach could have helped to mitigate some confounding
factors when comparing the long-term outcome of patients
undergoing EBRT and IORT to BM. However, certain
confounding factors, such as different prognostic profiles
according to each histology or variable systemic treatment
effects, were not regarded. Moreover, since FU MRIs were
frequently carried out in local centers using minimized
imaging protocols lacking DSC and/or DWI, no reliable
data on local control and RN rates were available for the
comparative cohort, hence it could not be included in the
analysis. Despite these limitations in sample size, the pre-
sent study may suffice to conceive further large-scale, cross-
regional databases to accurately evaluate the safety, feasibil-
ity, and efficacy of IORT in the setting of BM surgery. This
is the most comprehensive investigation on an IORT patient
cohort thus far, incorporating dosimetric aspects, periop-
erative mortality and RN rate, as well as survival and local
control outcomes.

Conclusions

IORT is a timely feasible fast-track approach for comple-
menting surgical BM treatment, with long-term safety and
control outcomes comparable to those of adjuvant stereotac-
tic RT. On-going phase II and III studies will soon elucidate
the actual role of IORT in this setting.
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Hintergrund und Zielsetzung der Arbeit: Eine wachsende Zahl von Tumorpatienten erhalt

bereits in frGhen Therapielinien neue, zielgerichtete systemische Therapeutika mit nur
eingeschrankter Datenlage zu Synergismen und unerwinschten Interaktionen bei
paralleler Durchfihrung einer interventionellen Therapie. Hierzu zahlen insbesondere
auch immuntherapeutische Ansatze wie die Checkpoint-Inhibition. Haufig wird daher bei
der Indikationsstellung zur Resektion und Bestrahlung einer Hirnmetastase auf die
Einleitung der Systemtherapie aus Sicherheitsgrinden zunachst verzichtet oder deren
FortfUhrung unterbrochen. Dies gilt im Besonderen fur die IORT, fur die bislang keine
Vertraglichkeitsdaten in Kombination mit einer zielgerichteten Therapie bestehen. Auch
fur das klinische Outcome dieser Kombination liegen bislang keine Daten vor. Ziel dieser
Arbeit war die systematische Auswertung der Sicherheit und Effektivitat einer

Kombination der IORT von Hirnmetastasen mit ICls und TTs.

Methoden und Ergebnisse: In einer multizentrischen Erhebung weltweit fuhrender Zentren

far IORT von Hirnmetastasen wurden samtliche IORT-Falle mit simultaner bzw. zeitnah
durchgefuhrter Systemtherapie mit einem ICl oder einer TT retrospektiv ausgewertet. Die
Patientenverlaufe wurden in Bezug auf Toxizitat, RN-Rate, leptomeningeale
Tumoraussaat, lokale Kontrolle, distanten intrazerebralen Progress und
Gesamtlberleben untersucht. In den sechs teilnehmenden Zentren wurden insgesamt
103 Lasionen mit einem medianen Durchmesser von 34 mm in die Studie eingeschlossen.
Es wurde ein einziges mit der IORT in Zusammenhang stehendes Grad 3 Event registriert
(2,2% aller Events). Wunddehiszenzen traten in keinem Fall auf. Ferner wurde eine
kumulative RN-Rate von 4,9% beobachtet. Schwergradige Toxizitat trat signifikant
haufiger bei Patienten auf, deren Systemtherapie in den ersten zwei Monaten nach der
IORT eingeleitet wurde. Nach einem Jahr betrug die lokale Kontrollrate 98,0% und die

intrazerebrale Kontrollrate 60,0%. Kumulativ kam es bei 4,9% der Patienten zu einer
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leptomeningealen Tumoraussaat. Der fruhzeitige Beginn der Systemtherapie (binnen
zwei Monaten nach IORT) war in einer uni- und multivariaten Analyse mit einem nicht-
signifikanten Trend zur Verbesserung der distanten intrazerebralen Kontrolle und des
Gesamtlberlebens verbunden. Eine Dosisverschreibung von unter 25 Gy war im Trend

mit einem geringeren RN-Risiko bei jedoch gleichbleibender Lokalkontrolle assoziiert.

Schlussfolgerungen: Die Kombination von Resektion, IORT und systemischer Therapie

mit ICIs und TTs ist sicher und fuhrt nicht zu erhdhter Toxizitat, insbesondere nicht in
Bezug auf Wundinfektionen und RNs. Zugleich zeigten sich in dieser Arbeit
vielversprechende Kontrollraten trotz der erheblichen GroRe der behandelten
Hirnmetastasen. Eine systemische Therapie kann moglicherweise bereits vor der
Operation und sollte zeitnah nach der IORT eingeleitet werden, um die Gesamtprognose

des Patienten nicht zu gefahrden.
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Purpose: After surgical resection of brain metastases (BMs), intraoperative radiation therapy (IORT) provides a promising
alternative to adjuvant external beam radiation therapy by enabling superior organ-at-risk preservation, reduction of in-hospi-
tal times, and timely admission to subsequent systemic treatments, which increasingly comprise novel targeted immunothera-
peutic approaches. We sought to assess the safety and efficacy of IORT in combination with immune checkpoint inhibitors
(ICIs) and other targeted therapies (TTs).

Methods and Materials: In a multicentric approach incorporating individual patient data from 6 international IORT centers,
all patients with BMs undergoing IORT were retrospectively assessed for combinatorial treatment with ICIs/TTs and evaluated
for toxicity and cumulative rates, including wound dehiscence, radiation necrosis, leptomeningeal spread, local control, distant
brain progression (DBP), and estimated overall survival.

Results: In total, 103 lesions with a median diameter of 34 mm receiving IORT combined with immunomodulatory systemic
treatment or other TTs were included. The median follow-up was 13.2 (range, 1.2-102.4) months, and the median IORT dose
was 25 (range, 18-30) Gy prescribed to the applicator surface. There was 1 grade 3 adverse event related to IORT recorded
(2.2%). A 4.9% cumulative radiation necrosis rate was observed. The 1-year local control rate was 98.0%, and the 1-year DBP-
free survival rate was 60.0%. Median time to DBP was 5.5 (range, 1.0-18.5) months in the subgroup of patients experiencing
DBP, and the cumulative leptomeningeal spread rate was 4.9%. The median estimated overall survival was 26 (range, 1.2 to
not reached) months with a 1-year survival rate of 74.0%. Early initiation of immunotherapy/TTs was associated with a nonsig-
nificant trend toward improved DBP rate and overall survival.

Conclusions: The combination of ICIs/TTs with IORT for resected BMs does not seem to increase toxicity and yields encour-
aging local control outcomes in the difficult-to-treat subgroup of larger BMs. Time gaps between surgery and systemic treat-
ment could be shortened or avoided. The definitive role of IORT in local control after BM resection will be defined in a
prospective trial. © 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/)

Introduction Methods and Materials

The rise of novel immunotherapeutic agents has redrawn Patients

the treatment patterns for many tumor entities in recent

years.”” As a consequence of improved local control and In a multicentric approach, patient databases of 4 European,
prolonged survival, the diagnostic incidence of brain metas- 1 North American, and 1 South American university hospi-
tases (BMs) has increased significantly,” with nearly every tals were retrospectively screened for patients with BMs
second patient developing BMs over the course of the receiving IORT with concomitant or sequential IT or targeted
disease.”® This is also attributed to the fact that many novel therapy (TT) between 2014 and 2023. IT was defined as
immunotherapeutic drugs cannot penetrate the blood-brain authority-approved administration of an ICI (ie, anti-PD-L1,
barrier (BBB) sufficiently to induce stable tumor control anti-PD-1, and anti-CTLA4). TT was defined as authority-
within the brain.”* Although overall survival (OS) is largely approved administration of a drug using a tumor-specific
dictated by extracranial disease progression,” BMs usually nonimmunogenic or immunogenic target other than immune
require medical intervention to prevent or stabilize neuro- checkpoint blockade (ie, BRAF/MEK inhibition, [multi-]tyro-
logic deterioration and impairment of quality of life.'""’ sine kinase inhibition, or antibodies against essential tumor
Local treatment options include surgery, radiosurgery, frac- signaling pathways). For inclusion, at least 1 available imag-
tionated stereotactic radiation therapy (RT), and surgery fol- ing follow-up (FU) and information on received systemic
lowed by adjuvant RT of the resection cavity. Surgery and treatment were mandatory. All patients underwent surgical
adjuvant RT are usually indicated for larger BMs to improve resection and IORT following interdisciplinary evaluation in
local control rates, as smaller-volume BMs do not need sur- a neuro-oncological tumor board. BMs were pathologically
gery.'”'* Although the most common form of RT applica- confirmed in all cases. The criteria for surgical resection were
tion is stereotactic external beam RT (EBRT) with 1 to 7 presence or severe risk of acute neurologic impairment, clini-
fractions,'”"” intraoperative RT (IORT) provides an excel- cally significant mass effects as abnormal intracranial pres-
lent alternative, yielding equal clinical outcomes'®'” with sure or hemispheric shift, and histopathologic confirmation
superior organ-at-risk (OAR) preservation”’ and a favorable of diagnosis in case of cancer of unknown primary. Only the
toxicity profile.”"”” However, data are very limited regard- clinically relevant lesion receiving IORT was considered for
ing potential desirable and undesirable effects”** of con- surgical removal in case of multiple BMs. Requirements for
comitant or sequential treatment with increasingly available IORT were gross total resection, intraoperative confirmation
immunostimulating systemic therapy.”” We thus sought to of BM on frozen tumor sections, and fulfillment of dose con-
assess the safety and efficacy of combination treatment with straints. The data collected from eligible patients included
IORT to BMs and immunotherapy (IT) in this multicentric sociodemographic characteristics, functional status with Kar-
retrospective series. nofsky performance score, tumor location, histology, baseline

62


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

1554 Layer et al.

International Journal of Radiation Oncology ® Biology ® Physics

and FU radiologic features of the lesion, and systemic therapy
status. Diagnostic-Specific Graded Prognostic Assessment
(DS-GPA)*® scores were calculated by standard procedures.

IORT

Three-dimensional image guidance for both surgery and
IORT was provided by preoperative contrast-enhanced T1-
weighted magnetic resonance imaging (MRI). The optic
nerve, optic chiasm, and brain stem were identified preoper-
atively and intraoperatively as OARs for IORT, and deliv-
ered doses were defined based on dose-depth template
profiles corresponding to each applicator diameter. Follow-
ing macroscopic complete resection of the lesion, a frozen
section was assessed intraoperatively by a board-certified
neuropathologist, confirming the presence of malignant
cells with an extracranial solid tumor origin. Neurosurgical
MRI navigation was used to intraoperatively assess the min-
imum distance of the resection cavity to OARs and cavity
extends, followed by selection of the optimal fitting for
spherical applicators ranging from 1.5 to 5.0 cm in diameter.
The selected applicator was placed in the resection cavity
without applying pressure to the adjacent healthy brain tis-
sue but with the aim of ubiquitous direct tissue contact
avoiding air entrapment for optimal dose distribution. The
IORT was only performed when a safe and orderly execu-
tion was ensured. The INTRABEAM 600 (Carl Zeiss Medi-
tec AG) was used to deliver IORT by application of nominal
50-kV photons at a standard dose of 20 to 30 Gy prescribed
to the applicator surface. The dose profile in depth was
obtained before each procedure according to preperformed
Monte Carlo calculations with radiance (GMV). Decreasing
the prescribed dose down to 16 Gy was acceptable in case of
OAR doses exceeding the constraints of 8 Gy to the optical
system or the brain stem following QUANTEC (Quantita-
tive Analyses of Normal Tissue Effects in the Clinic) recom-
mendations”” with consideration of the specific (1.3-
1.5 times higher) relative biologic effectiveness of low-
energy photons. In individual cases, anatomic positioning of
the applicator required consideration of a further, not regu-
larly assessed, OAR (eg, cochlea or thalamus) with equal
consideration of the QUANTEC recommendations. The
irradiation time ranged from 7 to 49 minutes depending on
the applicator size and the prescribed dose. Following
removal of the applicator, the surgery was continued as per
standard procedures with wound sealing.

Follow-up

All patients had regular FU visits, including physical exami-
nation and MR, as per guideline recommendations. Adverse
events (AEs) were assessed and graded by clinicians accord-
ing to the National Cancer Institute Common Terminology
Criteria for Adverse Events, version 5.0. Acute toxicities
were considered AEs occurring within the first 8 weeks of
FU, whereas late toxicities were defined as all AEs recorded
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at a later time point. MRI assessments were performed
according to the RANO criteria”® by board-certified radiol-
ogists. In case of uncertain clinical/radiographic response,
the interdisciplinary neuro-oncological tumor board was
consulted for shared decision-making. The following condi-
tions qualified for diagnosis of radiation necrosis (RN): (1)
after initial suspected progressive disease (PD), a minimum
of 2 FU MRIs showed no sign of ongoing PD; (2) advanced
MRI incorporating dynamic susceptibility contrast perfusion
imaging or diffusion-weighted imaging was concordantly
suggestive of RN; (3) positron emission tomography imag-
ing, such as '®F-fluoroethyl-tyrosine positron emission
tomography, with findings consistent with RN; and (4) RN
was confirmed histopathologically following resection.

Study endpoints

The primary endpoints were toxicity, namely cumulative
RN rates, and 1-year local control rate (LCR). The second-
ary endpoints were cumulative distant brain progression
(DBP) rates, leptomeningeal spread (LMS) rates, 1-year OS
rates, and estimated OS. For toxicity assessment, simulta-
neous IORT and IT/TT was defined as an initiation of treat-
ment within the first 2 months after date of surgery. Local
control was defined as the absence of MRI radiographic PD,
as per RANO-BM criteria,”® within 1 cm surrounding the
previously irradiated BM resection cavity and absence of
clinical deterioration attributable to the treated lesion. Local
control was calculated from the day of surgery until the local
PD date. Patients lost to FU or deceased before radiographic
progression were censored at the last FU time point. DBP
was defined as an MRI radiographic emergence/progression
of intracranial lesions, as per RANO-BM criteria, in at least
1-cm distance to the resection cavity receiving IORT or clin-
ical deterioration not attributed to the IORT but a distant
brain lesion. DBP rates were calculated from the day of sur-
gery to the PD date. Patients lost to FU or deceased before
the event were censored at the last FU time point. LMS was
defined as either MRI radiographic suspicion or cytologic
confirmation of pachymeningeal or leptomeningeal tumor
cell spread. OS was defined as the time interval between the
date of surgery and the date of either the last FU (censored)
or death.

Ethics

This study was conducted in accordance with the principles
of the Declaration of Helsinki and was approved by the
Ethics Committee of the University Hospital Bonn
(approval number: 057/22).

Statistics

The software package used for the data analyses was Graph-
Pad Prism (version 9, GraphPad Software). Figures and
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graphs were created using GraphPad Prism and Adobe
Mlustrator 2023 (Adobe, Inc). Descriptive statistics incorpo-
rated the calculation of percentages and median values with
minimum to maximum range. For survival analysis, the
Kaplan-Meier method was used and curves with 95% confi-
dence intervals were generated. Hazard ratios and their 95%
confidence intervals were calculated using the Mantel-
Haenszel method. The Fisher exact test was used to analyze
categorical variables. The Mann-Whitney test was used to
compare continuous variables, as the data were not nor-
mally distributed. Statistical significance was defined as P <
.05. The particular statistical methods applied are specified
in the corresponding figures.

Results

Patient and tumor characteristics

A total sample size (n) of 114 consecutive patients with BMs
receiving IORT to the resection cavity combined with
immune checkpoint inhibitors (ICIs) or other TTs were
screened. Of these, sufficient FU information (at least 1
imaging FU and systemic therapy information) was avail-
able for 99 patients with 105 treated lesions. Two cases were
removed from the outcome analyses because the IORT
lesion received additional immediate stereotactic body RT,
leaving a total of 103 lesions analyzed. The median patient
age was 63 years (range, 35-85; n = 99), and the median Kar-
nofsky performance score was 80 (range, 40-100). The
median DS-GPA score was 2 (range, 0-4; n = 99). The most
frequent BM localization was the frontal lobe (35.0%),
whereas most histopathology results corresponded to lung
cancer (54.4%). With a range of 1 to 16 intracranial lesions,
48 cases (46.6%) suffered from multiple BMs at the time of
surgery. Further details on patient characteristics are pro-
vided in Table 1.

Treatment

The median FU was 13.2 (range, 1.2-102.4; n = 99) months.
The brain stem and optic tracts (optic nerve and chiasma)
were regularly assessed as OARs, and no dose constraints
were exceeded. All patients completed treatment. The
median IORT prescription dose was 25 Gy (range, 16-30;
n = 103) to the surface, which corresponds to a dose delivery
of approximately 60% in 3 mm, 45% in 5 mm, and 22% in
10 mm tissue depth, slightly varying depending on applica-
tor diameter. The median applicator size was 2 cm (range,
1.5-4.0; n = 103). Whereas 90 patients (87.4%) received
IORT plus ICIs, another 25 patients (24.3%) received other
TTs. Of note, some patients received both ICI and TT in
parallel or combinations of either substance group. The
median time to ICI initiation after IORT was 1.1 (range,
—22.3 to 34; n = 90) months. TT was initiated after a
median time of 1.2 months (range, —38.9 to 22.9; n = 25).
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Table 1 Patient characteristics for the evaluated BMs
(n=103)
Variable No. (%) Median (range)
Gender
Male 56 (54.4)
Female 47 (45.6)
Age (y) 63 (35-85)
Tumor entity
NSCLC 53 (51.5)
Melanoma 25 (24.3)
RCC 13 (12.6)
Breast 4(3.9)
SCLC 3(2.9)
Others 5(4.9)
Localization
Frontal lobe 36 (35.0)
Parietal lobe 28 (27.2)
Occipital lobe 18 (17.5)
Temporal lobe 13 (12.6)
Cerebellum 8 (7.8)
Maximum presurgical 34 (8-70)
diameter (mm)
Presurgical tumor volume 22.9 (1.2-701.7)
(cm?)
Multiple BMs 48 (46.6)
Number of BMs 1(1-16)
RT to other BMs 50 (48.5)
Relevant overlap (>10% 14 (13.6)
isodose)
Extracranial metastases 66 (64.1)
KPS 80 (40-100)
DS-GPA 2 (0-4)
Abbreviations: BM = brain metastasis; DS-GPA = Diagnostic-Spe-
cific Graded Prognostic Assessment; KPS = Karnofsky performance
score; NSCLC = non-small cell lung cancer; RCC = renal cell carci-
noma; RT = radiation therapy; SCLC = small cell lung cancer.

Table 2 depicts further treatment characteristics and lists
the specific administered substances.

Toxicity

Under combinatory treatment, mild and anticipated toxicity
was reported. A summary of the observed AEs is provided
in Table 3. No grade 4 or 5 events were deemed related to
IORT. Figure 1a and b show the maximum toxicity observed
for individual patients. A cumulative RN rate of 4.9% (n = 5)
was observed with a median time to RN of 12.8 (range, 7.8-
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Table2 Treatment characteristics (n = 103)

Variable No. (%) Median (range)
IORT dose (Gy) 25 (16-30)

18 5 (4.9)

20 40 (38.8)

24 4(3.9)

25 3(2.9)

26 1(1.0)

30 50 (48.5)
Applicator diameter (mm) 20 (15-40)
Time from first diagnosis to IORT (mo) 1 (0-297)
Immune checkpoint inhibitor 90 (87.4)*

Pembrolizumab 36 (40.0)

Ipilimumab + nivolumab 20 (22.2)

Atezolizumab 16 (15.5)

Nivolumab 13 (14.4)

Durvalumab 4(44)

Ipilimumab 1(1.1)

Time from IORT to IT (mo) 1.1 (—22.3 to 34)

Number of IT cycles 6 (1-93)
TT drug 25 (24.3)*

BRAF/MEK inhibitor 6 (24.0)

TKI 5 (20.0)

MKI 6 (24.0)

VEGF targeting* 6 (24.0)

Androgen deprivation 3(12.0)

Anti-HER2neu 3 (12.0)

Anti-TNF«a 1(4.0)

Time from IORT to TT (mo) 1.2 (—38.9 to 22.9)

Duration of TT treatment (mo) 7 (2-68)

Abbreviations: IT = immunotherapy; IORT = intraoperative radiation therapy; MKI = multikinase inhibitor; TKI = tyrosine kinase inhibitor;
:FT = targeted therapy.

Some patients received both IT and TT in parallel or combinations of either substance group.

18.9) months (Fig. 1c). Of these RN events, 4 were grade 1,
and 1 was grade 3. The latter occurred in a patient with
renal cell carcinoma receiving IORT with 30 Gy to a frontal
34-mm BM after 7.8 months. This patient had received sys-
temic treatment with cabozantinib initiated 5 weeks after
surgery for a total of 7 months before it was terminated due
to an unfavorable overall toxicity profile. The RN was
treated successfully with bevacizumab after previous failure
of dexamethasone treatment. No wound dehiscences of any
grade were noted. There were significantly more severe AEs
(P = .049; Fig. 1d) in total but also treatment-related AEs
(P = .025; Fig. 1e; RN and autoimmune infection) recorded
for patients who commenced systemic treatment in parallel
to resection and IORT, defined as initiation of treatment
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within the first 2 months following surgery. The full list of
acute and long-term AEs is provided in Table E1.

Outcome

The overall 1-year and 2-year LCRs were 98.0% (Fig. 2a)
and 93.7%, respectively. With an overall DBP rate of 36.9%,
the median DBP-free rate was not reached, while the 1-year
DBP-free survival rate was 60.0% (Fig. 2b). The median
time to DBP was 5.5 (range, 1.0-18.5; n = 38) months in the
subgroup of patients experiencing distant intracranial pro-
gression. The cumulative LMS rate was 4.9% with a median
time to LMS of 6.2 (range, 4.2-18.2) months (Fig. 2¢c). The
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Table3 Summary of adverse events (n = 147)

Acute events Late events All events
Grade No. (%) No. (%) No. (%)
1 22 (44.9) 43 (43.9) 65 (44.2)
2 20 (40.8) 18 (18.4) 38 (25.9)
3 6 (12.2) 33(33.7) 39 (26.5)
4 1 (2.0)* 2 (2.0) 3 (2.0)
5 0 (0.0) 2 (2.0)F 2(1.4)
Any grade 49 (33.3) 98 (66.7) 147 (100.0)

" Fulminant autoimmune hepatitis unrelated to intraoperative radia-
tion therapy but likely related to pembrolizumab.

T One patient experienced immune checkpoint inhibitor—related auto-
immune vasculitis of grade 4 under pembrolizumab, and another
patient experienced an unrelated cardiac infarction causing pulmonary
vein congestion and ultimately an atypical pneumonia.

! An 81-year-old patient with lung cancer experienced reactivation of a
pre-existing chronic lymphocytic leukemia, ultimately causing his
demise following septicemia. Another patient died due to distant brain
progression-related intracranial bleeding 4 months after intraoperative
radiation therapy.

median OS after IORT was 26 months (range, 1.2 to not
reached), and the 1-year OS rate was 74.0% (Fig. 2d). The
initiation of IT/TT within 2 months following IORT was
associated with a nonsignificant trend toward prolongation
of both distant brain control and OS (Fig. 2e). There were
no variables significantly associated with local recurrence or
RN in uni- or multivariate analysis, whereas DS-GPA pro-
vided the best prognostic separation (hazard ratio, 0.05;
P = .173) for local recurrence. However, median-based clas-
sification of the dose prescription (<24 Gy vs >25 Gy)
showed a trend for increased RN risk (P = .158; Fig. E1), but
not local recurrence (P > 0.999), DBP-free survival
(P =.782), or OS (P = .318). Age (P = .022) and DS-GPA
(P =.049) were significantly associated with OS in multivar-
iate analysis.

Discussion

In contrast to the preceding era of uniform chemotherapy,
ITs have recently reshaped the landscape of oncology dra-
matically toward precision-tailored treatments. This success
is due to promising efficacy in a growing number of tumor
entities and good patient tolerability with a relatively favor-
able toxicity profile, also in combination with other local or
systemic therapies. Here, we provide evidence that IORT is
an overall well-tolerated combination partner for ICI and
other novel TTs.

In particular, in highly immunogenic entities, such as
melanoma, there are several reports of synergistic systemic
effects of combined focal RT and systemic IT, often referred
to as the abscopal effect.”””" However, the brain was long
considered a privileged organ where the underlying mecha-
nisms do not apply due to the filtering properties of the
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BBB, thus preventing sufficient penetration of the tumor tis-
sue and limiting the bioavailability of drugs” in an a priori
immune-cold, secluded microenvironment.’' Nevertheless,
there are numerous clinical case reports of abscopal sys-
temic tumor responses following high-dose RT of BMs, par-
ticularly with concomitant IT.”>” Recent advances in
research have shed more light on the characteristics of the
immunologic tumor microenvironment of BMs, claiming a
very distinct, yet nonnegligible, role of the immune system
for brain compartments.%36 RT generates neoantigens,37
activates nonredundant immune pathways in the tumor,”
and increases permeability of the BBB, thus improving brain
penetration of ITs/TTs.” These mechanisms make RT a
specifically interesting combination partner for targeted
approaches in entities and individual patients considered
nonresponsive to treatment."’

Independent of prognostic factors, BM resection necessi-
tates additional RT to improve local tumor control. None-
theless, depending on individual tumor features and clinical
context, it remains controversial which RT sequencing and
technique achieves the best long-term outcomes at the low-
est toxicity levels. Our observed 1-year LCR of 97.1% is in
line with previous reports on IORT'®" and furthermore
strengthens the notion that this RT technique might be
superior to both definitive and adjuvant EBRT regimens
where LCRs of 85% to 90% can be expected at
most.'>'*'>*1" Yet, prospective trials are required to con-
firm this hypothesis. A large pooled analysis with 179
patients assessed very recently outcomes for the combina-
tion of stereotactic body RT and IT," reporting a LCR of
94.2% and a cumulative grade >2 RN rate of 6.9% after a
median FU of 14.8 months. Notably, the median diameter
of the investigated lesions was only 7 mm. With a median
lesion diameter of 34 mm, we provide with IORT plus IT/
TT a treatment rationale with particularly good outcome
and tolerability for large lesions. Of note, the tumor lesions
reported here are measured presurgically for obvious techni-
cal reasons, but adjuvant EBRT faces the dilemma of about
30% target volume increase.”” This additionally strengthens
the data provided here for these already presurgically large
lesions with a median volume of 22.9 cm’. Furthermore,
larger lesion size was not associated with inferior outcome
in this collective. Besides good local tumor control, we also
demonstrated convincing intracranial control with a 1-year
DBP-free survival of 60.0% and a cumulative LMS rate of
only 4.8%. Although the exact underlying mechanisms
remain unknown and require further scientific attention, a
positive effect of the instant dose application thus prevent-
ing intracranial spread or LMS of tumor cells from around
the resection cavity appears reasonable. Besides this timely
eradication of remaining tumor cells, IORT may synergisti-
cally prevent the re-establishment of a protumorigenic
tumor microenvironment. IT and TT may benefit from the
high-dose local RT effects facilitating antigen presentation
and subsequent immune-stimulatory properties, thereby
enabling more effective killing of distantly circulating tumor
cells.”* Proteomic profiles of wound fluids from patients
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Fig. 1. Toxicity profile of IORT with immune checkpoint inhibition or other targeted therapies. (a, b) Waterfall plot illus-
trating time from IORT to initiation of ICI therapy (a) and TT (b) for each individual patient with treatment initiation between
6 months before and after IORT. Color labeling represents the maximum overall toxicity observed as per CTCAE grading
(independent of the relation to treatment), and icons symbolize occurrence of therapy-associated AEs (IORT/ IT/TT-related
AEs). (¢) Cumulative radiation necrosis rate (%) over time in months since IORT. (d) Violin plots demonstrating the distribu-
tion of the maximum reported toxicity as per CTCAE grading for patients receiving IT/TT before or after (later than 2 months
following surgery) IORT compared with treatment initiation in parallel with IORT (within 2 months following surgery).
Dashed lines indicate the median; *P < .05, Mann-Whitney test. (e¢) Donut chart depicting maximum grade IORT/IT/TT-
related toxicity (grade <1 vs grade >2) depending on time point of IT/TT initiation as defined in (d). *P > .05, Fisher exact
test. Abbreviations: AE = adverse event; CTCAE = Common Terminology Criteria for Adverse Events; ICI = immune check-
point inhibitor; IORT = intraoperative radiation therapy; IT = immunotherapy; TT = targeted therapy.

with breast cancer exhibited an abrogation of pathways pro- particular.’® Furthermore, the kV energy of photon-IORT
moting migration and invasiveness following IORT, which delivers 1.3 to 1.5 times higher relative biological effective-
may explain the LCRs and DBP-free survival observed in ness,”” possibly overcoming typical limitations of common
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RT dosing like tumor hypoxia, repair, and reduced radio-
sensitivity of surviving tumor cells.*’ Nevertheless, the sharp
fall-off dose profile of IORT*’ might prevent a farther in-
depth tumoricidal effect, which is the principle of EBRT
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delivery modalities."” Yet, the healthy brain-sparing proper-
ties of IORT prevent both neurologic and cognitive
impairment of patients and allow for targeted reirradiation
in case of distant recurrence.
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The “one-stop-shop” characteristic of IORT enables
timely admission to subsequent systemic treatments while
reducing in-hospital times* and might furthermore allow
for earlier reduction of often necessary systemic corticoste-
roids than EBRT, which is a known risk factor for TT effi-
cacy predominantly in the early initiation phase.”’ Although
the OS reported in this series needs to be interpreted cau-
tiously due to its retrospective nature and potential selection
bias, we additionally provide first evidence of encouraging
survival outcomes following combinatorial treatment, at
least noninferior to previous reports on IORT'® but also a
matched retrospective comparison of IORT and EBRT
cases.'”” As mentioned, this is hypothesis generating and
should be evaluated within a prospective clinical trial.

Opverall, our data indicate good tolerability and a favor-
able safety profile of this combinatorial approach. While
predominantly confirming a lack of sufficient data for most
drugs, a systematic meta-analysis previously reported gener-
ally acceptable toxicity of cranial stereotactic EBRT with
IT.”' Yet, TTs and, in particular, BRAF inhibitors were asso-
ciated with a high risk of severe toxicity,”" which we cannot
confirm for our IORT cohort. The toxicity reported here is
rather mild and in line with previous reports on IORT,
which did not specifically address IT/TT cases.”"”* Of note,
only a minority of IORT patients of previous series received
concomitant systemic therapy at all. Patel et al observed a
nonsignificant trend toward higher RN incidence for RT
and ipilimumab versus RT only.”* Regardless of this, the
reported RN rate of 30% significantly exceeds the cumula-
tive RN rate of 5.7% presented here, despite the numerous
patients in this collective receiving duplet immune check-
point blockade, which is associated with increased toxicity,”
let alone a less favorable toxicity profile in combination with
stereotactic radiotherapy (SRT).”” Similar to previous retro-
spective single-center reports,'®'” IORT patients seem to
have a very low RN risk, which is not altered by concomi-
tant IT/TT.

Timing of IT matters, but the optimal sequence of and
time intervals between RT and IT remain controversial.
Patient- and tumor-centered factors cannot be excluded to
additionally influence this question. The PACIFIC trial
showed strong evidence for sequential durvalumab treat-
ment in locally advanced lung cancer with a time gap of at
least 1 day but up to 6 weeks." In the RTOG 3505 trial, IT
with nivolumab was initiated 4 to 12 weeks after RT.”* How-
ever, a large retrospective analysis noted improved clinical
outcome when ICIs were started at least 1 month before
RT.” This divergence prompted us to assess the [ORT + IT
effects in a wide time range of treatment initiation and to
investigate possible timing effects. Within the low-toxicity
collective reported here, we notably observed increased tox-
icity for the subgroup of patients commencing their sys-
temic treatment not before but in the first 2 months
following resection and IORT. Additionally, we noted a
trend toward improved clinical outcome in both of these
groups compared with even later initiation of IT. While
requiring confirmation in prospective data, this would
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contradict the common concept of preventing increased
perioperative risks by decidedly long postsurgery treatment
gaps but suggest a benefit regarding both outcome and toler-
ability for even earlier, preinterventional initiation of the
systemic treatment.

Wound dehiscence is a common complication following
BM resection,”®”” with reported increased incidence for
synchronous IT in head and neck cancer.”® In this series,
we observed not a single case of wound dehiscence, render-
ing IORT safe for patients with BMs receiving IT/TT. Nota-
bly, there is a well-known risk for wound infections with
concomitant bevacizumab,” which was underrepresented
in our collective with just 2 patients receiving this VEGF
pathway TT. Our data are thus in accordance with previous
reports that claim fewer toxicities for cranial RT with beva-
cizumab than for extracranial RT.”" It is worth highlighting
that 2 patients were a priori removed from the analyses due
to receiving an additional sequential SRT boost after IORT.
One of these patients with renal cell carcinoma receiving
the VEGF-targeting multikinase inhibitor axitinib and ave-
lumab later experienced both a wound dehiscence requiring
surgical intervention and grade 3 RN. Our observations
raise suspicion over the safety of this treatment combina-
tion and suggest that RT prescription requires reconsidera-
tion, as IORT with a sequential SRT boost was previously
reported to be related to higher toxicity.'® Although IORT
to BMs without sequential SRT boosting appears safe inde-
pendent of the dose prescription, the results of the multi-
variate analyses suggest to limit the dose to 25 Gy to the
surface. This limits the IORT duration and thus the window
of risk for anesthesia side effects but may also be protective
for RN while noninferior regarding clinical outcome.
Again, this will have to be confirmed in larger prospective
trials.

Our study has several limitations. The retrospective
nature of the assessment may cause an incomplete portrait
of toxicity compared with controlled prospective clinical tri-
als as well as patient selection bias. This is particularly
important because the multicenter aspect additionally
attributes to heterogeneity in this regard. Notably, most of
our patients presented with lung primary histology. Other
histologies, such as breast cancer, were underrepresented.
Furthermore, the IORT dose prescription and FU protocols
of the contributing centers were not derived from a single
trial and not homogenized, which may impact the generaliz-
ability of the findings. Given the current small number of
IORT patients in this setting, randomized prospective data
are required. Our efforts thus mark a first step toward a
multicentric, prospective study of IORT cases in centers
around the world to ease the interpretation of its therapeutic
value. This is the largest investigation on an IORT patient
cohort to date, incorporating patient data from over
100 BM treatments in 6 international tertiary referral cen-
ters, and it is the first assessment of IORT as a potential
combination partner for IT and TT approaches, paving the
way to a more patient-centered, fast, safe and individual
care for patients with BMs.
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Conclusion

The combination of IT/TT with IORT for resected BMs
does not seem to increase toxicity, while yielding encourag-
ing local control and LMS rates, particularly for large BMs.
Times between surgery and systemic treatment should be
shortened with this approach, as timely admission to sys-
temic therapy was associated with a trend toward improved
clinical outcome. A prospective clinical trial will elucidate
the actual role of IORT in this setting.
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Hintergrund und Zielsetzung der Arbeit: Zur Verbesserung der lokalen Tumorkontrolle

besteht unabhangig vom Resektionsstatus eine Indikation zur definitiven oder adjuvanten
Bestrahlung einer Hirnmetastase. Bislang existiert jedoch kein standardisiertes Vorgehen
bezuglich der strahlentherapeutischen Fraktionierungs- und Dosisverordnung, die primar
von Faktoren wie der Tumorlokalisation, -histologie und -gré3e abhangt. Insbesondere flr
palliative Patienten ist eine moglichst kurze Bestrahlungszeit erstrebenswert, um
Belastungen zu reduzieren und Lebensqualitat zu erhalten, ohne jedoch die klinischen
Behandlungsergebnisse zu gefahrden. Ziel dieser Arbeit war es, die Toxizitat sowie
Effektivitat einer verkirzten adjuvanten FSRT mit 7 Gy statt der zumeist verwendeten

5 Gy-Einzeldosis zu untersuchen.

Methoden und Ergebnisse: In einer retrospektiven Auswertung der entsprechenden

Behandlungsfalle am Universitatsklinikum Bonn aus den Jahren 2016 bis 2018 wurden
insgesamt 36 Patienten mit insgesamt 49 behandelten Hirnmetastasen bzw.
Resektionshdhlen inkludiert. Es ergaben sich keine hohergradigen Toxizitaten (= Grad 3
nach CTCAE) im posttherapeutischen Verlauf. Die RN-Rate lag bei kumulativ 14,3% bei
einem medianen Intervall bis zum Auftreten dieser von 12,9 Monaten. Die kumulative
lokale Kontrollrate lag bei 83,1% nach einem, und 50,0% nach zwei Jahren. Das Auftreten
einer RN war mit der Verabreichung einer Immuntherapie, jungem Alter (< 45 Jahre) sowie
einem groBen PTV und einem hohen V1% des Gehirns assoziiert. Bezuglich der
Prognose ergab sich eine signifikant bessere Lokalkontrolle und ein besseres PFS fur

Patienten, bei denen eine RN diagnostiziert wurde.

Schlussfolgerungen: Eine hypofraktionierte FSRT mit 7 Gy-Einzeldosis ist sowohl im

definitiven als auch im adjuvanten Setting sicher und birgt bei reduzierter Behandlungszeit
mit anderen FSRT-Dosiskonzepten vergleichbare Ergebnisse. Insbesondere junge

Patienten mit grof3en Zielvolumen und paralleler Immuntherapie erleiden eine RN, wobei
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diese in keinem der untersuchten Falle interventionell behandlungsbedurftig und Gberdies

mit einem verbesserten lokalen klinischen Ansprechen assoziiert war.
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Abstract: Purpose: To determine the safety and outcome profile of five-fraction stereotactic radio-
therapy (FSRT) for brain metastases (BM), either as a definitive or adjuvant treatment. Methods: We
assessed clinical data of patients receiving five fractions of 7 Gy each (cumulative physical dose of
35 Gy) to BM or surgical cavities. The primary endpoints were toxicity and radiation necrosis (RN)
rates. Secondary endpoints were 1-year cumulative local control rate (LCR) and estimated overall sur-
vival (OS). Results: A total of 36 eligible patients receiving FSRT to a total of 49 targets were identified
and included. The median follow up was 9 (1.1-56.2) months. The median age was 64.5 (34-92) years,
the median ECOG score was 1, and the median Diagnostic-Specific Graded Prognostic Assessment
(DS-GPA) score was 2. Treatment was well tolerated and there were no grade 3 adverse events or
higher. The overall RN rate was 14.3% and the median time to RN was 12.9 (1.8-23.8) months. RN
occurrence was associated with immunotherapy, young age (<45 years), and large PTV. The cumu-
lative 1-year local control rate was 83.1% and the estimated median local progression free-survival
was 18.8 months. The estimated median overall survival was 11 (1.1-56.2) months and significantly
superior in those patients presenting with RN. Conclusions: FSRT with 5 x 7 Gy represents a feasible,
safe, and efficient fast track approach of intensified FSRT with acceptable LC and comparable RN
rates for both the adjuvant and definitive RT settings.

Keywords: FSRT; stereotactic radiotherapy; hypofractionation; brain metastases; radiation necrosis;
toxicity

1. Introduction

Brain metastases (BM) occur syn- or metachronously in up to 40% of patients with solid
tumors [1,2]. Due to improved diagnostic imaging and prompt detection, but also novel
systemic therapies and thus extended survival, prevalence is continuously increasing [2-6].
Even though overall survival (OS) does not only depend on BM [7,8], local treatment
is indicated to prevent neurological impairment. Ablative options include surgery and
radiotherapy (RT). While larger symptomatic lesions commonly require a priori resection
and adjuvant radiotherapy [9], solitary stereotactic radiotherapy (SRT) is sufficient for mul-
tiple smaller and /or asymptomatic BM [10-13]. However, no standardized radiotherapy
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fractionation schema exists. Choosing an appropriate regimen depends on factors such
as tumor localization, histology, and size [14,15]. Furthermore, dose prescription requires
meticulous balance between desired local control and toxicity, such as radiation necrosis
(RN) [16]. Due to its inferior toxicity profile, whole brain RT (WBRT) has been abandoned
as a first-line strategy by most practitioners [11]. Standard SRT concepts either apply
single-fraction stereotactic radiosurgery (SRS) or fractionated SRT (FSRT) with three [17] to
twelve [18,19] fractions. Recent reports suggest the superior local control and reduced RN
risk of FSRT [17,20] compared to SRS. Nonetheless, particularly in palliative situations, dose
fractionation requires discretion to balance local control and side effects while avoiding
potential overtreatment. Therefore, short-term treatment is generally preferred to improve
quality of life (QOL) and limit patient visits and in-hospital time [21,22]. Among common
FSRT concepts, five fractions of 5-6 Gy have been reported. The effectiveness and toxicity
of 7 Gy single doses, comprising a slightly higher biologically effective dose and shortened
treatment time, have not been well studied [23].

Even though initial prospective data suggest acceptable toxicity and comparable
outcomes [24], this particular fractionation scheme appears somewhat outdated due to
rather more protracted fractionation schemata. However, current RT techniques allow for
both highly conformal planning and dose delivery, thereby possibly limiting toxicity [25].
Intensified hypofractionation strategies have subsequently gained reappraisal in the setting
of oligometastatic solid tumors and are trending as the current treatment of choice for
visceral and lymphatic metastases [26-28]. They are equally regarded as a minimal life
disrupting approach in the principally curative setting [29].

The objective of this study was to report the safety and efficiency profile of using
5 x 7 Gy to treat BM in either an adjuvant or definitive setting.

2. Materials and Methods
2.1. Patient Selection

For this monocentric retrospective study, all consecutive patients with histologically
confirmed solid tumors receiving either adjuvant or definitive FSRT with 5 x 7 Gy (cu-
mulative physical dose 35 Gy, EQD2Gy = 49.6 Gy, BED = 59.5 Gy [/ 3 = 10 Gy]) to treat
BM at University Hospital Bonn between 2016 and 2018 were assessed for eligibility. The
inclusion criteria included age over 18 years, a pathology-confirmed malignant primary
tumor, an ECOG score < 2, and a total number of BM < 10. The exclusion criteria were
previous SRT of the same volume and simultaneous primary intracranial tumors.

2.2. Data Accrual

Clinical data were extracted from the clinical database and corresponding patient
reports using SQL queries. The parameters of the treatments performed were extracted
directly from the Eclipse planning system used for irradiation planning (Varian Eclipse
15.6, Varian Medical Systems, Palo Alto, CA, USA). Diagnostic-Specific Graded Prognostic
Assessment (DS-GPA) [30] scores were calculated by standard procedures.

2.3. Fractionated Stereotactic Radiotherapy (FSRT)

Following interdisciplinary evaluation, linear accelerator-based FSRT was adminis-
tered with intensity-modulated image-guided techniques, employing a 6 to 10 MV energy
of 7-Gy single doses to a cumulative 35-Gy dose. The baseline magnetic resonance imag-
ing (MRI) T1-Gd scan with 1 mm slice thickness was co-registered to planning computer
tomography (CT) in all cases. The latter was acquired in a neutral supine position with
patient fixation ensured by a thermoformed framed mask system. Gross tumor volume
(GTV) was defined either as any T1-Gd contrast enhancing lesion or the resection cavity
including any possible residual contrast enhancement. A 2 mm margin was added for the
planning target volume (PTV) in both scenarios, as per institutional standards. Eclipse
software was used for treatment planning and ExacTrac (Brainlab, Miinchen, Germany)
was used for positioning matching. PTV coverage parameters included a Dy of 95% and
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a Digo% < 99% of the prescription dose. Organ at risk Dimax constraints were defined as
22.5 Gy for optic nerves, 22.5 Gy for the optic chiasm, and 31.0 Gy for the brain stem.

2.4. Follow-Up

Follow-up (FU) visits included a physical examination and MRI imaging. Adverse
events (AE) were assessed and graded by clinicians according to the National Cancer Insti-
tute Common Terminology Criteria for Adverse Events (CTCAE), Version 5.0 [31]. Acute
toxicities were considered AEs occurring within the first three months of FU, whereas late
toxicities were defined as all AEs recorded at a later timepoint. MRI reporting was per-
formed according to the RANO criteria [32] by board-certified neuroradiologists. In case of
doubt, in regard to either clinical or radiological response assessment, the interdisciplinary
neuro-oncology tumor board was consulted. Uncertain cases received additional advanced
imaging, including dynamic susceptibility contrast (DSC) MRI and MR spectroscopy. RN
was diagnosed when any of the following conditions applied: (1) after initial suspected
progressive disease (PD), at least two follow-up MR imaging time points showed no sign
of PD; (2) advanced MRI incorporating DSC and diffusion weighted imaging (DWI) was
suggestive of RN; (3) RN was confirmed pathologically after surgery.

2.5. Study Endpoints

The primary endpoints were RN and neurological adverse event rates according to
the CTCAE criteria. Secondary endpoints included estimated OS and cumulative 1-year
local control rates (LCRs). OS was defined as the time interval between the first day of SRT
and the date of either the last FU (censoring) or death. LC was defined as an absence of
MRI-radiographic progression in the previously irradiated metastatic volume. In case of re-
resection and a pathologic confirmation of RN, this event was not considered a progression.
Patients that were lost to FU or deceased prior to radiographic progression were censored
at the last FU time point.

2.6. Statistical Analyses

Data analysis was performed with GraphPad Prism 9 (GraphPad Software, San Diego,
CA, USA). If not stated otherwise, the Mann-Whitney test was employed to determine
significance. The Chi-square test was used to assess the significance of contingency tables.
For statistical comparison of high and low variable values, the collective was divided into
the respective groups by its median. The Log-rank test was used for statistical assessment
of survival and control rates and is presented according to the Kaplan—-Meier method.
Results with p < 0.05 were considered statistically significant. Specifically, statistical tests
and analyses were performed as indicated in the respective figure legends. Figures were
generated using GraphPad Prism 9 and Adobe Illustrator 2021 (Adobe Inc., Mountain View,
CA, USA).

3. Results
3.1. Patient Characteristics

A total of 36 patients receiving FSRT to a total of 49 BM or resection cavities were
screened and included. The median age was 64.5 (34-92) years, the median ECOG score
was 1 (0-2), and the median DS-GPA score was 2 (0—4). The most frequent histology was
non-small cell lung cancer (NSCLC; 33.3%), followed by melanoma (22.2%) and breast
cancer (11.1%). Additionally, 9 of 36 (25%) patients had been treated with immunotherapy
before RT and 24.5% had previously received RT, with five of these cases being WBRT. A
total of six patients (16.7%) had received sequential SRS to distant lesions, three patients
(8.3%) had received sequential FSRT, and five patients (13.9%) had received sequential
WBRT. Further patient characteristics are depicted in Table 1. The most common BM
location was the frontal lobe (28.6%). Regarding treatment setting, 30.6% received adjuvant
and 69.4% definitive treatment. Median FU was 9 months (range 1.1 to 56.2 months). More
detailed results can be found in Table 2.
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Table 1. Patient characteristics.

. . 0 Median (Range)/Mean
Patient Characteristic n (%) (+SD)
Total number 36 (100)
Male 20 (55.6)
Female 16 (44.4)
Age (years) 64.5 (34-92)
Total number of brain lesions 3 (1-10)
ECOG performance score 1(0-2)
0 16 (44.4)
1 11 (30.6)
2 9 (25)
DS-GPA 2 (0-4)/2.1 (£0.98)
Histology
NSCLC 12 (33.3)
Melanoma 8(22.2)
Breast 4 (11.1)
SCLC 3(8.3)
CRC 2(5.6)
Esophageal 1(2.8)
Pancreatic 1(2.8)
Thyroid 1(2.8)
Ovarian 1(2.8)
SCC 1(2.8)
RCC 1(2.8)
Sarcoma 1(2.8)
Immunotherapy
Yes 9 (25)
No 27 (75)
Previous RT
Yes 7 (19.4)
No 29 (80.6)
Sequential RT to distant
lesions
SRS 6 (16.7)
FSRT 3(8.3)
WBRT 5(13.9

CRC: colorectal cancer; FSRT: fractionated stereotactic radiotherapy; NSCLC: non-small cell lung cancer; RCC:
renal cell carcinoma; RT: radiotherapy; SCC: squamous cell carcinoma; SCLC: small cell lung cancer; SD: standard
deviation, SRS: stereotactic radiosurgery; WBRT: whole brain radiotherapy.

Table 2. Lesion characteristics.

Lesion Characteristic n (%) Median (Range)/Mean (+SD)
Total number 49 (100)
Location
Frontal 14 (28.6)
Occipital 9 (18.4)
Cerebellum 9 (18.4)
Temporal 7 (14.3)
Parietal 7 (14.3)
Central 3(6.1)
Treatment setting
Definitive 34 (69.4)
Adjuvant 15 (30.6)
Immunotherapy
Yes 12 (24.5)
No 37 (75.5)
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Table 2. Cont.

Lesion Characteristic 1 (%) Median (Range)/Mean (+SD)
Previous RT
Yes 12 (24.5)
No 37 (75.5)
Radiation necrosis
Yes 7 (14.3)
No 42 (85.3)
PTV (cc) 13 (0.7-74.4)/15.8 (+14.4)
Conformity index 1.06 (0.21-3.5)/1.14 (£0.43)

PTV: planning target volume; RT: radiotherapy.

3.2. Treatment and Dosimetry

All patients completed treatment. The median treatment time was 5 (5-8) days. The
mean PTV edian dose was 35.8 (£1.28) Gy. The median PTV was 13.0 cc (0.7-74.4), with
8.2 cc (0.7-28.8) for definitive FSRT and 25.4 cc (5.6-74.4) for adjuvant treatment (p < 0.001).
The PTV was significantly larger in the adjuvant RT subgroup than in the definitive RT
subgroup (Figure 1; p < 0.001). A median of 2 (1-5) planning fields was used for RT
planning. The median conformity index was 1.1 (0.2-3.5) and did not differ significantly
between definitive and adjuvant SRT (p = 0.31). The median Dy 1. was 37.4 Gy (36.0-42.1)
and median brain Vgyo, was 40.9 cc (8.2-229.1). Further dosimetric features are described in
Table 2 and Supplementary Figure S1.

PTV
Akkk

Figure 1. PTV of brain metastases undergoing definitive (red) vs. adjuvant (orange) SRT. *** p < 0.001,
Mann-Whitney test. PTV: planning target volume; SRT: stereotactic radiotherapy.

3.3. Toxicity

A total of 54 events were recorded (Table 3). Of these, 44 were acute and 10 late
adverse effects. In terms of grade, 75.9% were grade 1 and 24.1% grade 2 events. There
were no grade 3 or higher adverse events (AE). The most common event was fatigue
(30.6%), followed by cephalgia, nausea and vertigo (13.9%). The full list of AEs can be
found in Table 4.

Table 3. Adverse events overview.

Grade Acute Toxicity Late Toxicity Total
Grade 1 33 (61.1%) 7 (13%) 40 (74.1%)
Grade 2 11 (20.3%) 3 (5.6%) 14 (25.9%)

Grade 3+ 0 0 0

Total 44 (81.4%) 10 (18.6%) 54 (100%)
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Table 4. Full list of adverse events by grade.

Adverse Event Grade 1 Grade 2 Grade 3+ Total
Fatigue 5 6 0 11 (30.6%)
Cephalgia 7 2 0 5 (13.9%)
Vertigo 4 1 0 5 (13.9%)
Nausea 5 0 0 5(13.9%)
Alopecia 3 1 0 4 (11.1%)
Neuropathies 1 1 0 2 (5.6%)
Cognitive o
deterioration 2 0 0 2 (5.6%)
Fever 2 0 0 2 (5.6%)
Gait o
deterioration 2 0 0 2 (5.6%)
Skin reactions 2 0 0 2 (5.6%)
Mucositis 0 1 0 1(2.8%)
Dysphagia 0 1 0 1 (2.8%)
Seizures 0 1 0 1 (2.8%)
Anemia 1 0 0 1 (2.8%)
Ataxia 1 0 0 1(2.8%)
Cramps 1 0 0 1 (2.8%)
Gastrointestinal 1 0 0 1(2.8%)
Tremor 1 0 0 1(2.8%)
Vlscero.cramal 1 0 0 1(2.8%)
pain
_ Visional 1 0 0 1(2.8%)
impairment
40 14 0 54 (100%)

RN was observed in seven targets (14.3%). Of these, one was pathologically confirmed.
No patient had symptomatic RN > grade 3. Four RN cases were located in the parietal
lobe. Thus, 57.1% of patients with parietal metastatic localization developed RN during
FU. The other RN cases occurred in the frontal, temporal, and occipital lobes. The tumor
histology of RN patients was melanoma in three patients (RN incidence 37.5%), lung cancer
(16.7%) in two patients, and breast and renal cancer in one patient. Median time to RN was
387 (53-726) days. Additionally, 57.1% of patients with RN had received immunotherapy
(IT) prior to RT, and 71.4% of the patients had received SRT as an adjuvant treatment. A total
of 75% of the RN patients receiving IT suffered from severe associated immunologic side
effects (such as pancreatitis or hypophysitis) that eventually caused treatment interruption.
Further characteristics of the RN patients can be found in Supplementary Table S1. At
53 (34-79) years, the median age of patients with RN was lower compared to the non-RN
cohort (p = 0.05; Figure 2a). Patients < 45 years of age harbored a significantly higher
RN risk (p = 0.0003). The PTV significantly correlated with RN (25.4 vs. 11.1 cc; p = 0.04,
Figure 2b). PTV Dy 1. was significantly lower in patients developing RN (p = 0.03), while
conformity index, VioGy, and Vaogy were not significantly different (p > 0.05). Vyog9, of the
brain was significantly larger in RN developing lesions (p = 0.04; Figure 2c).

3.4. Survival and Control Outcomes

The cumulative 1-year local control rate (LCR) was 83.1%, while the 2-year LCR was
50%. After 3 years, the LCR was 41.7%. The median PFS was 18.8 months. The 1-year
LCR was 100% for adjuvant RT vs. 70.8% for definitive RT. However, this control benefit
for adjuvant RT was not significant (Figure 3a; p = 0.86), as it was restricted to the first
18 months of FU. The 2-year LCR was 43.8% in the adjuvant RT subgroup vs. 59% for the
definitive RT subgroup. While local control was superior in the subgroup of FSRT with
smaller PTV, this difference was not significant. There was no significant difference for LC
in brain Vygge, and Vsge,, but patients with lower PTV Dy 1. had a significantly higher LCR
(Figure 3b; p = 0.037). RN was significantly associated with better local control (p = 0.04;
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Probability of local control

Numbers at risk

Probability of local control

Numbers at risk

Figure 3c). Median local PFS for the subgroup of patients developing RN was 45.5 months,
compared to 18.5 months for patients that did not develop RN.
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Figure 2. Characteristics of patients developing RN. Age (a), PTV of brain metastases (b), and brain
V1009 (c) of patients developing (blue) vs. not developing (yellow) RN after SRT with 5 x 7 Gy.
*p <0.05; ns: not significant (p > 0.05); Mann-Whitney test. PTV: planning target volume; RN:
radiation necrosis; SRT: stereotactic radiotherapy.
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Figure 3. Local control and survival depending on patient characteristics. (a) Local control rate over
time in months for definitive (red) and adjuvant (orange) SRT with 5 x 7 Gy (Log-rank test). (b) Local
control rate over time in months for low (purple) vs. high (green) PTV D . in FSRT with 5 x 7 Gy
(Log-rank test). (c,d) Local control rate (c) and overall survival (d) over time in months of patients
developing (blue) vs. not developing (yellow) RN after SRT with 5 x 7 Gy (Log-rank test). PTV:
planning target volume; RN: radiation necrosis; SRT: stereotactic radiotherapy.
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Only one patient (2.8%) died due to radiology-confirmed local intracerebral progres-
sion, whereas 19.4% died of systemic progression. In addition, 53.1% of patients developed
distant cerebral metastases and 63.3% progressed systemically, as confirmed by radio-
logic FU imaging. Median OS was 11 months, and OS was significantly superior in the
RN subgroup (39.9 months) compared to the non-RN subgroup (7.0 months) (Figure 3d;
p =0.023).

4. Discussion

Interdisciplinary treatment of BM remains challenging and requires individualized
shared decision making by the patients and their involved specialists. Given a continu-
ously aging population with longer life expectancy, improved diagnostic tools, technical
progress, and the rise of targeted therapies, the incidence of BM is likely to continue to
increase [2,6]. However, similar to patients in our series, patient mortality is mostly due to
systemic progression rather than local intracerebral progression [7]. Therefore, achieving
and maintaining local control of brain metastases through RT is of utmost importance for
symptom control and improved quality of life [33], despite the fact that it may not relevantly
prolong OS [34]. Achieving sufficient local control and avoiding excessive toxicity requires
careful therapeutic balancing. While single-fraction SRS has been widely adopted and
likely has the highest biological effective dose (BED), either the location or volume of BM
may necessitate fractionated alternatives [17,20]. Larger brain metastases were shown to
benefit from FSRT with a relative reduction in RN rate, yielding a similar or even better
LCR than SRS [35].

A systematic meta-analysis of eleven studies reporting a 6-month 80% LCR after SRT
for BM recommended, in referral to a single fraction of 20 Gy, a minimum EQD2 dose
of 40 Gy using an «/f3 of 12 Gy [36]. However, among the various available options,
optimal SRT dosing and fractionation for BM remains controversial with no general con-
sensus. Emerging evidence suggests that FSRT for BM improves patients” QOL [11] and
leads to both treatment and in-patient times being as short as possible [21,22]. This is
of particular importance in BM patients with dismal prognosis and neurological deficits
impairing individual mobility. For the same reasons, WBRT in BM patients ineligible for
SRT has been questioned by the results of the QUARTZ trial [37]. Besides patient-centered
beneficial aspects, intensified hypofractionation may also translate into socioeconomic
cost reductions [38-40] while potentially allowing increased patient numbers and timely
treatment access. The ongoing COVID-19 pandemic, with dynamically shifting and hardly
predictable short-term patient numbers [41], has revealed the necessity of optimizing
resources and time with the aim of reducing unnecessary harmful patient exposure to
healthcare facilities [42]. This is the first detailed report on a fast track five-fraction SRT
approach covering toxicity and, particularly, RN rate while also including dosimetry and
outcome parameters.

Our data provide preliminary evidence on five-fraction SRT as a safe and feasible
approach with both optimal adjuvant and definitive outcomes. Previously reported LCRs
vary significantly and merely a handful of series have reported on this (Table 5) [24,43-46].
Our results resemble those cited above. Nevertheless, in comparison to other fractionation
schemes (Table 6) [12,16-18,47-56] and intraoperative RT (IORT) [57], the LCR appears
slightly weaker in our series, although it yields reasonable overall local control. This
may be due to the specific composition of the patient cohort included. While melanoma
was relatively overrepresented in our collective (22.2%), levels of NSCLC (33.3%) and
breast cancer (11.1%) were below the average. The median age of 64.5 years was relatively
high compared to other studies and the median GPA of 2 was relatively low. This rather
unfavorable prognostic setting might have led to lower OS and a relevant number of
lost-to-FU cases, which partially explains the pronounced drop in the 2-year LCR. The
crossover in the LCR between definitive and adjuvant RT in the second year of FU may be
explained by the significantly larger PTVs treated in the adjuvant setting, which might also
explain the improved LCR with lower Dy 1. as larger PTVs require higher central doses.
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Table 5. Studies on the FSRT of brain metastases with 5 x 7 Gy.

Dose RT BM Size RT . . 1y-LCR 2y-LCR RN Rate Median Time to . .
Authors Year (Gy)  Setting  (Median) Technique Lesions  Histology Yo%) (%) RN (Months) ~ loxicity
Current series 2022 7/35 both 13 cc Conventional FSRT 49 mixed 83.1 50 14.3 12.7 0% G3+
Di Perri et. al. [43] 2020 7/35 both 11 cc Cyberknife FSRT 89 mixed 62.5 n. a. >40 n. a. n. a.
Ernst-Stecken et al. [24] 2006 7/35 definitive 13 cc Conventional FSRT 72 mixed 76 n. a. n. a. n. a. 2% G3+
Jeong et al. [44] 2015 7/35 definitive 17.6 cc Cyberknife FSRT 38 mixed 87 65.2 15.8 10.5 n. a.
Koide et al. [45] 2019 7/35 definitive 7.2 cc Conventional FSRT 58 mixed 64.7 n. a. 35 n. a. 0% G3+
Mengue et al. [46] 2020 7/35 both 2.3 cm Cyberknife FSRT 158 mixed <80 <60 NA n. a. n. a.

BM: brain metastases; FSRT: fractionated stereotactic radiotherapy; LCR: local control rate; NA: not available; n. a.: not assessed; RN: radiation necrosis; RT: radiotherapy.

Table 6. Studies on the FSRT of brain metastases with other fractionation schemes.

Dose RT BM Size RT . . 1y-LCR 2y-LCR RN Rate  Median Time to . .
Authors Year (Gy) Setting  (Median) Technique Lesions  Histology () Yo (%) RN (Months) 10Xty
Brown et al. [47] 2017 12-20 adjuvant <3 cm Conventional SRS 93 mixed 61.8 n. a. n. a. n. a. 39% G3+
Choi et al. [48] 2021 Median 20 definitive 0.5 cc Conventional SRS 311 melanoma n. a. n. a. 6.1 10.2 n. a.
Doré et al. [49] 2017 7.7/23.3 adjuvant 114 cc Conventional FSRT 95 mixed 84 n. a. 20.6 15 n. a.
Eitz et al. [50] 2020 Median 6/30 adjuvant 239 cc Conventional FSRT 581 mixed 84 75 8.6 13.1 6.9% G3
Fokas et al. [18] 2012 5/35 both 2 cc Conventional FSRT 61 mixed 75 n. a. 1.6 n. a. 2% G3+
Jhaveri et al. [51] 2019 5-7/21-35 adjuvant 15/20 cc Conventional FSRT 139 mixed 84.8 n. a. 211 n. a. n. a.
Kohutek et al. [16] 2015 15-22 definitive 1.1 cm Conventional SRS 271 mixed n. a. n. a. 25.8 10.7 n. a.
Lehrer et al. [52] 2022 Median 20 definitive 1.6 cc Conventional SRS 4,536 mixed 90.5 n. a. 9.8 n. a. n. a.
Lischalk et al. [53] 2015 6-8/30-40 definitive 5.6 cc Cyberknife FSRT 13 NSCLC 90 90 15.4 11 15% G3+
Minniti et al. [12] 2011 15-20 definitive 19 cc Conventional SRS 310 mixed 92 84 24 11 5.8% G3+
Minniti et al. [54] 2014 9-12/27-36 definitive 16.4 cc Conventional FSRT 171 mixed 88 72 18 12 4% G3+
Minniti et al. [17] 2016 9/27 definitive 17.9 cc Conventional FSRT 138 mixed 91 n.a 8 12 n. a.
2016 15-18 definitive 12.2 cc Conventional SRS 151 mixed 77 n a 20 10 n. a.
Piras et al. [55] 2022 6-8/30-40 definitive 1.8 cc Conventional FSRT 57 mixed n. a. n. a 2.4 9 502 g;
Wegner et al. [56] 2015 8/24 definitive 15.6 cc Conventional FSRT 36 mixed 63 n. a. 0 n. d. 0% G3

BM: brain metastases; FSRT: fractionated stereotactic radiotherapy; LCR: local control rate; NA: not available; n. a.: not assessed; NSCLC: non-small cell lung cancer; RN: radiation
necrosis; RT: radiotherapy; SRS: stereotactic radiosurgery.
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Notably, no grade 3 AEs occurred under or after FSRT. Compacted treatment time and
dose escalation were not associated with a higher risk of AEs compared to more commonly
applied schemes. This holds not only true for acute toxicity and late toxicity, but also for
the anticipated RN risk. Even though SRS was associated with a higher risk of RN in
previous series [16], we did not observe an increased RN rate or any grade 3 or higher
clinical appearance in this patient collective with intensified hypofractionation. While the
heterogeneity of our collective in terms of tumor entities and treatment parameters may
contribute to RN development, the RN rate reported is in line with several other studies on
other fractionation schemes that reported rates of up to 18% [54] in the definitive setting
and up to 21.1% [51] in the adjuvant setting (Table 6). Similar five-fraction studies by
Jeong et al. and Lischalk et al. previously reported RN rates of 15.8% [44] and 20% [53],
respectively. Of note, 50% of these latter patients had received a prescribed total dose
of 40 Gy and both RN patients requiring surgery had also received a maximum dose of
more than 41 Gy, whereas in this collective only three lesions (6.1%) reached this dose
level. Comparable with our results, an increased risk of RN with increasing tumor volumes
has been reported in previous studies [16,49,51,54]. Additionally, the time to occurrence
of RN is in line with the literature [50], though there is inconsistent data regarding the
anatomic brain regions at particular risk of RN. Accordingly, despite there being reports of
high RN incidence in the parietal lobe [12], others have conflictingly reported on increased
RN rates in different brain sections [48,58]. Increased RN rates among melanoma BM
are most likely due to more frequently applied IT, which was previously identified as an
independent risk factor for RN [44]. As patients receiving targeted and pro-immunogenic
therapies were underrepresented in earlier preceding studies, the comparable RN rate
described here is even more compelling. Notably, 75% of the RN patients receiving IT in
this study discontinued treatment due to intolerable immunologic side effects. Larger PTV
size and lower Dy ;.. were associated with RN, while other dosimetric parameters were
not related to either RN or LCR. This implies that immune therapy and lesion volume
are relatively more relevant than other dosimetric factors for RN. While the longer OS of
younger patients may contribute to the higher incidence of RN observed in this series,
the contribution of immunological factors cannot be ruled out. Even though the exact
mechanisms remain unknown, the link between irradiation and vascular or glial damage
promoting a proinflammatory tumor microenvironment (TME) with subsequent activation
of microglia, macrophages, and CD3+ T-cells has been established [59,60]. FSRT was shown
to induce tumor immunogenicity [61,62]; furthermore, RN after SRS seems to be associated
with improved OS [52]. Favoring an immunologically ‘hot’ TME may induce both favorable
and unfavorable side effects, such as tumoricidal immune cell activity and RN. Therefore,
despite an overall good clinical outcome, careful patient selection and close FU is suggested
in order to avoid increased toxicity.

Although this study is the most comprehensive manuscript to date reportingon 5 x 7 Gy
FSRT, it carries several limitations. Data were collected retrospectively from a rather het-
erogeneous patient collective undergoing adjuvant and definitive RT for several different
entities. The fractionation regimen was at the physicians” discretion, and for most pa-
tients the decision between FSRT and SRS was based on lesion volumes. Other reasons
for FSRT included glucocorticoid intolerance of any kind (i.e., allergic reactions, gastric
or duodenal ulcers, glaucoma, uncontrolled diabetes, sleep disturbances), which were
routinely administered preceding SRS in our clinic during the study period. Low average
performance and prognostic scores caused detriments in FU and PFS, and thus rather
poor OS outcomes. Taken together, patient selection bias might have led to discordant
outcomes when compared to the available literature. However, this collective represents
an average patient population at a German university hospital and reflects a real-world
situation instead of a carefully selected study population. Prospective randomized trials
are needed to bring further insight into the optimal fractionation scheme for BM. The first
randomized controlled phase IlI trial investigating SRS vs. FSRT for BM with a diameter
of 2 cm to 4 cm was recently initiated [19]. Further studies that incorporate accelerated,
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intensified hypofractionated fractionation schemes are warranted. Additionally, the best
treatment sequencing has not been defined yet. Recently, an NRG study protocol initiated
recruiting, seeking to determine the best sequencing between pre- or post-operative SRS
for BM (NCT05438212). The impact of short-term interventions on QOL will be the main
focus of future developments in FSRT.

5. Conclusions

Five fractions of 7 Gy each appears to be a safe and effective alternative to more
protracted fractionation schemes. Intensified FSRT might yield acceptable local control and
toxicity rates in both the adjuvant and definitive RT settings while also maintaining short
treatment times. These hypothesis-generating findings should be further studied within a
clinical trial.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Hintergrund und Zielsetzung der Arbeit: Die IORT bietet den Vorteil, dass die reine

Behandlungszeit auch gegentber der in 3.5 beschriebenen hypofraktionierten SBRT
nochmals drastisch reduziert werden kann. Neben diesen beschriebenen Vorteilen im
direkten Vergleich zur FSRT stellt sich die Frage nach weiteren patientenzentrierten
sekundaren Endpunkten wie der kumulativen Hospitalisierungszeit, der Zeit bis zur
Einleitung der nachsten Therapie oder der notwendigen postoperativen Steroiddosen, die

in der vorliegenden Arbeit untersucht wurden.

Methoden und Ergebnisse: Alle konsekutiven Patientenfalle mit gesicherter Diagnose

einer Hirnmetastase, die am Universitatsklinikum Bonn zwischen November 2020 und
Juni 2023 eine IORT erhielten, wurden eingeschlossen. 95 Patienten wurden gescreent,
bei 84 war die IORT durchfuhrbar (88%) und bei 64 wurde schlussendlich eine IORT
durchgefuhrt (67%). Zum Vergleich wurden im gleichen Zeitraum retrospektiv 53
konsekutive Falle, bei denen eine Hirnmetastase mit einer adjuvanten FSRT behandelt
wurde und die sich in den klinischen Charakteristika nicht signifikant unterschieden,
eingeschlossen. Es bestanden keine signifikanten Unterschiede in der Dauer der
postoperativen Steroidtherapie sowie der postoperativen Hospitalisierungsdauer durch
die IORT. Die kumulative Hospitalisierungszeit (sdmtliche Tage mit Krankenhausbesuch
bis zum Abschluss der Bestrahlung) war mit 11 versus 19 Tagen bei der IORT ebenso

wie die Zeit bis zur Einleitung der nachsten Therapie signifikant kirzer als bei der FSRT.

Schlussfolgerungen: Die |ORT verursacht trotz der zusatzlichen intraoperativen

Intervention keine verlangerten Krankenhausaufenthalte oder erhéhten Kortisonbedarf.
Ferner ist sie mit einer hohen Umsetzbarkeitsrate zuverlassig anwendbar. Im Vergleich
zur adjuvanten FSRT erspart sie den Patienten nicht nur potenziell belastende
Behandlungstage, sondern sie ermoglicht auch eine prognostisch begunstigende,

deutlich raschere Einleitung dringlicher Folgetherapien.
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Abstract

Purpose Intraoperative radiotherapy (IORT) has become a viable treatment option for resectable brain metastases (BMs). As
data on local control and radiation necrosis rates are maturing, we focus on meaningful secondary endpoints such as time to
next treatment (TTNT), duration of postoperative corticosteroid treatment, and in-hospital time.

Methods Patients prospectively recruited within an IORT study registry between November 2020 and June 2023 were com-
pared with consecutive patients receiving adjuvant stereotactic radiotherapy (SRT) of the resection cavity within the same
time frame. TTNT was defined as the number of days between BM resection and start of the next extracranial oncological
therapy (systemic treatment, surgery, or radiotherapy) for each of the groups.

Results Of 95 BM patients screened, IORT was feasible in 84 cases (88%) and ultimately performed in 64 (67%). The con-
trol collective consisted of 53 SRT patients. There were no relevant differences in clinical baseline features. Mean TTNT
(range) was 36 (9—94) days for IORT patients versus 52 (11 —126) days for SRT patients (p=0.01). Mean duration of
postoperative corticosteroid treatment was similar (8 days; p=0.83), as was mean postoperative in-hospital time (11 versus
12 days; p=0.97). Mean total in-hospital time for BM treatment (in- and out-patient days) was 11 days for IORT versus 19
days for SRT patients (p <0.001).

Conclusion IORT for BMs results in faster completion of interdisciplinary treatment when compared to adjuvant SRT, with-
out increasing corticosteroid intake or prolonging in-hospital times. A randomised phase III trial will determine the clinical
effects of shorter TTNT.

Keywords Intraoperative radiotherapy - Brain metastasis - Stereotactic radiotherapy - Time to next treatment
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Introduction

Following recent advances in systemic treatment options
and subsequent improved overall survival, the relative diag-
nostic incidence of brain metastases (BMs) is on the rise
[1-3]. A cornerstone in their managment is postoperative
local control, as this remains the primary treatment objec-
tive to prevent neurological decline and avoid additional
interventions [4]. For large or symptomatic lesions, the stan-
dard of care includes maximal surgical resection followed
by one to several fractions of adjuvant stereotactic radio-
therapy (SRT), in order to improve local control. The latter
yields superior outcomes over whole-brain radiotherapy in
terms of neurocognition and quality of life [5—7]. To allow
for postoperative patient stabilisation and sufficient surgical
wound healing, adjuvant radiation treatment is only initi-
ated after a postoperative interval of several weeks, which
increases the overall BM treatment time and delays the
onset of systemic treatments [8].

In recent years, intraoperative radiotherapy (IORT) is
emerging as a viable alternative treatment option for resect-
able BMs [9—11]. Low-level X-rays applied directly to the
resection cavity result in high rates of local tumour control,
while simultaneously omitting the need for adjuvant SRT
in the case of solitary BMs or reducing the total number of
treatment days in the case of multiple BMs [12—15]. A swift
completion of interventional BM treatments might shorten
the time to systemic therapy initiation, which could poten-
tially improve survival outcomes, especially in treatment-
naive patients or those with high tumour burden at the time
of BM surgery. Furthermore, the instant application of a
single high local radiation dose might prevent early repopu-
lation of residual microscopic tumour. Other advantages of
IORT include a steep dose gradient with improved sparing
of healthy brain tissue and omitting challenging target vol-
ume delineation caused by postoperative tissue alterations
[16]. Despite all the above-mentioned, patient-centered
outcomes are currently scarce in this setting. Herein, we
report meaningful secondary endpoints of IORT patients
compared to an institutional SRT cohort, including time to
next extracranial oncological treatment (TTNT), duration of
postoperative corticosteroid treatment and in-hospital times.

Materials and methods

IORT patients

Consecutive patients who underwent BM exeresis com-
bined with IORT at our university center within a prospec-

tive registry between November 2020 and June 2023 were
screened. Criteria for surgery included presence or severe
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risk of acute neurological impairment and clinically signifi-
cant mass effect, i.e. signs of raised intracranial pressure
or hemispheric shift. In patients with multiple BMs, only
the clinically manifest lesion was considered for surgical
removal in order to prevent mass effects or tumour-related
hydrocephalus. IORT was considered in the case of planned
gross total resection and intraoperative neuropathological
confirmation of BM by frozen section.

Preoperative contrast-enhanced T1-weighted magnetic
resonance imaging (MRI) provided three-dimensional guid-
ance for both surgery and IORT. Optic nerves, optic chiasm,
and brainstem were identified pre- and intraoperatively as
organs at risk (OARs). A spherical applicator ranging from
1.5 to 5 cm diameter was placed into the surgical cavity
according to the best-fit rule, covering the entire surface. A
standard recommended dose of 30 Gy was prescribed to the
applicator surface (nominal 50 kV photons) [16]. Delivered
OAR doses were calculated based on dose-depth template
profiles corresponding to the applicator diameter. In the case
of OAR doses exceeding Quantitative Analyses of Normal
Tissue Effects in the Clinic (QUANTEC) constraints (i.e.
12 Gy for the optical system or 12.5 Gy for the brainstem),
a decrease in the prescribed dose to 16 Gy (minimum) was
acceptable. IORT was delivered with the INTRABEAM
600 (Carl Zeiss Meditec AG, Oberkochen, Germany).

Patient demographics and clinical characteristics were
collected from the electronic health records. The Karnofsky
Performance Score (KPS) classified patients according to
their functional status at the time of admission, with a strat-
ification cut-off of 70, depending on a patient’s ability to
carry out normal activity and work [17]. Diagnosis-Specific
Graded Prognostic Assessment (DS-GPA) scores were cal-
culated by standard procedures [18].

This study was conducted in accordance with the Decla-
ration of Helsinki and approved by the Institutional Review
Board of the University Hospital Bonn (018/21 and 057/22).

Controls

The control collective consisted of two patient groups:
patients screened for IORT but not receiving it for one of
several reasons (Table 1), thus subsequently requiring adju-
vant SRT of the resection cavity and patients planned for
adjuvant SRT of the resection cavity within the same time
frame. Inclusion criteria for both groups were surgically
resected histologically confirmed solid tumour BM receiv-
ing one to seven fractions of adjuvant SRT of the resection
cavity and a total BM number < 10 at the time of surgery.
All patients received a planning computer tomography
(CT) in supine position with an individual thermoplastic ste-
reotactic fixation mask. A postoperative contrast-enhanced
T1-weighted planning MRI with 1 mm slice thickness was



Journal of Neuro-Oncology (2023) 164:683-691

685

Table 1 Reasons for not receiving IORT for resectable brain metasta-
sis. [ORT =intraoperative radiotherapy; OAR = organ at risk

IORT not possible or feasible (n=11)
logistics (n=6)

expected violation of OAR constraint (n=3)
patient declining surgery (n=2)
IORT possible and feasible, but not performed (7 =20)
frozen section unclear (n=7)
resection cavity not spherical (n=>5)
technical reasons (n=4)
logistics (n=2)
measured violation of OAR constraint (n=1)
patient declining surgery (n=1)

coregistered with this planning CT and the gross tumour
volume (GTV) was defined as the resection cavity including
any possible residual contrast (Gd) enhancement. A 2 mm
isotropic margin was added for the planning target volume
(PTV), as per institutional standards. SRT was adminis-
tered with intensity-modulated image-guided techniques,
employing 6 — 10 MV photon energies and ensuring a target
volume coverage of 99 —120%. All patients were treated
on a TrueBeam STx (Varian Medical Systems, Palo Alto,
CA, USA) linear accelerator, using ExacTrac (Brainlab,
Miinchen, Germany) for position matching.

Literature search

To put the data into perspective, international literature
(MEDLINE) and study registries (National Clinical Tri-
als) were screened for similar retrospective and prospec-
tive IORT collectives, using the search terms intraoperative
radiotherapy and brain metastasis. Where available, data
on TTNT were extracted and summarised.

Statistical analysis

The primary endpoint of this trial was TTNT, defined as the
number of days between BM resection and start of the next
oncological intervention (systemic treatment, extracranial
surgery or radiation) for each of the groups. Patients were
included in the analysis if they received such treatment and
the exact date of treatment start was known. Reasons for
exclusion were initial patient decline of the proposed sub-
sequent treatment and logistic reasons for delay in case of
extracranial surgery.

Mean, median, standard deviation (SD), and range
were calculated for all applicable clinical data. Differences
in baseline patient characteristics between groups were
assessed using Fisher’s exact test, Pearson’s y%, or Student’s
unpaired #-test, as appropriate. For the comparison of TTNT
between groups, the Mann-Whitney-U-test was used. The
log-rank test was used for the statistical assessment of event
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rates, presented according to the Kaplan-Meier method. The
statistical significance level was defined as p <0.05. Micro-
soft Excel version 16 (Microsoft, Redmond, WA, USA),
SPSS Statistics version 27 (IBM, Armonk, NY, USA), and
GraphPad Prism version 9 (GraphPad Software, San Diego,
CA, USA) were used to perform the analyses and Adobe
Ilustrator 2023 (Adobe Inc., Mountain View, CA, USA) to
generate graphical images.

Results

Of 95 BM patients screened, IORT was deemed feasible in
84 cases (88%) and ultimately performed in 64 (67%). Suf-
ficient data were available for 62 patients undergoing IORT
and 52 receiving adjuvant SRT of the resection cavity. A
flowchart of patient selection is provided in Fig. 1. Patient
and treatment characteristics are summarised in Table 2.
There were no relevant differences in baseline character-
istics between both groups. Data on local control, distant
brain failure, radiation necrosis incidence, and overall sur-
vival for a subset of 35 IORT patients with mature follow-up
are reported elsewhere [15].

Thirty-nine patients (63%) in the IORT group versus 31
patients (60%) in the adjuvant SRT group received postop-
erative extracranial treatment, with systemic therapies being
the most common (84% and 97%, respectively). There was
no difference in the types of additional treatment (p=0.11).
The location (i.e. same or different center), a potential con-
founder which can cause logistic delay due to outpatient
referral systems, was not significantly different between
both groups (p=0.08). Neither duration of postoperative
corticosteroid treatment nor postoperative in-hospital time
was significantly different between both groups: p=0.83
(Fig. 2a) and p=0.97 (Fig. 2b), respectively. Mean total in-
hospital time for BM treatment (in- and out-patient) was 11
days for IORT versus 19 days for SRT patients (p <0.001;
Fig. 2c). Mean TTNT (range) was 36 (9 — 94) days for [IORT
patients versus 52 (11 — 126) days for adjuvant SRT patients
(p=0.01; Fig. 2d — e). Results are summarised in Table 3.

Discussion

IORT for resectable BM yields comparable outcome to
adjuvant SRT of the resection cavity in terms of local con-
trol and radiation necrosis rates [12—15, 19]. As long-term
follow-up results from the first prospective IORT collectives
are maturing, we here focus on meaningful secondary end-
points that have a major impact on treatment decisions, both
from the patients’ but also from an economical and logis-
tical perspective. The high incidence of BMs along with
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Fig. 1 Flowchart of patient
selection. IORT = intraoperative
radiotherapy; SRT =stereotac-
tic radiotherapy; BM =brain
metastasis

screened for
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n=95

planned

adjuvant SRT
n=32

IORT not

2
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.
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>
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multiple BM

solitary BM

GROUP A
BM therapy

completed
n=37

their generally poor prognosis indicate that every treatment
step should be optimised. Asymptomatic patients might be
diagnosed during staging of an extracranial primary tumour,
meaning that in such treatment-naive patients, rapid comple-
tion of interdisciplinary BM treatment is of particularly high
interest, as it might shorten the time to subsequent salvage
therapy, which could potentially impact survival chances.
This is the first assessment of IORT feasibility in daily
practice of a specialised university center with high turn-
over, demonstrating a feasibility rate of 88%, which proves
the general applicability of IORT as a standard procedure
for BM treatment. In the comparative analysis, extracranial
oncological therapy could be started on average 16 days
earlier following IORT, regardless of potential confounders
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GROUP B

subsequent BM GROUP C

adjuvant SRT

therapy with
SRT
n=27

only
n=>53

such as type of treatment or location. If IORT is not avail-
able or possible, standard SRT of the resection cavity should
be performed to improve local control [5, 6]. In order to
prevent impaired surgical wound healing, adjuvant SRT
is initiated after a postoperative interval of several weeks,
which increases overall BM treatment time and delays onset
of salvage systemic therapy. Yaghi et al. (n=176) found that
a postoperative delay of >22 days had a decreased risk of
all-cause mortality [8]. However, those waiting>40 days
after BM resection doubled their risk of local tumour pro-
gression. The median postoperative time to SRT onset was
25 days in the current SRT collective, well within this time
frame.
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Table 2 Patient and treatment IORT SRT P
characteristics. IORT =intra-
. . n 62 52
operative radiotherapy; o
SRT =stereotactic radiotherapy; female sex, n (%) 31(30) 25 (43) 0.85
KPS =Karnofsky Performance median age at surgery (range) in years 63 (35-91) 64 (34-287) 0.86
Score; DS-GPA =Diagnosis- KPS at surgery, n (%) 49 (79) 43 (83) 0.77
Specific Graded Prognostic >70 13 (21) 9(17)
Assessment; Gy = Gray; Gl = gas- <70
trointestinal; GU=genitourinary;  median DS-GPA at surgery (range) 2(0-4) 2(0-4) 0.39
BM =brain metastasis extracranial metastases at surgery, 7 (%) 52 (84) 27 (68) 0.09
median radiation dose (range) in Gy * 30 (16 —30) 35(20-45)
primary lobe, n (%)
frontal 24 (39) 17 (33) 0.07
parietal 2(3) 10 (19)
occipital 16 (26) 8 (15)
temporal 8 (13) 8 (15)
cerebellum 12 (19) 9(17)
primary tumour, # (%)
lung 37 (60) 25 (48) 0.26
melanoma 10 (16) 9(17)
GI 5(8) 7(13)
GU 6 (10) 3(6)
breast 3(5 3(6)
gynaecological 1(2) 1(2)
other 0(0) 4(8)
number of BMs at surgery, n (%)
“D L . . solitary 36 (58) 31 (60) 0.49
ue to raleblOlOglCal dif- multlple 26 (42) 21 (40)
ferences between IORT and (range of multiple BMs) (2-10) (2-10)
SRT, the difference between A
the administered doses is not median time (.range) to
deemed relevant and thus not SRT onset in days 25 (11-173)
calculated SRT completion in days 34 (11-187)

Reasons for longer TTNT in SRT patients are many fold
and include incomplete staging, which might be postponed
until after SRT (e.g. due to conflicting appointments), side
effects, undesirable combination with planned systemic ther-
apy (e.g. BRAF and MEK inhibitors in melanoma patients),
patient refusal to undergo parallel treatments [20]. In line
with our previous report on posteroperative morbidity, we
demonstrate that IORT is not associated with prolonged hos-
pitalisation or corticosteroid intake [21]. Moreover, patients
who underwent IORT had a faster completion of interdisci-
plinary BM treatment, when compared to those undergoing
adjuvant SRT. Even though postoperative in-hospital times
were similar, total in-hospital times (in- and out-patient) for
BM treatment were significantly shorter for IORT patients
(8 days on average), which might save limited treatment
resources, reduce BM treatment costs, and positively impact
quality of life.

Apart from shorter TTNT and faster recovery after BM
treatment, IORT has several other theoretical advantages.
The instant application of a single high local radiation dose
might prevent early repopulation of residual microscopic
tumour and the steep dose gradient improves sparing of
healthy brain tissue, potentially preserving neurological
functions and possibly improving subsequent re-irradiation
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options if ever needed. In patients with solitary BM, a repeat
MRI for treatment planning is not required, which further
reduces costs and in-hospital time. With IORT, challenging
target volume delineation caused by postoperative tissue
alterations can be omitted. Furthermore, completing radia-
tion treatment while the patient is asleep promotes comfort
and reduces patient burden. There is, however, a general
lack of evidence on these theoretical advantages of IORT,
which is why they should be assessed in ongoing and future
prospective trials.

SRT does have the advantage that dose distribution and
OAR constraints can be reproduced more accurately, for
example in patients requiring SRT for other BMs at a later
point in time. An ongoing trial of image-guided IORT will
enable real-time planning.

Other published IORT collectives were identified, the
results of which are summarised in Table 4. Only Brehmer
et al. directly compared TTNT between their prospectively
recruited IORT patients (7 =10) and a control collective of
patients undergoing adjuvant SRT of the resection cavity
within the same time frame (n=19) [22]. On average, [ORT
patients started systemic treatment 15 days earlier when
compared to those receiving adjuvant SRT, in accordance
with our results. Mean postoperative time to SRT onset
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Fig. 2 Comparison of meaningful patient-centered secondary end-
points between IORT and adjuvant SRT patients. Scatter plots show-
ing (a) time in days to corticoid discontinuation, (b) postoperative
in-patient time, and (c) total (in- and out-patient) in-hospital time,
Mann-Whitney-U-test. (d) Kaplan-Meier curve for patients reaching

was 27 days, consistent with the recommendation of Yaghi
et al. As this was a planned safety interim analysis, it was
underpowered for this secondary endpoint, but the prelimi-
nary data confirm that TTNT tends to be reduced in IORT
patients. The prospective phase II trial is designed to recruit
50 patients, will evaluate local efficacy of IORT for BM,
and will assess TTNT as a preplanned secondary endpoint
(INTRAMET; NCT03226483) [19]. Kahl et al. reported a
median TTNT (range) of 18 (0—130) days after IORT in 24
patients requiring subsequent systemic treatment [13]. Diehl
et al. observed that in 5 IORT patients, TTNT was <15
days, which is shorter than wound healing and adjuvant SRT
would have required [14]. Both retrospective cohorts did,
however, not include a control collective receiving adjuvant
SRT of the resection cavity.
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initiation of their next extracranial oncological treatment (log-rank
test). (e) Scatter plot for time to next extracranial oncological treatment
(Mann-Whitney-U-test). * p <0.05, *** p <0.001, ns =not significant.
IORT =intraoperative radiotherapy; SRT =stereotactic radiotherapy

This trial carries certain limitations. First, a relatively
small sample size, which might be subject to selection bias.
Due to the recent implementation of IORT in clinical BM
workflows, there are still limited available data on this topic.
To our best knowledge, we present the largest collective
to date investigating TTNT in this context. Secondly, BM
patients represent a heterogeneous collective, with a multi-
tude of systemic treatment options and required diagnostic
investigations. The latter could have led to differences in
TTNT between IORT and SRT patients. The similarity of
baseline patient and treatment characteristics does, how-
ever, partly compensate for this. Lastly, it cannot be yet
concluded if shorter TTNT and faster completion of BM
treatment translate into improved survival or quality of life.
As data of prospective IORT trials are maturing, the clinical
relevance of these parameters will be elucidated.
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Table 3 Time to next treatment, duration of postoperative corticosteroid treatment, and in-hospital time. IORT =intraoperative radiotherapy;

SRT =stereotactic radiotherapy; SD = standard deviation

IORT SRT p
received postoperative extracranial treatment, n (%)
yes 39 (63) * 31 (60) 0.99
no 18 (29) ** 15 (29)
unknown 51 6 (11)
type of additional treatment, n (%)
chemotherapy 6 (16) 12 (39) 0.11
immunotherapy 20 (54) 12 (39)
chemoimmunotherapy 4(11) 6 (19)
antihormone therapy 1(3) 0(0)
extracranial surgery 3(8) 1(3)
extracranial radiotherapy 318 0(0)
location of postoperative extracranial treatment, n (%)
same center 21 (54) 23 (74) 0.08
different center 18 (46) 8 (26)
time to next treatment
median (range) in days 34(9-94) 44 (11-126) 0.01
mean =+ SD in days 3618 52+32
postoperative corticosteroid treatment
median (range) in days 7(0-30) 7(0-14) 0.83
mean =+ SD in days 8+5 8+3
postoperative in-hospital time (in-patient)
median (range) in days 8(2-29) 8(2-42) 0.97
mean=+ SD in days 11+6 12+8
total in-hospital time (in- and out-patient)
median (range) in days 8(2-29) 15 (7—48) <0.001
mean=+ SD in days 11+6 19+9

* Extracranial surgery had to be postponed in one patient suffering COVID pneumonia and another patient initially declined immunotherapy.

Both patients were excluded from the analysis

** Two patients had already started systemic therapy prior to surgery and were also excluded from the analysis

Table 4 Other published IORT collectives. IORT =intraoperative radiotherapy; TTNT =time to next treatment; 1yLCR = 1-year local control rate;
1yDBC = 1-year distant brain control; RN =radiation necrosis; 1yOS = 1-year overall survival; SRT =stereotactic radiotherapy: Cl=confidence

interval; n.r. = not reported

author (year) type IORT outcome of published trials n TTNT (days)
1yLCR (%) 1yDBC (%) RN (%) 1yOS (%) IORT SRT
current (2023) prospective study 97 * 74 * 3* 58 * 62 52 mean (range)
registry IORT: 36 (9—-94)
SRT: 52 (11-126)
Brehmer et al. (2023) [19]  prospective phase 35 / mean (95% CI)
II (preliminary) 45 (35-55)
Guedes de Castro et al. prospective phase 88 13 10 80 10 / n.r.
(2023) [23] 11
Diehl et al. (2022) [14] retrospective 93 71 11 58 18 / in 5 IORT
patients <15 (shorter
than wound healing
and adjuvant SRT
would have required)
Kahl et al. (2021) [13] retrospective 84 34 3 62 40 / median (range)
18 (0-130)
Cifarelli et al. (2019) [12]  retrospective 88 58 7 73 54 / nr.
Brehmer et al. (2018) [22]  prospective phase 10 19 mean (range)
II (preliminary) IORT: 46 (27-83)
SRT: 61 (16-229)
Weil et al. (2015) [24] prospective n.r. nr. 13 nr. 23 / n.r.

* Results of a subset of 35 IORT patients with mature follow-up [15]

95

@ Springer



690

Journal of Neuro-Oncology (2023) 164:683-691

Conclusion

IORT for BMs results in faster completion of interdisci-
plinary treatment when compared to adjuvant SRT, without
increasing corticosteroid intake or prolonging hospital stay.
Apart from emerging evidence regarding excellent local
control and comparable radiation necrosis rates, these data
add to the favourable therapy profile of IORT in this set-
ting. A randomised phase III trial will determine the clinical
effects of shorter TTNT.
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4. Diskussion

Das GBM geht trotz der seit vielen Jahren andauernden intensiven
Forschungsbemuhungen weiterhin mit einer sehr schlechten Prognose einher. Gerade fur
MGMT-Promotor-unmethylierte Patienten steht weiterhin keine zielflihrende systemische
Therapieoption zur Verfigung. Hingegen erwies sich die Strahlentherapie tber samtliche
Studien der vergangenen Jahre hinweg neben der chirurgischen Resektion als konstante,
vertragliche und  verlasslich  wirksame  Komponente des  multimodalen
Behandlungskonzepts. Jedoch ist die Tumorkontrolle durch die Radiatio von auffallend
kurzer Dauer. Gerade beim GBM gehen die ersten Rezidive bereits haufig mit einer
erheblichen klinischen Verschlechterung der Patienten einher (Chinot et al., 2014), was
die geringe verbliebene Lebenserwartung auch qualitativ weitergehend beeintrachtigt.
Ziel innovativer Therapieansatze muss es daher sein, Mechanismen der initialen
Therapieresistenz im postradiogenen TME friihzeitig zu erkennen sowie verantwortliche
Faktoren, die eine Tumorrekurrenz begunstigen, zu identifizieren und medizinisch nutzbar

zU machen.

Das Chemokin CXCL12 mit seinen Rezeptoren CXCR4 und CXCRY7 gilt als wichtiger
Vermittler der Vaskulogenese und damit als ein potenzielles Target einer gegen das
postradiogenene TME gerichteten Therapie. Wir wiesen in der hier vorgestellten
Zwischenauswertung der GLORIA-Studie erstmalig nach, dass eine CXCL12-Inhibition
durch das L-Ribonukleinsaure (RNA)-Aptamer NOX-A12 in Kombination mit einer
Bestrahlung zu einer Ablésung des Chemokins von Endothelzellen, seiner Bindung sowie
konsekutiv zu seiner Akkumulation im Plasma fuhrte. Letztlich resultierte hieraus eine
nachweislich reduzierte Perfusion des Tumorgewebes. Gemal den Ergebnissen unserer
Untersuchungen beeinflusst das jeweilige Expressionsprofil des Drug targets CXCL12 in
bestimmten Zellkompartimenten die klinische Wirksamkeit von NOX-A12. Dieser
detailliert beschriebene, definierte EG12-Score ist fur Patienten, die mit einer
Strahlentherapie und NOX-A12 behandelt werden, mdglicherweise pradiktiv fur ein
Therapieansprechen. In einer SOC-Kohorte ergaben sich hingegen eher
entgegengesetzte klinische Trends, die jedoch bei Weitem nicht ausreichen, um eine
zusatzliche allgemein-prognostische Rolle fur den EG12-Score zu proklamieren.

Unabhangig von der grundsatzlichen Logik des Zusammenhangs zwischen einer lokalen
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CXCL12-Expression und dem Therapieansprechen auf eine CXCL12-Inhibition, drangt
sich dennoch die Frage nach den Griinden fiir das schlechte Ansprechen der EG12'o%-
Patienten auf. Besonders interessant ist diesbezuglich, dass mit den Endothel- und
Gliomzellen zwei ganz  unterschiedliche = Tumorkompartimente  fir  ein
Therapieansprechen entscheidend zu sein scheinen. Endotheliale Zellen wiesen die
hdchste Frequenz einer CXCL12-Positivitat auf, wohingegen die Positivitat der glialen
Zellen die beste Korrelation mit dem PFS bot. Moglicherweise begrindet sich diese duale
Abhangigkeit des GBM-TME von CXCL12 zusatzlich durch komplementare Mechanismen
der CXCL12-Produktion. Die CXCL12-Expression wird gemeinhin als Downstream-
Bestandteil einer Signalkaskade beschrieben, die primar durch die Hypoxie-bedingte
Aktivierung von HIF1a aktiviert wird (Tabatabai et al., 2006). Auch die Daten
vorhergehender Studien mit dem CXCR4-Rezeptorantagonist Plerixafor legen dies nahe
(Kioi et al., 2010). CXCL12 ist deshalb ein so wichtiges Ziel einer adjuvanten GBM-
Therapie, da gerade die Bestrahlung durch ihre gefaldzerstérende und koagulierende
Wirkung die vaskulare Architektur des TME zerstort und somit eine massive lokale
Hypoxie bewirkt. CXCR4-positive knochenmarkstdmmige Zellen wanderten daraufhin in
in vivo-Modellen entlang eines CXCL12-Gradienten in das TME ein und initiierten dort die
Vaskulogenese (Du et al., 2008). Dies konnte durch CXCRA4-Inhibition effektiv
unterbunden werden (Kioi et al., 2010). Bei klinischer Anwendung in einer Phase 2-Studie
kam es, anders als im Mausmodell, im erwartbaren Zeitrahmen durchaus zu Rezidiven
(Thomas et al., 2019). Auffallig war jedoch, dass diese Rezidive sich unerwartet haufig
aulderhalb des Strahlenfeldes darstellten und Plerixafor zudem auch keinen hemmenden
Einfluss auf die Perfusion in diesen Out of field-Bereichen hatte. Da hier lokal keine
Bestrahlung erfolgt war, kann bei Postulation einer Abhangigkeit der CXCL12-Wirkung
von postradiogenen Veranderungen nicht von einer distanten Wirksamkeit ausgegangen

werden.

Die Darstellung von CXCL12 als hypoxisches Chemokin macht fiir die Gliomzellareale
des GBM durchaus Sinn, denn hier herrscht durch das extreme Wachstumsverhalten des
Tumors und auch die entstehenden Nekrosen eine standige Hypoxie vor. Es erscheint
jedoch weniger wahrscheinlich, demgegenuber im Bereich der Endothelzellen von einer
Hypoxie-induzierten CXCL12-Expression auszugehen, da es gerade diese Zellen sind,

die durch ihre Lokalisation an der Ubergangsstelle zu den Sauerstoff-transportierenden
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Erythrozyten am langsten ein normoxisches Mikromilieu aufrechterhalten koénnen.
Hypoxiemarker wie CA9 finden sich zudem haufig im Bereich von Nekrosearealen und
weisen eine starke Korrelation mit dem alternativen Angiogenese-induzierenden VEGF-
Signalweg auf. Eigene Auswertungen o6ffentlich zuganglicher Datenbanken fur single cell
RNA-Sequenzierung legen eine zonale Heterogenitat des TME nahe, wobei die
Gliomzellen und die nekrotischen Tumorareale eine hohe Abhangigkeit von VEGF
aufweisen. Die Tumorrandbereiche, Infiltrations- und GefalRzonen hingegen scheinen
primar unter dem Einfluss von CXCL12 zu stehen (Giordano et al., SNO 2022). Es
erscheint daher begrindet, dass eine duale Hemmung sowohl der Angiogenese als auch
der Vaskulogenese notwendig ist, um eine Revaskularisation Uber diesen alternativen
Signalweg aus spezifischen Tumorkompartimenten heraus zu unterbinden.
Mdglicherweise ist eine Aktivierung des VEGF-Signalwegs der zugrundeliegende
Fluchtmechanismus bei der Tumorprogression der GLORIA-Patienten. Entsprechend
erfolgte fur den Expansionsarm A der Studie eine wesentliche Anpassung des
Behandlungskonzepts durch Hinzunahme von Bevacizumab erganzend zu der
Bestrahlung und NOX-A12. Zwischenergebnisse dieser Triple-Therapie belegen ein
deutlich verbessertes klinisches Therapieansprechen mit einer Overall response rate von
83,3% und mit einem medianen OS von 19,9 Monaten auch ein verbessertes
Gesamtliberleben im Vergleich sowohl zu SOC-Patienten als auch dem
Dosiseskalationsarm der Studie (Giordano et al., SNO 2023). Die Publikation der

endgultigen Studienergebnisse steht gegenwartig noch aus.

Weitergehende translationale Forschungsanstrengungen sind notwendig, um das
Verstandnis fur die Wirkweise von NOX-A12 und Bevacizumab im postradiogenen TME
sowie, darauf aufbauend, sekundaren Therapieresistenzmechanismen zu verbessern.
Nur eine umfassende Charakterisierung des GBM-TME kann bei diesem besonders
heterogenen Tumor neue Wege fur Therapieinnovationen bahnen. Dies schliel3t auch das
immunologische TME mit ein, obwohl das GBM prinzipiell als immunologisch kalter Tumor
gilt und samtliche grofleren immuntherapeutischen Studien bislang gescheitert sind
(Reardon et al., 2020; Lim et al., 2022; Omuro et al., 2023). Einzelfalle belegen allerdings
eine theoretische Effektivitat immunologischer Therapien auch intrazerebral (Brown et al.,
2016; Platten et al., 2021; Grassl et al., 2023). CXCL12 ist in verschiedenen

Tumorentitaten als immunsupprimierendes und protumorigenes Chemokin beschrieben
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worden (Fearon et al., 2014). Erste eigene weitergehende Analysen von Gewebeproben
aus Rezidivoperationen in der GLORIA-Studie sowie SOC-Vergleichskollektiven zeigten
eine ungewohnliche Aktivierung und Clusterbildung von CD8" T-Zellen im Tumorgewebe
(Giordano et al., 2022) und eine Abkapselung dieser durch M2-like polarisierte
Makrophagen (Leonardelli et al., 2023) ausschlief3lich bei Patienten mit vorhergehender
Bestrahlung und CXCL-12-Inhibitortherapie. Weitergehende Analysen und die
Wiederholung dieser an groferen Patientenkollektiven werden zeigen, ob es sich hierbei

um Einzelfalle oder eine allgemein geltende Veranderung handelt.

Der EG12-Score wird im Rahmen zusatzlicher Patienteneinschlisse in die Studie ebenso
weitergehend validiert werden mussen. Die Durchfihrung der diesen Ausflihrungen
zugrundeliegenden Arme der Phase 1/2-Studie erfolgte nur in MGMT-Promotor-
unmethylierten Patienten, die epidemiologisch etwa die Halfte aller GBM-Falle
ausmachen. Es gibt jedoch keine biologischen Grinde, eine Effektivitat der Therapie in
MGMT-Promotor-methylierten Tumoren anzuzweifeln, weshalb sie auch einer deutlich
grolReren Patientengruppe offenstehen kdnnte. Vielmehr stellt die Arbeit einen Ansatz der
personalisierten Medizin in den Vordergrund, bei dem EG12 als Biomarker fir eine
individuelle Therapieentscheidung fungieren konnte. Die Rekrutierung weiterer
Studienpatienten wird zeigen, ob die positiven ersten Ergebnisse der GLORIA-Studie sich
auch in groeren Kollektiven bestatigen werden und welche weiteren medikamentosen

Kombinationen mdglicherweise synergistische Wirksamkeit entfalten kdnnten.

Generell zeigt sich in den vergangenen Jahren eine zusehende Abkehr von dem Ublichen
Konzept, dass eine Bestrahlung nicht simultan mit einer systemischen Tumortherapie
durchgefuhrt werden sollte. War dies in einigen Fallen fur intensive klassische
Chemotherapieschemata gut mit Daten beleg- und begrindbar, so gilt dies nicht mehr fir
die neuen Medikamentenklassen, die auf den pharmakoonkologischen Markt drangen.
Einerseits weisen diese durch ihren zielgerichteteren Therapieansatz teils ein durchaus
akzeptableres Toxizitatsprofil auf (Kroeze et al., 2017). Andererseits erkennt man auch
das Potenzial moglicher Uberadditiver Effekte durch systemische Erganzung der Radiatio
an und ist bereit, dafur zu einem gewissen Grad Toxizitatsrisiken in Kauf zu nehmen
(Zhang et al., 2022). Es gibt jedoch unter den bereits etablierten zielgerichteten Therapien

auch Kombinationspartner wie die BRAF- und MEK-Inhibitoren, die sich in klinischen
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Studien als schlecht vertraglich mit einer Strahlentherapie erwiesen und daher nicht
simultan eingenommen werden sollten (Anker et al., 2016). Wichtig ist daher die frihe
und sorgfaltige klinische Prifung potenzieller Kombinationen, sowohl um die Patienten zu
schitzen, als auch um bestehende Behandlungspfade allein durch Neukombination

verfugbarer therapeutischer Substanzen verbessern zu konnen.

Neben den klinischen Unterschieden strahlentherapeutischer Behandlungskonzepte, die
in den physikalischen Grundlagen, technischen Abldufen und insbesondere dem
medizinischen Ergebnis zum Ausdruck kommen, sind im Sinne einer ganzheitlichen
Betrachtung auch patientenzentrierte Faktoren und die 6konomischen Dimensionen der
Behandlung zu berticksichtigen. Fur das Glioblastom gibt es bislang keine ausreichenden
Daten, die eine generelle Verkurzung der Behandlung erlauben wurden. Lediglich
bestimmte Patientengruppen mit reduziertem Allgemeinzustand und hoherem Alter
profitieren von einer moderaten (Perry et al., 2017) bis intensivierten (Malmstrom et al,
2012) Hypofraktionierung. Die Strahlentherapie bleibt die unbestrittene konsolidierende
Saule der GBM-Therapie und es bedarf statt einer Therapieverkirzung primar sinnvoll
erganzbarer systemischer Kombinationspartner und wirksamer Optionen der
Therapieeskalation zu dieser bei einer weiterhin unzureichend kontrollierten,

hochaggressiven Erkrankung.

Hingegen sind Hirnmetastasen durch alle gelaufigen strahlentherapeutischen Konzepte
einer hinreichenden lokalen Tumor- und Symptomkontrolle zuzufiihren, wahrend eine
relevante extrazerebrale Tumorkontrolle ohnehin durch diese Therapie, abseits von
Einzelfallen, bislang nicht erzielbar ist. Hier sollte daher eine sorgsame Abwagung der
therapeutischen Konzepte mit Berlcksichtigung individueller Patientenfaktoren und
-winsche erfolgen. Durch eine hypofraktionierte Bestrahlung ergeben sich
volkswirtschaftlich betrachtet und bezogen auf den Einzelfall Einsparungspotenziale im
Rahmen der fraktionsbasierten ambulanten Abrechnung der Strahlentherapie. Dartber
hinaus jedoch fuhrt diese, insbesondere in Zeiten des Fachkraftemangels, zu relevant
reduzierten Belegungszeiten fur die Gerate, wodurch diese somit zudem friher weiteren
Patienten zur Verfugung gestellt werden konnen. Der Patient profitiert von einer
reduzierten Fraktionszahl durch geringeren Aufwand und ersparter Zeit, die im

Krankenhaus oder einem Transportmittel dorthin verbracht werden muss, was gerade fur
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fortgeschrittene Krebsleiden eine erhebliche Verbesserung der verbleibenden
Lebensqualitat darstellen kann (Jocham et al., 2009; Erceg et al., 2013). Die geringfligig
verlangerte Bestrahlungszeit der einzelnen Sitzung fallt demgegenliber wenig ins
Gewicht. Nicht vernachlassigt werden darf, dass bei einer héheren Einzeldosis die
Anforderungen an die technische Prazision und die Verantwortung des beteiligten
medizinischen Personals nochmals steigen. Entsprechende Therapien sollten daher nur
in geeigneten und erfahrenen Zentren angeboten werden. Ein rascher Abschluss der
Strahlentherapie ist jedoch auch im Sinne des therapeutischen Gesamtkonzepts, da der
Patient zUgiger einer weiteren notwendigen medizinischen Behandlung, vor allem einer

etwaigen Einleitung einer systemischen Therapie, zugefuhrt werden kann.

Die IORT von Hirntumoren stellt eine innovative und, unabhangig vom zumindest nicht-
unterlegenen klinischen Outcome, im Hinblick auf vielerlei weiche, sekundare Faktoren
gegenuber der klassischen EBRT Uberlegene Technik dar. So profitieren die Patienten
neben einer unmittelbaren Tumorzelleradikation mit effizienter Schonung umgehender
gesunder Gewebestrukturen insbesondere von einem rascheren Abschluss der
strahlentherapeutischen Behandlung und einer potenziell friheren Einleitung
weitergehender onkologischer Behandlungsmaf3nahmen. Aktuell versucht die INTRAGO
[I-Studie zu beantworten, ob eine Dosiseskalation der Bestrahlung des GBM mittels IORT
das Outcome der Patienten verbessern kann (Giordano et al., 2019). Bei der IORT von
Hirnmetastasen handelt es sich hingegen bereits um eine leitliniengerechte lokale
Behandlungsoption. Gerade die dieser Arbeit zugrundeliegenden Studien belegen im
Einklang mit teils zeitgleich entstandenen Daten anderer Zentren (Bremer et al., 2018;
Cifarelli et al., 2019; Kahl et al., 2021; Diehl et al., 2022) eine gute klinische Wirksamkeit
insbesondere mit einer beachtlichen Ilokalen Tumorkontrolle unter besonderer
Berlcksichtigung der hier untersuchten, prognostisch erheblich ungunstigen

Subpopulation von Patienten mit gro3en Metastasenvolumina.

Unsere Arbeiten liefern ferner ebenso wie die anderer Forschergruppen (Cifarelli et al.,
2019; Kahl et al., 2021; Diehl et al., 2022) keine Hinweise auf eine, initial aufgrund der
erheblich hoheren lokaleren Dosen beflurchtete, erhohte Rate an RNs. Im Gegenteil
scheint durch den steilen Dosisgradienten im gesunden Hirngewebe maoglicherweise eher

ein protektiver Faktor vorzuliegen. Insbesondere der Kombination einer stereotaktischen
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zerebralen Bestrahlung mit einer Immuntherapie wohnt aufgrund der immunologisch
stimulierenden Systemtherapie ein erhebliches Risiko fur ein progredientes Hirnédem und
RNs inne (Martin et al., 2018). Bislang hatte niemand untersucht, wie sich eine parallele
Immuntherapie auf das Wirkungs- und Nebenwirkungsprofil einer IORT von zerebralen
Metastasen auswirken wurde. Dies ist besonders relevant, da ein Groliteil der mit einer
IORT behandelten Patienten entweder an einer gro3en solitaren Metastase erkrankt ist
oder eine bislang unbekannte Raumforderung erstdiagnostiziert wurde, die zunachst
histologisch gesichert werden muss. In beiden Szenarien finden sich in erheblichem Male
Patienten, deren Tumorerkrankung erstdiagnostiziert wird oder zuletzt nicht behandelt
wurde. Erstdiagnostizierte Patienten sind systemisch in aller Regel noch therapienaiv und
mussen dringlich einer wirksamen Systemtherapie zugefihrt werden, um eine
Progression wahrend der Durchfuhrung der Lokaltherapie zu verhindern. Dies gilt im
Besonderem flr solitdr zerebral metastasierte Lungenkarzinome, die prinzipiell noch
kurativ behandelbar sind. Insbesondere stellt sich neben den Optionen zur Verkurzung
der strahlentherapeutischen Behandlungskonzepte die Frage, wie lange nach der
Resektion und Bestrahlung mit der Einleitung einer Systemtherapie gewartet werden
muss und ob diese moglicherweise bereits vor der Lokaltherapie initiiert werden kann.
Unsere Ergebnisse deuten auf eine relative Unbedenklichkeit der Kombination von
Immuntherapien, aber auch vieler anderer zielgerichteter molekularer Therapien in
Kombination mit einer Resektion und IORT hin. Ferner sollten zukunftige prospektive
Studien explizit die vorzeitige, praoperative Einleitung der Systemtherapie prifen. Dies
erwies sich in unserem multizentrischen, retrospektiv untersuchten Patientenkollektiv als
prognostisch gunstig und besser vertraglich als eine Einleitung unmittelbar nach der

Lokaltherapie.

Im Einklang mit Daten anderer Autoren (Patel et al., 2011), ergaben sich auch in unseren
Untersuchungen zu Hirnmetastasen Uberlebensvorteile fiir Patienten mit einer
Pseudoprogression. Moglicherweise sind postradiogene immunologische Vorgange fur
die GréRenzunahme und das Odem der bestrahlten Lasionen verantwortlich, die sich im
weiteren Verlauf positiv auf die Tumorkontrolle auswirken. Auf die GLORIA-Studie |asst
sich dies aufgrund der geringen Fallzahl nicht Gbertragen. Jedoch zeigte sich auch hier in
erhohtem Male eine Pseudoprogression. Dies kdnnte in der Tat an einer Umgehung der

CXCL12-Blockade durch eine verstarkte VEGF-vermittelte Neoangiogenese liegen, die
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wiederum mit einer verstarkten Odembildung charakterisiert ist. Wiederholt wurden daher

den RANO-Auswertungen folgend Therapien moéglicherweise zu friih abgebrochen.

Ein weiterer Baustein eines patientenzentrierten, aber auch 6konomisch malvollen
multimodalen Therapieansatzes ist die Vermeidung unnétiger Krankenhausaufenthalte,
Transportwege und Therapieverzdgerungen fur den Patienten. Das Ziel einer Behandlung
sollte abhangig von den prognostischen Moglichkeiten eine moglichst unmittelbare
Ruckkehr des Patienten in sein hausliches Umfeld bei maximal geringer Belastung seiner
korperlichen wie mentalen Ressourcen darstellen. Dieser Maxime folgend konnten wir in
den hier dargestellten Arbeiten zeigen, dass auch abseits der gangigsten gegenwartigen
strahlentherapeutischen FSRT-Therapiekonzepte Maoglichkeiten der akzelerierten
Radiatio bestehen, ohne dadurch die Prognose der Patienten zwangsweise zu
kompromittieren.  Strahlentherapeutische = Behandlungskonzepte bedlrfen einer
intensiven und detaillierten Aufklarung mit sorgfaltiger Abwagung aller Fur und Wider,
gerade auch unter Berlcksichtigung der weichen Faktoren, die den Patienten aufgrund
ihrer Unkenntnis Uber die medizinischen Ablaufe mindestens genauso unbekannt und
dennoch wichtig sind, wie die klassischen Erfolgsfaktoren einer onkologischen Therapie
(Yahanda et al., 2016).

Die Strahlentherapie steht wie auch die Onkologie erst am Anfang einer umfassenden
Umwalzung in Theorie und Praxis, die mit dem Einzug der ICls begann und sich aus
langst nicht erschopften neuen therapeutischen Optionen noch ergeben wird. Es gilt,
diese Potenziale insbesondere auch in der Neuroonkologie zu nutzen und auf ihre
Verwendbarkeit fur die Optimierung einer strahlentherapeutischen Behandlung zu prifen.
Neben der evidenzbasierten Suche nach madglichst zielgerichteten systemischen
Kombinationspartnern im Sinne einer multimodalen, interdisziplinaren und individuellen
neuroonkologischen Behandlung liegt der Fokus fur die strahlentherapeutische
Fachgesellschaft hierbei in einer Patientenbetreuung auf Augenhodhe, die die individuellen

Patientenbedurfnisse aktiv in die gemeinsam erarbeiteten Konzepte integriert.
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5. Zusammenfassung

Maligne Hirntumoren gehen weiterhin mit einer schlechten Prognose einher. Die
Strahlentherapie ist eine zentrale Saule der Behandlung sowohl des GBM als auch von
Hirnmetastasen. Insbesondere fir das GBM mangelt es jedoch weiterhin an dringend
benotigten sinnvollen systemtherapeutischen Kombinationspartnern. Die erste Arbeit
dieser Kumulation untersuchte im Rahmen einer multizentrischen Phase 1/2-Studie die
Vertraglichkeit und Wirksamkeit einer CXCL12-Inhibition in Kombination mit einer
Bestrahlung im GBM. Hier konnten wir demonstrieren, dass diese neuartige Therapieform
sicher sowie gut vertraglich ist und Gberdies 90% der Patienten ein klinisches Ansprechen
zeigten. Weitergehende translationale Analysen des TME ermoglichten eine
Stratifizierung der Patienten anhand ihrer relativen CXCL12-Expression in den
endothelialen und glialen Zellen (EG12-Score), wobei Patienten mit hohem EG12-Score
von einem signifikant langeren PFS profitierten. Unsere Ergebnisse unterstreichen die
Notwendigkeit einer tiefgreifenden Charakterisierung des TME, um dringend bendtigte
therapeutisch adressierbare Phanotypen zu identifizieren, und bilden die Grundlage zur
weitergehenden Untersuchung des EG12-Scores als mdoglichen Biomarker zur

zielgerichtet-personalisierten Therapie des GBM mit Bestrahlung und CXCL12-Inhibition.

Demgegenuber stehen flr die Behandlung von Hirnmetastasen viele zielgerichtete
Systemtherapien zur Verfugung, wahrend es jedoch haufig noch an Daten zur
Vertraglichkeit dieser mit einer parallelen Bestrahlung mangelt. Zudem ergibt sich gerade
aus der Vielfalt der Optionen in vielen Fallen ein zeitlicher Behandlungsdruck und
Patienten profitieren vom raschen Abschluss einer lokalen Therapiemal3nahme, um flr
weitere lokale Interventionen oder Systemtherapien zur Sicherstellung des
Gesamtbehandlungserfolgs zur Verfugung zu stehen. Mit der IORT von Hirnmetastasen
prasentieren unsere hier dargestellten Arbeiten eine sicher durchflihrbare Alternative zur
EBRT, die bei zumindest vergleichbarer klinischer Effektivitat und Vertraglichkeit trotz der
erheblichen GroéRRe der behandelten Volumina in Bezug auf zahlreiche weiche Faktoren
Vorteile aufweist. So profitierten die ausgewerteten Patienten von einer kirzeren
Hospitalisierungszeit bei  unveranderter Kortikosteroidgabedauer, reduziertem
personlichem Aufwand und einer rascheren Zufuhrung zu konsekutiven Therapien.

Zudem konnten wir zeigen, dass auch unuiblichere verkirzte FSRT-Konzepte fur
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Hirnmetastasen mit nur funf Fraktionen gut vertraglich und klinisch wirksam sind. Die
Kombination der IORT mit TTs und insbesondere ICls erwies sich in unserer
multizentrischen retrospektiven Auswertung der grofdten IORT-Fallsammlung Uberhaupt
als insgesamt sicher und fuhrte insbesondere in Bezug auf Wundinfektionen und RNs
nicht zu erhdhter Toxizitat. Eine systemische TT kann gemaf den vorgestellten Daten
mdglicherweise bereits vor und sollte spatestens zeithah nach der IORT eingeleitet
werden, um die Gesamtprognose des Patienten nicht zu gefahrden. Die Wichtigkeit
interdisziplinar abgestimmter, multimodal verzahnter und mdglichst zielgerichteter
Behandlungskonzepte sowie die Ergriindung ihres Einflusses auf das TME wird in der
Neuroonkologie in Zukunft weiterhin an Bedeutung gewinnen, um therapeutische
Fortschritte fur die sehr aggressiven und unverandert ungentigend kontrollierten
Erkrankungsverlaufe zu erzielen. Hierbei durfen die Patientenbedurfnisse und die

Therapiesicherheit nicht aus dem Blick geraten.
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6. Darstellung der Uberlappung durch geteilte Autorenschaften

Die vorliegende Habilitationsschrift hat sechs publizierte Originalarbeiten zur Grundlage.
Funf dieser Arbeiten habe ich als Erstautor und eine der Arbeiten als Koautor

veroffentlicht. Von den Erstautorenschaften wiederum sind drei geteilt.

Bei der Veroffentlichung der GLORIA-Daten (Giordano et al., Nat Comm 2024) handelt
es sich um eine geteilte Erstautorenschaft mit Herrn Prof. Dr. Frank Giordano und Frau
Dr. Sonia Leonardelli. Herr Giordano hat als Hauptprufer und Begrunder der GLORIA-
Studie die klinische Gesamtverantwortung fir die multizentrische Studie und damit auch
die erste Veroffentlichung. Die prasentierten klinischen und praklinischen Daten wurden
primar durch mich ausgewertet, in Kontext gesetzt und arrangiert. Bei der komplexen
Auswertung der experimentellen Daten erhielt ich Unterstitzung von zahlreichen
Koautoren, wobei Frau Leonardelli aufgrund ihres vorrangigen Anteils an dieser
Unterstutzung mit einer geteilten Erstautorenschaft bertcksichtigt wurde. Das initiale
Manuskript wurde von mir geschrieben und von allen Autoren kommentiert sowie
bearbeitet. Fur unsere Veroffentlichung “Outcome assessment of intraoperative
radiotherapy for brain metastases: results of a prospective observational study with
comparative matched-pair analysis.” (Layer et al., J Neurooncol 2023) habe ich unter
anderem die primare Datenakquise, -analyse sowie das Schreiben des Manuskripts
ubernommen. Herr Dr. Motaz Hamed hat den Grofteil der chirurgischen Resektionen
durchgefuhrt und erhielt hierfir im Rahmen dieses interdisziplinaren Forschungsprojekts

als neurochirurgischer Part die geteilte Erstautorenschaft.

In der Publikation ,Intraoperative or postoperative stereotactic radiotherapy for brain
metastases: time to systemic treatment onset and other patient-relevant outcomes”
(Dejonckheere et al., J Neurooncol 2023) habe ich die Datenakquise mit meinem
geschatzten Kollegen Herrn Dr. Cas Dejonckheere geteilt. In meinen primaren
Aufgabenbereich fielen unter anderem die Datenanalyse, Erstellung der Abbildungen

sowie Uberarbeitung des initial von ihm geschriebenen Manuskripts.

Fir weitere Details bitte ich um Konsultation der jeweilig in den Publikationen enthaltenen

LAuthor contributions”.
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