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1. Beitrag zu den Veroffentlichungen

1.1 Beitrag zu Publikation |

In der Publikation mit dem Titel ,Diagnostic Yield and Complication Rate of Stereotactic
Biopsies in Precision Medicine of Gliomas” wird der Stellenwert der stereotaktischen
Biopsie in der Diagnostik und Therapie hirneigener Tumore in einem Kollektiv von 1214
Patienten Uber einen Zeitraum von 5 Jahren untersucht.

Mein Beitrag zu dieser Publikation beinhaltete in einem ersten Schritt die Erstellung der
Datenbank. Hierfur fihrte ich nach positivem Ethikvotum zunachst eine interne
Suchabfrage basierend auf ICD-10- (International Statistical Classification of Diseases
and Related Health Problems) sowie OPS-Codes (Operationen- und
Prozedurenschlissel) durch. Eingeschlossen wurden Patienten mit der
Verdachtsdiagnose eines Glioms, die zu einem beliebigen Zeitpunkt im
Behandlungsverlauf mindestens eine stereotaktische Probenentnahme erhalten hatten.
Im Anschluss an die Durchsicht der elektronischen Patientenakten aller Patienten, die
eine stereotaktische Probenentnahme erhalten hatten, identifizierte und inkludierte ich
1214 Patienten zur weiteren Datenanalyse. In meinem Aufgabenbereich lag im
Anschluss die Erstellung einer Excel-basierten Datentabelle, in der patientenbezogene,
histologische, molekulargenetische und klinische Informationen der Patienten erfasst
wurden. Berlcksichtigt wurden von mir beispielsweise folgende Parameter: Alter,
Geschlecht, Datum der Intervention, klinischer Zustand (Karnofsky Index), Menge des
gewonnenen Probematerials, histopathologische Diagnose sowie molekulargenetische
Charakteristika, Lokalisation der Gliome, Sequenzierungsdaten, periprozedurale
Komplikationen sowie Dauer und Kosten der Prozedur und des Klinikaufenthalts. Im
Anschluss analysierte ich die Daten, indem ich die diagnostische Genauigkeit anhand
der Fehlbiopsierate betrachtete. Die Komplikationsraten wurden von mir anhand der
Common Terminology Criteria for Adverse Events (CTCAE Version 5) untersucht, indem
der postoperative, klinische Zustand erfasst und die postoperative CT-Bildgebung
analysiert wurden. Die Erstellung der Grafiken und Tabellen des Manuskripts erfolgte
durch mich (PMCID: PMC9005817; Figure 1 und 2; Tabelle 1-5).

In Rahmen der Manuskriptverfassung habe ich die Abschnitte ,Introduction®, ,Materials
and Methods“ und ,Results“ erstformuliert und gemeinsam mit den Co-Autoren
Uberarbeitet. Die im Rahmen des Review-Verfahrens gestellten Nachfragen wurden
durch mich beantwortet und Anpassungsvorschlage eingearbeitet.
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1.2 Beitrag zu Publikation I

In der Publikation mit dem Titel ,Limited efficacy of temozolomide alone for astrocytoma,
IDH-mutant, CNS WHO grades 2 or 3” wird die Wirksamkeit der Temozolomidtherapie
in Astrozytomen mit Mutationen des Isozitrat-Dehydrogenase-Gens (IDH) im Vergleich
zu anderen, postoperativen Strategien untersucht. Nach positivem Ethikvotum wurde
eine interne Suchanfrage an unser Klinikinformationssystem sowie die Datenbanken der
Klinik fir Neuropathologie gestellt. Nachdem alle Patienten mit IDH-mutierten
Astrozytomen der WHO-Grade 2 oder 3 identifiziert wurden, stellte ich eine Datentabelle
zusammen und erfasste folgende Parameter fur die gesamte Patientenkohorte: Alter,
Geschlecht, Geburtsdatum, Datum der Erstdiagnose, klinischer Zustand (Karnofsky
Index), Art der histologischen Sicherung, histologische Diagnose, molekulargenetische
Charakteristika, Ausmal} der Tumorresektion, postoperative Therapiestrategie, Anzahl
absolvierter Chemotherapiezyklen und/oder Dosis der applizierten Strahlentherapie,
Komplikationsraten, Progressdaten, Progresstherapie, Sterbedatum und Follow-Up-
Daten. Um die initiale TumorgréRe als prognostischen oder pradiktiven Faktor zu
analysieren, segmentierte ich samtliche verfigbaren, initialen MRT-Datensatze (T1-
Sequenzen mit Kontrastmittel sowie T2-Sequenz) mithilfe der Smartbrush Software
(Elements Smartbrush, Brainlab Gruppe, Minchen, Deutschland). Im Rahmen des
Review-Verfahrens wurden weitere, molekulargenetische Eigenschaften, namlich der
Methylierungsstatus des MGMT-Gens der Tumore, sowie Details zur Therapie bei
Progression nachgefordert. Diese wurden von mir ausgewertet und in das Manuskript
eingearbeitet.
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2. Einleitung

2.1 Hintergrund

Gliome sind hirneigene Tumore, die nach der aktuellen Kilassifikation der
Weltgesundheitsorganisation (WHO, World Health Organization) aus dem Jahr 2021
eingeteilt werden. Der Begriff ,Gliom* umfasst eine heterogene Gruppe von Neoplasien.
Manche Gliome, beispielsweise pilozytische Astrozytome WHO Grad 1, werden haufig
im jungen Erwachsenen- oder Kindesalter erstdiagnostiziert und sind je nach
Lokalisation operativ potenziell heilbar (1). Glioblastome hingegen, deren
altersadjustierte Inzidenzrate bei 0.59 bis 3.69 Personen pro 100°000 liegt, verlaufen
meist letal (2, 3). Die 5-Jahres-Uberlebensrate liegt bei unter 5% (4). Oligodendrogliome
und Astrozytome mit einer Mutation des Isozitrat-Dehydrogenase Gens 1 oder 2 (IDH)
kénnen unterschiedliche, histologische Tumorgrade aufweisen. Der klinische Verlauf ist
variabel. Diese Tumore sprechen initial meist auf Chemotherapien und Strahlentherapie
an, rezidivieren jedoch haufig und sind trotz multimodaler, wiederholter Therapien meist
lebenszeitlimitierend (5). Bildmorphologisch sind Gliome in der kontrastmittelgestitzten
MRT-Untersuchung (Magnetresonanztomographie)  auch durch  erfahrene
Neuroradiologen oder -chirurgen und kunstliche Intelligenz bislang nicht eindeutig
klassifizierbar (6, 7). Die Standardtherapie in der Behandlung hirneigener Tumore der
CNS WHO Grade 2, 3 und 4 beinhaltet in einem ersten Schritt die Tumorresektion, falls
diese unter Berlcksichtigung des Patientenwunschs, des klinischen Zustands, der
Tumorausdehnung und -lokalisation mit einem niedrigen Risiko vertretbar ist (8). Falls
die Tumorresektion kontraindiziert ist, sollte eine Biopsie zur Diagnosefindung
durchgefiihrt werden. Eine histologische Sicherung wird im Falle einer neu
diagnostizierten, tumorverdachtigen Signalalteration in der MRT-Untersuchung dringlich
empfohlen, da insbesondere die Molekulargenetik, aber auch die Histologie, die
weiterflhrende Therapie bestimmen. Ein entscheidender, molekulargenetischer
Parameter ist der Mutationsstatus des Isozitrat-Dehydrogenase Gens 1 und 2. Liegt eine
Punktmutation in einem dieser beiden Gene vor, handelt es sich entweder um ein
Oligodendrogliom oder ein Astrozytom. Die Differenzierung dieser beiden Entitaten
erfolgt Uber die Bestimmung des 1p/19q-Status. Liegt eine Co-Deletion der beiden
Chromosomenabschnitte vor, handelt es sich um ein Oligodendrogliom (1). Die
Histologie entscheidet Uber die Einteilung in den jeweiligen WHO-Grad. Wenn keine
IDH-Mutation vorliegt, handelt es sich moglicherweise um ein Glioblastom.
Bildmorphologisch unscheinbare Lasionen ohne pathologische Kontrastmittelaufnahme
kénnen frihzeitig diagnostizierte Glioblastome sein (9-11). Eine frGhe Behandlung
mittels Resektion und Radiochemotherapie mit konkomitanter und adjuvanter
Temozolomidtherapie ist flir die lokale Kontrolle und Prognose der Patientinnen
notwendig (1, 8, 12). Molekulargenetisch wird die Diagnose eines Glioblastoms neben
einem |IDH-wildtyp-Status im Falle einer Mutation im Promoter des Telomerase-Reverse-
Transkriptase-Gens (TERT), einer Amplifikation des ,Epidermal Growth Factor Recptor"”
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(EGFR) oder eines Gewinns des Chromosoms 7 kombiniert mit einem Verlust des
Chromosoms 10 gestellt (8).

2.2 Biopsien in der Hirntumordiagnostik

Bei Kontraindikationen flir eine Tumorresektion sollte die histologische Sicherung einer
verdachtigen, intrazerebralen Lasion durch eine Biopsie erfolgen (8, 13-15). Es
existieren unterschiedliche Biopsie-Techniken, die sich im Wesentlichen in rahmen-
basierte und nicht-rahmen-basierte Verfahren unterteilen lassen. Rahmen-basierte,
stereotaktische Probenentnahmen beruhen auf der Durchflihrung einer intraoperativen
Bildgebung, meist mittels kontrastmittelgestutzter Computertomographie (CT) des
Schadels, das mit der praoperativ angefertigten MRT-Untersuchung des Patienten
fusioniert wird (16). Der Rahmen fixiert hierbei den Kopf mit Dornen, von denen 2 im
Bereich des Hinterkopfes und 2 frontal angebracht werden, sodass eine Achsenrotation
innerhalb des Rahmens nicht mdglich ist. Der Vorteil dieses Verfahrens ist die
intraoperative, bildmorphologische Darstellung des Gehirnparenchyms inklusive dessen
Blutversorgung und die Berechnung einer Trajektorie im Submillimeterbereich, die
weder mit Gefallen noch eloquenten Arealen interferiert. Rahmenlose Biopsietechniken
beruhen auf Neuronavigationstechniken oder visueller, makroskopischer Identifikation
pathologischen Gewebes, von dem freihandig oder auch mit geschienten Systemen
Proben entnommen werden. Als Vorteile dieser Techniken werden insbesondere die
schnelle Durchflihrung unter Verzicht einer intraoperativen Bildgebung und ebenfalls
niedrige Komplikationsraten genannt (17, 18). Biopsien sind im Vergleich zur operativen
Tumorresektion mit einem niedrigeren periprozeduralen Risiko assoziiert (13-15).

Biopsien kommen im Kklinischen Alltag nicht nur in der initialen Diagnostik zur
Anwendung, sondern spielen auch in der Rezidivdiagnostik eine wichtige Rolle. Eine
mogliche Folge der Bestrahlung zentralnervéser Tumore ist die Strahlennekrose, auch
Pseudoprogress genannt, die MR-morphologisch oft nicht sicher von einem
Tumorprogress unterschieden werden kann (19, 20). Nuklearmedizinische Verfahren
mittels aminosaure-basierter Positronen-Emissions-Tomographie (PET) (O-(2-
18Ffluorethyl)-L-tyrosine  (®F-FET PET)) kommen in der Differenzierung
strahlentherapeutisch induzierter Veranderungen von Tumorrezidiven zur Anwendung
(21, 22). Diese Untersuchungen helfen in der differenzialdiagnostischen Einordnung
unklarer, MR-morphologischer Befunde und in der Planung der Probenentnahmen. Sie
kénnen zudem intraoperativ mit der MRT- und CT-Bildgebung fusioniert werden (16).

Patienten mit WHO Grad 2 bis 4 Gliomen, ob IDH-wildtyp oder IDH-mutiert, erleiden
typischerweise wiederholte, zunehmend aggressivere und therapierefraktare Rezidive.
Zielgerichtete Therapien gewinnen in der Neuroonkologie zunehmend an Bedeutung.
Um molekulare Ziele mittels Sequenzierung und Methylomanalysen zu identifizieren, ist
die Probegewinnung unerlasslich (23, 24). Eine sichere, wiederholbare, minimalinvasive
Methode zur Gewebesicherung ist flr dieses Patientenkollektiv potenziell wertvoll. In
dieser Promotionsarbeit wird der diagnostische Mehrwert stereotaktischer Biopsien
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sowohl im Rahmen der Erstmanifestation als auch im weiteren, klinischen Verlauf mit
einem standardisierten Verfahren an einem neuroonkologisch spezialisierten Zentrum
untersucht. Neben der diagnostischen Wertigkeit wird ein besonderes Augenmerk auf
die Komplikationsraten des Verfahrens gelegt.

2.3 Therapie

Die Behandlungsempfehlung flr Patienten mit Gliomen erfolgt unter Bertcksichtigung
des klinischen Zustands des Patienten, der Lokalisation und GrofRe des Tumors, des
histologischen Tumorgrads und der Molekulargenetik. In der Behandlung IDH-mutierter
Gliome wird zwischen Patienten mit niedrigem oder hohem Risiko flr einen ungunstigen,
klinischen Verlauf unterschieden (8, 25, 26). Ein niedriges Risiko weisen junge Patienten
ohne neurologische Defizite, deren Gliom operativ vollstandig entfernt werden konnte,
auf. In diesen Fallen kann auf eine weiterfihrende Therapie verzichtet werden und es
erfolgt eine Verlaufsbeobachtung mit regelmaRigen MRT-Untersuchungen. Eine
Hochrisikokonstellation liegt im Umkehrschluss vor, wenn der Patient bei
Diagnosestellung alter als 40-45 Jahre ist, postoperativ residuales Tumorvolumen
verbleibt oder neurologische Defizite Uber eine symptomatische Epilepsie hinaus
vorhanden sind. Sind eine oder mehrere dieser Kriterien erflllt, wird eine weiterfiihrende
Therapie Uber die initiale Tumorresektion hinaus empfohlen, die sich nach Tumorentitat
und histologischem Grad richtet (8). In der Behandlung IDH-mutierter Astrozytome sollte
in einer Hochrisikokonstellation eine Radiotherapie, gefolgt von einer Temozolomid-
Therapie oder einer sequenziellen Kombinationstherapie der Chemotherapeutika
Procarbazin, CCNU und Vincristin (PCV) durchgefihrt werden. Die Radiotherapie ist der
Radiochemotherapie unterlegen (8, 25, 26). Da eine alleinige Chemotherapie mit
Temozolomid oder PCV in anaplastischen Gliomen keine signifikanten Unterschiede im
Vergleich zu einer alleinigen Strahlentherapie zeigte und Temozolomid mdglicherweise
in der Subgruppe der IDH-mutierten Astrozytome WHO Grad 3 sogar mit einem kiirzeren
progressionsfreien Uberleben assoziiert ist, geht man in logischer Konsequenz auch von
einer Unterlegenheit der Chemotherapie gegentiber einer Radiochemotherapie aus (27-
29). Junge Patienten mit ausgedehnten, inoperablen Tumoren kénnen dennoch initial
leitliniengerecht  mittels  alleiniger Chemotherapie behandelt werden, um
Nebenwirkungen einer grof3flachigen Strahlentherapie zu vermeiden (8). In der Literatur
finden sich wenige klinische Daten zur Langzeitprognose dieser Patientengruppe.

In den letzten Jahren haben mehrere Studien potenzielle, schadliche Nebenwirkungen
durch das alkylierende Chemotherapeutikum Temozolomid beschrieben, die in
Rezidivtumoren mittels Sequenzierung festgestellt wurden (30-32). Mechanistisch kann
durch die Temozolomid-Therapie eine Hypermutation induziert werden. Diese flihrt
mdglicherweise in  manchen Patienten zu einer Dysfunktion der DNA-
Fehlpaarungsreparatur, die aggressivere Rezidiven zur Folge haben kann (31).
Temozolomid wird, zusammen mit der Radiotherapie, in der Glioblastom-Therapie
angewendet. Da Glioblastome trotz multimodaler Therapie bei einem medianen
Uberleben von etwa 15 Monaten nach Diagnosestellung mit einer sehr schlechten
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Prognose vergesellschaftet sind, fallt hier ein schadlicher Langzeiteffekt moglicherweise
nicht gleichermallen ins Gewicht (12, 33, 34). IDH-mutierte Astrozytome und
Oligodendrogliome zeichnen sich jedoch typischerweise durch einen langen, klinischen
Verlauf aus. In diesem Kontext wird in dieser Promotionsarbeit in der Subgruppe der
WHO Grad 2 und 3 Astrozytome, die in unserem Zentrum diagnostiziert und behandelt
wurden, die Langzeitprognose nach Temozolomidtherapie analysiert und mit anderen
Therapiestrategien verglichen.
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3. Zusammenfassung

In dieser Promotionsarbeit wurde die Sicherheit und diagnostische Wertigkeit einer
standardisierten Biopsietechnik anhand einer retrospektiven, konsekutiven Kohorte von
1214 Patienten in einem Zeitraum von 5 Jahren mit der Verdachtsdiagnose eines
Glioms untersucht. Die Biopsietechnik beruht auf einem Rahmensystem mit einer
intraoperativ angefertigten CT-Bildgebung, die mit der praoperativ durchgefiihrten MRT-
Untersuchung und gegebenenfalls ®FET-PET-Untersuchung fusioniert werden kann.
Komplikationsraten der Prozedur wurden retrospektiv anhand der ,Common
Terminology Criteria for Adverse Events” Version 5 (CTCAE) erfasst. In einem zweiten
Projekt wurde die Wirksamkeit und die Langzeitprognose unterschiedlicher
Therapiestrategien in der Behandlung von Patienten mit IDH-mutierten Astrozytomen
der WHO-Grade 2 oder 3 untersucht. Hier wurden Patienten eingeschlossen, deren
Erstdiagnose im Rahmen einer stereotaktischen Probenentnahme oder Tumorresektion
gestellt wurde. Der Fokus der Uberlebenszeitanalysen wurde auf die alleinige
Temozolomid-Therapie gelegt, da mehrere Publikationen eine mégliche, schadliche
Wirkung im Sinne aggressiverer Rezidive und eines verkiirzten Uberlebens durch
Temozolomid in IDH-mutierten Gliomen beschrieben haben.

Bei 617 Patienten (51%) wurde die Biopsie im Rahmen einer Erstdiagnose durchgefihrt.
In 597 Patienten (49%) handelte es sich um Biopsien, die im Rahmen bereits bekannter
Gliomerkrankungen durchgefuhrt wurden und die der differenzialdiagnostischen
Einordnung unklarer, bildmorphologischer Befunde oder der Gewinnung Tumormaterials
zur molekulargenetischen Analyse dienten. In 99.3% der durchgeflihrten Biopsien wurde
eine MRT-Untersuchung mit der intraoperativ angefertigten, kontrastmittelgestutzten
CT-Untersuchung fusioniert. In 34.3% der Falle wurde zusatzlich eine ®FET-PET-
Untersuchung zur Biopsieplanung genutzt. In 96.3% der Falle konnte durch die Biopsie
eine integrierte Diagnose inklusive Molekulargenetik, immunhistochemischer
Untersuchung und Tumorgradierung gestellt werden. Bei 13 Patienten (1.1%) wurden
Gliome diagnostiziert, die sich auch nach der giltigen WHO-Einteilung aus dem Jahr
2021 nicht weiter klassifizieren lieRen. Diagnosen, die nicht zu der Familie der Gliome
gehorten, wurden in 73 Patienten (6%) gestellt. Schwere Nebenwirkungen (,severe
adverse events®), beispielsweise revisionsbedirftige Einblutungen oder bleibende,
neurologische Defizite, traten in 1.2 % der biopsierten Patienten auf.

In unserer Klinik wurden zwischen den Jahren 2001 und 2019 insgesamt 183 Patienten
mit IDH-mutierten Astrozytomen WHO Grad 2 oder 3 behandelt, die in folgende,
postoperative Therapiegruppen unterteilt werden konnten: Verlaufsbeobachtung nach
Tumorresektion oder stereotaktischer Biopsie (,Wait-and-scan-Strategie®) (n=98),
Temozolomid-Monotherapie (n=48) oder alleinige Strahlentherapie (n=37). Es zeigte
sich ein signifikant langeres progressionsfreies (6.2 versus 3.4 Jahre, p=0.02) und
Gesamtiberleben (14.4 versus 10.7 Jahren, p=0.02) bei Patienten, die mittels alleiniger
Strahlentherapie behandelt wurden im Vergleich zur alleinigen Temozolomid-Therapie.
Patienten, die initial keine Therapie erhalten hatten und lediglich mittels regelmaRigen
Ambulanzterminen und MRT-Verlaufskontrollen beobachtet wurden, zeigten ebenfalls
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ein signifikant langeres Uberleben (nicht erreicht versus 10.7 Jahre, p<0.01) bei
ahnlichem progressionsfreiem Uberleben (4 versus 3.4 Jahre, p=0.65). Ahnliche
Ergebnisse zeigten sich in einer Subgruppenanalyse der WHO Grad 2 Astrozytome.
Patienten aus der Wait-and-scan-Kohorte, die nach dem ersten Progress Temozolomid
erhielten, zeigten ebenfalls ein signifikant kirzeres Uberleben als Patienten, die bei
Progress mit alternativen Strategien behandelt wurden.

Zusammengefasst konnte in der Promotionsarbeit und den damit einhergehenden
Publikationen gezeigt werden, dass stereotaktische Biopsien risikoarm sind und eine
hohe diagnostische Wertigkeit aufweisen. Darlber hinaus stitzen die Daten eine
kritische Beurteilung einer alleinigen Temozolomid-Therapie in der Behandlung IDH-
mutierter Astrozytome.
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4. Abstract

BACKGROUND: Histopathological and molecular characterization of gliomas is necessary to
determine subtype and therapy of the tumor. Tissue sampling through open resection or biopsy
is possible. Different biopsy techniques are used when resection is deemed not safely feasible.
Postoperative strategies for treatment of isocitrate dehydrogenase (IDH)-mutant astrocytomas
are controversial. We first aimed at determining the safety and efficacy of stereotactic biopsies in
patients with suspected gliomas overall and secondly investigated outcome of patients with IDH-
mutant astrocytomas according to different treatment strategies after diagnosis through
stereotactic biopsy or tumor resection: wait-and-scan, radiotherapy or temozolomide.
Temozolomide has been reported to be associated with poor outcome in some patients with IDH-
mutant astrocytomas.

METHODS: We retrospectively screened our databases for patients that had undergone
stereotactic biopsies for suspected glioma between January 2016 and March 2021. Patient
characteristics and procedural data were assessed. Complication rates were determined
according to the Common Terminology Criteria for Adverse Events Version 5 (CTCAE).
Additionally, patients diagnosed with IDH-mutant astrocytomas WHO grade 2 or 3 (n=183), either
diagnosed by biopsy or resection, were further investigated for progression-free and overall
survival. The cohort was stratified according to the postoperative strategy: wait-and-scan (n=98),
radiotherapy (n=37) or temozolomide alone (n=48). Subgroup and matched-pair analyses were
conducted.

RESULTS: Within the biopsy cohort of 1°214 individual patients, 617 patients (50.8%) received a
biopsy for a newly diagnosed lesion and 597 patients (49.2%) for a suspected recurrence. An
integrated diagnosis was possible in 96.3% of all patients. IDH wildtype glioblastoma was the
most frequent diagnosis with 596 patients (49.2%) affected, followed by oligodendroglioma WHO
grade 2 (n = 109; 9%), astrocytoma WHO grade 3 (n = 108; 8.9%), oligodendroglioma WHO
grade 3 (n = 76; 6.3%), and astrocytoma WHO grade 2 (n = 66; 5.4%). Peri-procedural
complications CTCAE grade 3 or higher occurred in 1.2% of patients overall with no fatal outcome.
In the treatment of IDH-mutant astrocytomas, radiotherapy alone was associated with better
overall survival than temozolomide alone (14.4 vs 10.7 years, p=0.02). Patients from the wait-
and-scan cohort also lived significantly longer than patients treated with temozolomide (not
reached vs 10.7 years, p<0.01). This association was confirmed in subgroup and matched-pair
analyses.

CONCLUSION: Image-guided, stereotactic biopsies yield diagnoses with high accuracy and low
peri-procedural complication rates initially and during clinical course. The implication of
temozolomide chemotherapy alone in IDH-mutant astrocytomas remains uncertain and potential
detrimental effects on outcome need to be further evaluated.
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Background: An integrated diagnosis consisting of histology and molecular markers is
the basis of the current WHO classification system of gliomas. In patients with suspected
newly diagnosed or recurrent glioma, stereotactic biopsy is an alternative in cases in
which microsurgical resection is deemed to not be safely feasible or indicated. In this
retrospective study, we aimed to analyze both the diagnostic yield and the safety of a
standardized biopsy technigue.

Material and Methods: The institutional database was screened for frame-based
biopsy procedures (January 2016 until March 2021). Only patients with a suspected
diagnosis of glioma based on imaging were included. All tumors were classified according
to the current WHO grading system. The clinical parameters, procedural complications,
histology, and molecular signature of the tissues obtained were assessed.

Results: Between January 2016 and March 2021, 1,214 patients underwent a
stereotactic biopsy: 617 (50.8%) for a newly diagnosed lesion and 597 (49.2%) for
a suspected recurrence. The median age was 56.9 years (range 5 months—94.4
years). Magnetic resonance imaging (MRI)-guidance was used in 99.3% of cases
and additional positron emission tomography (PET)-guidance in 34.3% of cases.
In total, stereotactic serial biopsy provided an integrated diagnosis in 96.3% of
all procedures. The most frequent diagnoses were isocitrate dehydrogenase (IDH)
wildtype glioblastoma (n = 596; 49.2%), oligodendroglioma grade 2 (n = 109; 9%),
astrocytoma grade 3 (n = 108; 8.9%), oligodendroglioma grade 3 (n = 76; 6.3%),
and astrocytorna grade 2 (0 = 66; 5.4%). A detailed determination was successful
for IDH 1/2 mutation in 99.4% of cases, for 1p/19g codeletion in 97.4% of cases,
for TERT mutation in 98.9% of cases, and for MGMT promater methylation in 99.1%
of cases. Next-generation sequencing was evaluable in 64/67 (95.5%) of cases and
DMA methylome analysis in 41/44 (93.2%) of cases. Thirteen (1.1%) cases showed
glial tumors that could not be further specified. Seventy-three tumors were different
non-glioma entities, e.g., of infectious or inflammatory nature. Seventy-five out of 597
suspected recurrences turned out to be post-therapeutic changes only. The rate of

Frontiers in Neuralogy | www.irontiersin.org

1 March 2022 | Volume 13 | Article B22362



5 Publikation |

17

Katzendoblar et al.

Stereotactic Biopsies in Precision Medicine of Gliomas

post-procedural complications with clinical symptoms of the Common Terminology
Criteria for Adverse Events (CTCAE) grade 3 or higher was 1.2% in overall patients
and 2.6% in the subgroup of brainstem biopsies. There was no fatal outcome in the
entire series.

Conclusion: Image-guided sterectactic serial biopsy enables obtaining reliable
histopathological and molecular diagnoses with a very low complication rate even in
turnors with critical localization. Thus, in patients not undergoing microsurgical resection,

this is a valuable tool for precision medicine of patients with glioma.

Keywords: stereotactic biopsy, glioma, glioma, p
diagnostics, image-guided procedures

INTRODUCTION

Gliomas represent a heterogeneous group of neoplasms of
the central nervous system. Classification and subsequent
management decisions depend on histological and molecular
features. The WHO provides the framework for dassification
which leads to the guidelines for clinical management (1-5).

Hence, both histology and molecular diagnosis are mandatory
in newly diagnosed intracerebral lesions suspicious for
glioma. This can be obtained either by tumor resection or
stereotactic biopsy. Whether the patient should undergo an
open, microsurgical tumor resection or just a biopsy depends
mainly on the clinical status of the patient, location and extent of
the lesion, and the patients’ preference. Gross total resection is
associated with better long-term outcome but also inherits a risk
of perioperative and postoperative complications despite modern
neurosurgical techniques (6-8). Conversely, biopsies are not used
for the reduction of tumor volume and but are administered for
tissue-based diagnosis only (9). They can be minimally invasive,
provide both histological and molecular diagnosis, and may be
more suitable for multimorbid or frail patients with very high
surgical risk factors for midline tumors or patients with gliomas
in highly eloquent areas of the brain bearing a high functional
risk in case of extensive tumor reduction.

Especially in MGMT methylated glioblastomas, and also
in IDH mutated gliomas, treatment-induced changes on
conventional magnetic resonance imaging (MRI) are not
always easily distinguishable from true tumor progression, a
phenomenon termed pseudoprogression (10, 11). Despite the
added value of advanced MRI including MR perfusion and MR
spectroscopy and positron emission tomography (PET) using
radiolabeled amino acids (e.g., O-(Z-'aFﬂuorEthyl]-L-t)fmsine
([**F]FET PET)) to assess the real tumor burden (12-14), tissue
sampling provides the gold standard of information for further
management of these uncertain cases.

Tumor relapse is not only a hallmark of IDH wild type
glioblastoma but also occurs frequently in lower grade, IDH
mutant gliomas (15-17). Patients, thus, are often subjected
to a multitude of therapies over time given the fact that,
so far, no standard treatment for recurrent gliomas exists.
Individualized, targeted therapy is an emerging field in the

treatment of gliomas and tissue sampling is necessary to identify

the druggable targets using next-generation sequencing. Drugs
directed against receptor tyrosine kinases (RTK) and downstream
molecules like PI3K/AKT/mTOR as well as drugs targeting the
mitogen-activated protein kinase (MAPK) signaling pathway
are currently under investigation (2, 18, 19). Small-molecule
inhibitors targeting IDH mutations are being tested in clinical
trials (NCT02073994, NCT02481154). As mutational landscapes
of gliomas may change during therapy and disease course, a safe
and efficient way to obtain glioma tissue for identification of
targetable molecular alterations would be of great benefit (20).
Thus, there is a growing need to obtain a tissue-based
diagnosis even at multiple points in time during the clinical
course of glioma. A minimally invasive approach would be
desirable to accomplish the goal of having maximally informative
specimens with minimal risk and burden for the patient.
Whether risks and gains of stereotactic biopsies are well-balanced
has been a matter of debate for a long time (21). However,
the diagnostic yield in the framework of a molecular-driven
brain tumor diagnosis and the associated complication rates of
biopsies initially and during clinical course have not yet been
investigated comprehensively. In this retrospective study, we
aimed at analyzing both the diagnostic yield and the safety of a
standardized biopsy technique between 2016 and 2021 in a single
high-volume center with a high number of tertiary referrals.

MATERIALS AND METHODS

Patient Evaluation

The local database of the Department of Neurosurgery of the
University Hospital Munich (Ludwig-Maximilians University)
was screened for all biopsy procedures in a 5-year period
between January 2016 and March 2021. Only patients with a
suspected diagnosis of glioma were included. After histological
confirmation of a glioma through biopsy, molecular analyses
were performed. Clinical parameters such as age at diagnosis,
Karnofsky Performance Status (KPS), initial symptoms, date
of stereotactic biopsy, postoperative clinical course, and last
follow-up were assessed retrospectively. All patients or caregivers
gave written informed consent. The local ethics committee of
the University Hospital Munich approved the study (project
number 325-2011).
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FIGURE 1 | Biopsy trajectary planning (A), sample size of acquired specimen [armows, (B,C)], and skin incision (D).

L

Biopsy Technique

A standardized frame-based imaging-guided stereotactic biopsy
technique was used in all patients. The preoperative workup
comprised a 1.5 or 3T MRI scan (with T2 and T1 sequences
before and after application of a Gadolinium-based contrast
agent and MR-angiography sequences) that was acquired 1 day
prior to surgery and fused with an intraoperative, contrast-
enhanced CT angiography scan (Figurel). If available, the
PET imaging data based on ['*F]JFET PET was included in
the triplanar trajectory planning (Figure 2). Each trajectory was
meticulously planned to avoid any risk of vascular damage,
contact to sulci, or drainage of the cerebrospinal fluid (CSF),
which may lead to an intraoperative brain shift with a subsequent
mismatch between planning MRI and real anatomy. A phantom
frame was used to confirm the correct 3-dimensional angulation
prior to the surgery in all patients. If present, the T1 contrast-
enhancing lesions and/or suspicious ['8F]FET PET foci were
targeted. After attaching the frame under sterile conditions, a
skin incision of 4-6 mm is made and followed by a frame-guided
burr hole trepanation with a diameter of 3 mm. After perforation
of the dura through advancing a sharp trocar, a blunt trocar
inside a guiding tube (1.4mm guide tube and trocar, Medical
High Tech GmbH, Bad-Krozingen-Biengen, Germany) is used
to reach the lesion. Subsequently, with the guide tube in place,
multiple small tissue samples of | mm? each are taken by utilizing
the designated biopsy forceps (Medical High Tech GmbH,

Bad-Krozingen-Biengen, Germany) inserted into the guide tube.
Usually, 5-30 individual specimens per trajectory were taken
depending on tumor size and the relation between solid tumor
and necrosis. Thereafter, the skin is closed with a single stitch.
The average length of the procedure, including the intraoperative
CT scan, is 50.4 min.

An experienced neuropathologist is on site in the OR during
the procedure to check via smear preparation whether the
material obtained is sufficient in terms of quantity and quality
for diagnosis.

Complications and Follow-Up

Complications were cassified according to the Common
Terminology Criteria for Adverse Events (CTCAE 5.0;
Supplementary Table 1) (22). Complications receding within 3
months were classified as transient, else they were classified as
permanent. The routine follow-up after biopsy consisted of a
postoperative CT scan on the first day after the procedure and an
MRI follow-up in 3-6 months intervals for high-grade gliomas
and low-grade gliomas, respectively.

Histology and Molecular Markers

All glioma specimens were classified according to the WHO
2016 at the Center for Neuropathology and Prion Research of
the University Hospital Munich and retrospectively re-classified
according to the WHO 2021 (3). Routine molecular analysis at
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first diagnosis comprised immunohistochemical staining against
R132H-mutated IDH1 and ATRX and PCR-based analysis of the
IDH1 and 2 mutational hotspots, R312 and R172, respectively
(PyroMark (24 System, Pyro Gold reagents kit, Qiagen, Hilden,
Germany); a microsatellite marker analysis was used for the
detection of 1p and 19q deletions (23, 24). The mutations
within the TERT promoter sequence were detected by the
Sanger sequencing utilizing the QIAquick PCR Purification
Kit (Qiagen, Hilden, Germany), the BigDye Terminator V3.1
Cycle Sequencing kit (Life Technologies, Carlsbad, USA), the
DyeEX 2.0 Spin Kit (Qiagen, Hilden, Germany), and 3130
Genetic Analyzer (Life Technologies, Carlsbad, USA) (25).
The DNA methylation status of the MGMT promoter was
determined by bisulfite modification and subsequent nested
methylation-specific PCR and sequencing analysis. Tumors
were classified binarily as methylated or unmethylated (26).
Further molecular analyses were initiated when the results were
inconclusive or when aiming at identifying targetable mutations
in patients with conventional treatment failure. In these cases,
next-generation sequencing was performed using a combined
DNA and RNA panel (Trusight Oncology 500, Illumina,
San Diego, CA, USA). The DNA methylation profiling was
performed for tumor not classifiable by other means or to detect
clinically or diagnostically relevant copy number alterations
such as homozygous CDNK2A/B deletions. The methylation
profiling was done using an Illumina Infinium MethylationEPIC
BeadChip array (Illumina, San Diego, CA, USA) with subsequent
data analysis using the DNA methylation-based brain tumor
classifier provided by the Deutsche Krebsforschungszentrum

(v11b4) (27).

Statistics

The final database contained patient-related, clinical, and
tumor-specific information such as patient age at diagnosis,
gender, clinical status utilizing the KPS, localization of
the tumor, histological and molecular glioma features,
and  postinterventional complication rates. Based on
this data, descriptive statistical analyses were performed
utilizing the SPSS Statistics 25 software (IBM, Armonk,
New York, USA).

RESULTS

Patients and Procedural and Tumor

Characteristics

In total, 1,214 consecutive biopsy procedures were analyzed. The
median age of patients was 56.9 years (range 5 months—94.4
years). Of the total patients, 58.6% were men and 41.4% were
women. A KPS of 80 or higher was reported in 82.1% of all
patients. In 50.8% of cases, a biopsy was performed to obtain
tissue in a newly diagnosed tumor and in 49.2% of cases for
suspected recurrence. Image guidance was based on MRI in
99.3% cases and on CT in 0.7% cases due to contraindications
for MRI imaging. Additionally, ['*F]JFET PET was used in
34.3% cases.

A total of 596 tumors (49.1%) were located on the left
and 535 (44.1%) on the right side, and 83 patients (6.8%)
had a bilateral midline tumor. The tumor site was lobar in
1,011 (83.3%), deep seated (insula, thalamus, corpus callosum,
pineal region) in 123 (10.1%), cerebellar in 40 (3.3%), and
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TABLE 1 | Biopsy location in primary and recurrent diseases.

Location First diagnosis n %) Recurrence n (%) Total i (%)
Lobar Frontal 155 (12.8) 232 (18.4) ara(ad)
Tamnporal 158 (13.0) 161 (13.3) 319 (26.3)
Parigtal 79 (6.5) TE (6.4) 157 (12.9)
Cecipital 15(1.2) 12(1.0) 27 (2.3)
Pra-/postcentral gyrus 67 (5.5) 63(5.2) 130 (10.7)
Deep-seatad Callosal 12(1.0) apg 15(1.2)
Insular 2723 26(2.1) 53 (4.4)
Thatamic 3126 6 (0.5) 37 {3.0)
Pineal 15(1.2) apg 18(1.5)
Carebellar 25(2.1) 15(12) a0 (3.3)
Brainstem Masencephalan a(0.7) apg 11 (0.9)
Pons 14(1.2) 403 18(1.5)
Meadula sblongata 1 {0.9) 0.0 11 (0.9)
Tatal 617 (50.8) 507 (49.2) 1,214 (100.0)

brainstem in 40 (3.3%) patients (for detailed location see
Table 1).

The most common diagnosis was glioblastoma IDH wild
type with 596 cases (49.2%), followed by oligodendroglioma
grade 2 (n = 109; 9.2%), astrocytoma grade 3 (n = 108; 8.9%),
oligodendroglioma grade 3 (n = 76; 6.4%), astrocytoma grade
2 (n = 66; 5.4%), IDH 1/2 mutated astrocytoma WHO grade
4 (n = 45 3.7%), and diffuse midline glioma, H3K27M- or
FGFR1-mutated (n = 15+1; 1.3%) (Table 2).

Diagnostic Yield and Molecular Analyses
Among all newly diagnosed lesions, histopathology and
molecular analyses provided a definite diagnosis in 595/617
cases (96.4%). Among the 22 unclear results, 14 patients were
followed up by MRI imaging, as a low-grade tumor in an
eloquent location was histologically and dlinically the most
likely diagnosis. None of these patients experienced tumor
progression during a mean follow-up of 21 months. In six
cases, the treatment was initiated based on recommendations
by our interdisciplinary tumor board according to the most
likely diagnosis (3 glial tumors without further subclassification;
3 diagnoses other than glioma). In only two cases, a second
invasive procedure was required for obtaining the diagnosis: one
patient underwent re-biopsy after 2 weeks, confirming IDH wild
type glioblastoma, and another patient underwent open tumor
resection revealing ganglioglioma.

Among all suspected recurrences, vital tumor was detected
in 522 out of 597 cases (87.1%), while predominantly post-
therapeutic changes were found in 75 cases (12.6%). In 3
cases (4% of all tissues showing post-therapeutic changes),
recurrence within 3 months suggested a false negative sampling.
In three cases with histologically diagnosed tumor recurrence
(0.6%), further clinical course suggested mainly post-therapeutic
changes, i.e., false-positive sampling. This amounts to a positive
predictive value of 99.4% and a negative predictive value of 96%.

The standard molecular analyses, required by the WHO 2021
grading system, were successtully obtained in the vast majority of

tumors being identified as gliomas by histology. The molecular
status was informative for IDH 1/2 mutation in 99.4%, for 1p/19q
codeletion in 97 4%, for TERT mutation in 98.9%, and for MGMT
promoter methylation in 99.1%. Next-generation sequencing was
attempted in 67 cases and evaluable in 64. The DNA methylation
analysis was attempted in 44 cases and evaluable in 42. Twelve,
thereof, showed no match with known methylation classes.
Altogether, a successful molecular characterization for integrated
diagnosis was obtained in 93% of all newly diagnosed and in
88.3% of all recurrent lesions.

Complications

The routine postoperative CT showed no visible conspicuity
in 816 (67.2%) cases, a minimal (<5mm) hemorrhage in 305
(25.1%) cases, a local (=5mm) hemorrhage in 51 (4.2%) cases,
and a space-occupying hemorrhage in 10 (0.8%) cases. In 30
cases, no postoperative CT scan was performed in young patients
without relevant deficit. Table3 lists clinical complications
in relation to imaging features. No clinical sequelae of the
stereotactic biopsy were observed in 1,164 (95.9%) of procedures.
Mild complications (CTCAE grade 1) were documented in
14 (1.2%) and moderate (CTCAE" 2) in 21 (1.7%) cases.
Complications of CTCAE grade 3 occurred in 11 procedures
(5 hemiparesis, 4 seizure series, 3 cases of delirium, 1 reduced
level of consciousness, total 0.9%). Four patients (0.3%) required
urgent intervention (CTCAE grade 4): three patients with
postoperative bleeding required craniotomy and hematoma
evacuation. One of these patients re-bled a second time after an
initially successful hematoma evacuation and needed a second
revision craniotomy, possibly due to a decreased level of fibrin
stabilizing factor (factor XIII) diagnosed after the second revision
surgery. All three patients with hematoma evacuation improved
to CTCAE grade 1 or 0 within 3 months. One superficial
wound infection required local debridement. Regarding the
subgroup of brainstem lesions, two patients (5.3%) experienced
mild complications and one (2.6%) a moderate complication
(local hemorrhage with transient aggravation of a preexisting
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TABLE 2 | Hestological diagnoses.

Entity Newly diagnosed lesion n (%) Recurrence n (%) Total i (%)
Glioma Gliobdastoma, 1IDH wild typs 354 (29.2) 243 (20.1) 506 (49.3)
Midline glioma, H3K27M-mutated 12010 3(0.2) 15(1.2)
Astrocytoma WHO grada 4, IDH-mutant 4 (0.3) 41 (3.4) 45 (3.7)
Astrocytoma WHO grade 3, IDH-mutant 19 (1.6) B89 (7.3) 108 (8.9)
Astrocytoma WHO grada 2, IDH-mutant 34 (2.8) 32 (2.8) B8 (5.4)
High-grade astrocyloma with piloid fealures. 3(0.2) 100.1) 4(0.3)
Oligodendroglioma WHO grade 3, IDH-mutant a{07) 68 (5.6) 76 (6.3)
and 1p/18g-codalated
Oligodendroglioma WHO grade 2, IDH-mutant a7 (a0 72(5.9) 109 (9.0}
and 1p/19g-codeleted
Ganghoglioma T (0.6} 4(0.3) 11 (0.9}
Pilocytic astrocytoma 11 (0.8 13(1.1) 24 (2.0)
Pleiomarphic xanthoastrocyloma 0(0.0) 1(0.1) 1(0.1)
Pleiomarphic astraglal tumor 2(0.2) 0(0.0) 2(0.2)
Epandymoma 1(0.1) 1(0.1) 2(0.2)
Anaplastic ependymoma 2(0.2) 3(0.2) 5(0.4)
Cither gliomas, not Giiema (NEG) 1(0.1) 0(0.0) 1(0.1)
alsawhera classified (NEC)
Glial tumor 11 (0.9) 1(0.1) 12 (1.0}
Glioneural tumer 7 (0.6) 0(0.0) 7(0.6)
Newroapithelial tumor 7 (0.6} 1(0.1) B(0.7)
Other Initially suspected glioma, diagnosis other than 41(3.4) 4(0.3) 45 (3.7)
glioma
Metastasis a1 (2.8 2(0.2) 33 (2.7)
Medulloblastoma a(0.2) 4(0.3) 7(0.6)
Meningioma 6(0.5) 4(0.3) 10 (0.8
Neurocytoma 3(0.2) 2(0.2) 5 (0.4)
Germinoma 6(0.5) 1(0.1) 7(0.6)
Ciher entities [pneocyloma, neurinama, difLse 7(07) 7i0.7) 14 (1.3)
leptomeningeal glioneuronal tumer, papilary
tumar of the pineal region, pinecblastoma,
salitary fibrous tumer, craniopharyngioma, yolk
sac tumar)
Total 617 (50.8) 507 (49.2) 1,214 (100.0}
hemiparesis). In total, 74% of all clinical complications were DISCUSSION

resolved within 3 months (Table 4). There were no procedure-
related deaths in the overall cohort.

Brainstem Biopsies

A subgroup of 40 patients underwent a stereotactic biopsy of
a brainstem lesion, whereof 13 were pediatric patients. The
most frequent diagnosis was diffuse midline glioma, H3K27M
mutated (n = 8), glioblastoma IDH wild type (n = 5), IDH 1/2
mutated astrocytoma (n = 7), and pilocytic astrocytoma (n =
5). All diagnoses of brainstem tumors are detailed in Table 5.
In six cases, another diagnosis other than tumor was made,
which was confirmed also by a further clinical course. NGS
and DNA methylation analysis was attempted and successfull
performed in three cases each. Two patients (5.3%) experienced
mild complication and one (2.6%) patient had a moderate
complication (local hemorrhage which transient aggravation of
a preexisting hemiparesis).

With the help of image-guided stereotactic biopsy, we could
establish a histopathological and molecular diagnosis and
distinguish true progression from pseudoprogression in a
consecutive series of 1,214 patients with suspected glioma
with a very high diagnostic accuracy of 96.4% in terms of
histology, over 97% for molecular markers, and over 95% in
850 k/NGS arrays. The rate of non-gliomas among all suspected
gliomas was low, possibly reflecting that an interdisciplinary
tumor board with dedicated experienced neuroradiologists
and nuclear medicine physicians had put forward the biopsy
indications. Most previously published studies comprised sample
sizes of a few dozen to a couple hundred patients (28-36).
The largest retrospective monocentric study comprised 622
patients biopsied over the course of 20 years as compared
to a sample size of 1,214 patients over 5 years reported
in our study (28 30). The rate of biopsies investigating
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TABLE 3 | Complhcations according to postoperative imaging and saverily.

Blood on postoperative Clinical complications Newly Recurrent Total; n (%)
CT scan (n, % of total) (CTCAE grade) diagnosed lesions; n (%)
lesions; n (%)

No visible bload 0 {nane) 395 [98.0) AD6 (98.3) BO1(98.2)
= 816; 67.2%) 1 (i) 2 0.5 3.7 5 (0.6)

2 (moderate) 615 2(0.5) a(1.0)

3 |severa) o 2{.5 2(0.2)
Mindrmal (<5 rmm) D {none) 149 [96.1) 142 (34.7) 231 (35.4)
hemorrhaga 1 (i) 0 a7 401.3)
= 305; 25.1%) 2 moderate) 5032 a7 3.0}

3 (severs) 106 o 11(0.3)
Local (=5 mm) 0 {nane) 26 (81.3) 16 (84.2) 42 (82.4)
Hemarrhaga 1 (i) 2 (5.3) 1 3(5.9)
1 =51; 4.2%) 2 moderate) 14a1) 163 239

3 (severs) 2 (5.3) 163 3(5.9)

4 (life-threatening) 143.1) o 10
Spaca occupying 2 (moderate) 1(16.7) 1{25.0) 2 (20.0)
hemorrhags 3 |severa) 20333 3{7s.0 5 (50.0)
1 =10;0.8%) 4 (life-threatening) 3(50.0) o 3 (30.0)
Ischamia 0 {nane) 0 1{50.0) 1(50.0}
n=208%) 1 (i) o 1{50.00 1(50.00
No imaging available 0 {nane) 20 (95.2) a(100) 29 (96.7)
= 30; 2.5%) 1 (i) 1 4.8 o 13.3)
Tatal 0 {nane) 590 (95.6) 574 (96.1) 1,164 (95.9)
= 1,214; 100%) 1 {mid) 5 (0.8 a5 14(1.2)

2 (moderate) 13 2.1) B(1.3) 21(1.7)

3 (severs) 5 [0.8) 6(1.0) 11 (0.8)

4 (life-thraatening) 4 08 o 40.3)
TABLE 4 | Fraction of transient or parmanant complications among all cormplications.
Clinical complications (CTCAE grade) Transient n (% of total) Permanent n (% of total) Total n (% total)
1 12 [0.8) 2(0.2) 14 (1.2p
2 17 (1.4) 4(0.3) 21(1.7)
a 40.3) 7(08) 11(0.9)
4 40.3) 0{0.0) 4.3
Tatal a7 (3.0} 13(1.1) 50 (4.1)
#Parcantages do not add up due to rounding.
TABLE 5 | Diagnosas of brainstem biopsies in adult and pediatric patiants.

Adult i (%) Pediatric n (%) Total n (%)

Midline glioma ap1) 5(38.5) a20.0)
Glioblastoma, IDH wildtypa ap1) 2{15.4) 5(12.5)
Astrocytoma, IDH mutated 6(22.2) 1{7.7) 7(17.5)
Astrocytoma with piloid features 137 0{0.0) 1(25)
Oligodendroglioma, IDH mutated, 1p/19q codeletad 137 0. 1(25)
Piloeytic: astrocytoma a(11.1) 2(15.4) 5(12.5)
Glial tumor, NEC a(11.1) 0. a(7.5)
Glioneuranal tumaor 137 0{0.0) 1(25)
Papillary tumer of the pinaal region 000 1{7.7) 1(25)
Metastasis 2(7.4) 0{0.0) 2 (5.0}
Othar diagnoses than tumor 4(14.8) 2{15.4) 6(15.0)
Tatal 27 (100} 13 (100) 40 (100}
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suspected tumor recurrence is relatively high, as we provide
an effective, low-risk stereotactic biopsy technique and have
many patients with suspected recurrences coming to our tertiary
referral center for second opinions and to get a tissue-based
diagnosis, which is decisive to maintain a successful therapy
or enable an informed change of therapy. Unspecific therapy-
related changes and pseudoprogression phenomena mimicking
tumor relapse gain more importance in light of emerging
immunotherapies (37). In our series, more than one in ten
(12.5%) of suspected tumor recurrences showed only therapy-
induced changes histologically, obviating the need for more
invasive procedures in this patient collective. In addition, in
analogy to solid cancers and brain metastases, the search for
druggable targets in newly diagnosed and recurrent gliomas
just embarks and will increase in the future. As new therapies
being recommended by a molecular tumor board become
available, tissue diagnosis of possible druggable targets should
not be withheld from “biopsy-only” patients. Consequently, in
all cases where open microsurgical resection is not deemed
feasible or medically justified and in all “diagnostic-only™
situations, the need for a minimal invasive and maximal effective
technique to obtain an informative diagnostic material is beyond
doubt. This has also been adopted now for diffuse brainstem
gliomas (38, 39).

Earlier, small biopsies did not yield enough viable tissue
for obtaining a valid and, presently, mandatory molecular
diagnosis; however, the contemporary refined technologies of
molecular biology enable the analysis of a panel of different
molecular markers even from very small specimens (40, 41).
Only with access to elaborate the neuropathological technique
and expertise, stereotactic biopsies are adequate to gain all
diagnostic information in case open resection is not deemed
feasible or justified. In our series, over 96% of biopsies were
informative concerning histology and the molecular signature
of the tumor. Prerequisite for a proper molecular diagnosis
is to obtain the material out of the solid parts of the tumor
since any “contamination” of the specimen with either normal
adjacent brain or else tumor necrosis might hamper diagnostic
yield and accuracy. Moreover, the neuropathologist has to be
experienced in working up these small samples. In our practice,
the pathologist is on site in the OR during the procedure to check
vig smear preparation whether the material obtained is sufficient
in terms of quantity and quality for diagnosis.

Serial sampling with multiple specimens along the trajectory
allows to “map” the tumor, including its infiltration zone.
This is extremely useful in heterogeneously composed tumors
where one single biopsy might lead to a sampling error like
misdiagnosing or undiagnosed. MR features such as contrast
enhancement on Tl-weighted imaging or cell density on T2-
weighted sequences can highlight the suspicious areas that should
be targeted preferentially. PET with amino acid tracers such
as [""F]FET, [''C]Methionine, or ['*F]JFDOPA are particularly
useful to detect the relevant areas for diagnostic biopsies in either
diffuse, non-contrast enhancing gliomas or in multimodally
pretreated lesions with differential diagnosis of recurrent tumor
vs. treatment-related phenomena (12, 13, 42, 43). While ["*F]FET
PET and perfusion MRI can give important hints about the
likelihood of true progression vs. psendoprogression (12), our

data support the continued use of histology as the gold
standard for identifying both with high reliability and low risk.
Furthermore, image-guided biopsies allow to precisely target
and sample different areas within heterogeneously composed
tumors to address the mutational and clonal analyses with a high
spatial resolution.

As long as molecular alterations within the tumor are
homogeneously distributed, sampling errors are not an issue.
Referring to this, the homogeneous distribution of the alteration
has to be shown in a systemical order to elucidate whether a
risk of sampling error might be relevant for a given particular
marker. This has been demonstrated for most of the relevant
basic molecular signatures in gliomas (26, 43, 44). The earlier a
molecular alteration appears in the timeline of tumor evolution,
the more likely it can appear homogeneously within the tissue
(45). Conversely, especially for late events, more heterogeneous
patterns evolve, which have to be taken into account for
biopsy (46).

The patterns of either diagnostic or therapeutic targets may
change during the course of disease, so recurrent tumors
may have a completely different pattern compared to the
original newly diagnosed tumor. Again, early events in the
tumorigenesis may not change, whereas new subclones during
tumor progression may carry new mutations (45). Especially,
therapy-driven alterations and an increase in mutational burden
may necessitate re-biopsy (47-50). Whereas, MGMT promoter
methylation does not change over time (51), other therapy
relevant markers do (52, 53). Hence, it may not justified to
include patients with recurrent tumors into clinical trials for
targeted therapy just on the basis of the initial specimen. Instead,
dependent on the target, the molecular status has to be newly
defined by either resection or biopsy (54, 55).

The complication rate was low with only 0.6% permanent and
0.6% transient severe complications overall. In the subgroup of
brainstem lesions, moderate or severe complications occurred
at a slightly higher rate of 2.6%. Thus, even in patients with
gliomas located in delicate areas such as the brainstem or the
midbrain, tissue can be acquired with a low risk of permanent
deficit and a high diagnostic yield. The low complication rate
reported in this study justifies the application of stereotactic
biopsies less reluctantly whenever diagnostic uncertainties occur
during the course of disease and treatment. The low number
of symptomatic hemorrhages suggests waiving the routine CT
scan. Previous series of frame-based biopsies report mortality
rates of 0.7-4% (28, 30-36). Post-procedural morbidity (ie.,
i t neurological deficits, epileptic seizures,
coma) ranged from 3 to 13%. Asymptomatic bleedings on
postoperative CT scans have been reported in up to 60% of
patients and symptomatic bleedings occurred in up to 8.6%
of cases. In our series with no mortality, the rate of severe
transient and permanent complications was much lower. In
previous studies, brain biopsies typically yielded diagnoses at
rates of 89-92% and even higher when intraoperative histological
smears were carried out (21, 28, 31, 56-59). By comparing
frame-based with frameless biopsies, no clear advantage of either
technigue regarding complication rates or diagnostic yield could
be shown so far (29, 32, 57-60). In our experience, a high
personal and interdisciplinary expertise is required to obtain
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constant procedural safety and efficiency. A high caseload being
taken care of by a group of few dedicated neurosurgeons
is, in our opinion, important. In addition, high-resolution
vascular imaging, including MR and CT angiography, meticulous
planning of the trajectories by avoiding vessels, ventricular
puncture, and arachnoidal contact, as the subarachnoid space is
especially prone to hemorrhage, is required. Furthermore, the
presence of a dedicated neuropathologist on site not only ensures
specimen quality but also prevents an unnecessary high number
of specimens, which is especially important in delicate locations.
Also, as always in neurosurgery, proper selection of indications
and patients is key. Despite low complication rates, the indication
for brain biopsy must be strict as it still is an invasive procedure.

In the future, determination of changes in the molecular
signature of gliomas and very early detection of therapy
response or failure will gain further importance. Whether several
techniques and concepts of “liquid biopsy” using CSF, plasma, or
even urine may complement or even replace stereotactic biopsies
for at least some indications remains yet uncertain (61-66). Also,
molecular imaging using novel specific tracers might help to
non-invasively better characterize gliomas in the future (67, 68).

With a mean duration of 50min, frame-based biopsy in
a streamlined setting is a time- and cost-efficient procedure.
At our institution, we can perform up to five biopsies in
the same OR within the regular working hours. We could
obtain a high diagnostic yield with a very low rate of either
inconclusive biopsies or complications. This leads to a low rate
of re-biopsies, which is an important factor for both the safety
and the effectiveness in the process of decision making and
patient management. Hence, we consider the balance between
the complexity and the costs on one side and the benefit for
the patient/patient management on the other side to be in
due proportion.

CONCLUSION

In conclusion, a streamlined stereotactic biopsy procedure
proved to be time-effective and low-risk in primary and
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Abstract

Purpose The role of temozolomide chemotherapy alone in isocitrate dehydrogenase (IDH)-mutant astrocytomas has not
been conclusively determined. Radiotherapy might be superior to temozolomide. Recent studies have linked temozolomide
with induction of hypermutation and poor clinical course in some IDH-mutant gliomas.

Methods In this retrospective study, 183 patients with astrocytoma, IDH-mutant, CNS WHO grade 2 or 3 and diagnosed
between 2001 and 2019 were included. Patients initially monitored by wait-and-scan strategies or treated with radiotherapy
or temozolomide alone were studied. Patient data were correlated with outcome. Matched pair and subgroup analyses were
conducted.

Results Radiotherapy was associated with longer progression-free survival than temozolomide (6.2 vs 3.4 years, p=0.02)
and wait-and-scan strategies (6.2 vs 4 years, p=0.03). Patients treated with radiotherapy lived longer than patients treated
with temozolomide (14.4 vs 10.7 years, p=0.02). Survival was longer in the wait-and-scan cohort than in the temozolomide
cohort (not reached vs 10.7 years, p<0.01). Patients from the wait-and-scan cohort receiving temozolomide at first pro-
gression had significantly shorter survival times than patients treated with any other therapy at first progression (p <0.01).
Post-surgical T2 tumor volume, contrast enhancement on MRI and WHO grade were associated with overall survival in
univariate analyses (p <0.01).

Conclusion The results suggest superiority of radiotherapy over temozolomide and wait-and-scan strategies regarding pro-
gression-free survival and superiority of radiotherapy over temozolomide regarding overall survival. Our results are consistent
with the notion that early temozolomide might compromise outcome in some patients.

Keywords Astrocytoma - Temozolomide - Radiotherapy - Hypermutation

Introduction time. This poses a challenge to health care profession-

als, patients and caregivers as to determine time point and
Patients with IDH-mutant (IDHmut) WHO grade 2 or 3 modality of tumor specific treatment. Adverse effects from
astrocytomas often show a long clinical course and are  therapy need to be weighed against tumor control. Gold
subjected to a multitude of therapeutic interventions over  standard for IDHmut astrocytomas is initial maximum safe
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resection [ 1]. Postoperative radiotherapy (RT) followed by
procarbazine, CCNU and vincristine (PCV) in WHO grade
2 astrocytomas or maintenance temozolomide (TMZ) in
WHO grade 3 astrocytomas should be initiated in high-risk
patients defined as older than 40-45 years of age, after
incomplete resection or with neurological deficits beyond
seizures [ 1-3]. Of note, predictive and prognostic implica-
tion of grading in IDHmut gliomas remains controversial
since data from large cohorts showed only marginal differ-
ences in overall survival between WHO grade 2 and 3 [4].

The role of surveillance strategies versus RT alone,
PCV alone, TMZ alone or combined modality treatment
in the treatment of IDHmut gliomas has not been con-
clusively determined. Surveillance strategies can be pur-
sued in younger patients and after gross total resection
[5]. Early RT as opposed to RT at first progression was
shown to be associated with prolonged progression-free
survival, but not overall survival in WHO grade 2 gliomas
[6]. A major concern of early RT in young patients is the
potential long-term neurocognitive decline as a complica-
tion of treatment [7, §]. The role of chemotherapy alone
remains investigational, and data are scarce. Guidelines
give leeway for chemotherapy regimens, omitting RT,
with either PCV or TMZ if the tumor volume is large, the
patient is young, or RT is not indicated for other reasons
[1]. In high-risk WHO grade 2 IDHmut astrocytomas,
TMZ monotherapy was associated with shorter progres-
sion-free survival than RT alone [9]. Similar outcome of
chemotherapy alone versus RT has been reported in WHO
grade 3 gliomas with a possible superiority of PCV over
TMZ [10, 11]. The CODEL study (NCT00887146) was
closed and redesigned prematurely due to inferior outcome
of patients with WHO grade 3 oligodendroglioma treated
with TMZ, as compared with the other study groups of
RT alone or RT with concomitant and maintenance TMZ
[12]. A retrospective analysis failed to demonstrate benefit
for progression-free survival of TMZ alone over resection
only or active surveillance after biopsy in WHO grade 2
oligodendrogliomas [13]. In addition to the rather discour-
aging clinical data on TMZ alone for lower grade gliomas,
molecular analyses have reported induction of hypermuta-
tion by TMZ therapy in subgroups of IDHmut gliomas [ 14,
15]. TMZ-driven hypermutational genotypes have been
associated with shorter survival times and distant recur-
rence in initially low grade, IDHmut gliomas [16, 17]. In
this context, it is unclear whether TMZ alone is beneficial
or even potentially detrimental in the treatment of IDHmut
gliomas in the long-term.

Here we set out to investigate the long-term outcome of
a consecutive single-center series of 183 patients diagnosed
with CNS WHO grade 2 or 3 IDHmut astrocytomas either
monitored postoperatively by means of active surveillance
or treated with TMZ alone or treated with RT alone.

@ Springer

Patients and methods
Patient evaluation

Patients with newly diagnosed [DH/- or [DH2-mutant
astrocytomas without 1p/19g-codeletion diagnosed at the
Department of Neurosurgery of the University Hospital
Munich between 2001 and 2019 were included in this
study. The study was waived by the institutional Ethics
committee (project number 21-0612). Patients with his-
tological CNS WHO grade 4 astrocytomas according to
WHO 2021 were excluded [18]. Patient-related and clini-
cal parameters as well as complications from therapy,
classified according to CTCAE version 5.0 (Common
Terminology Criteria for Adverse Events), were assessed
(Table 1) [19]. If initial imaging was performed due to
symptoms not explicable by the lesion, the diagnosis was
termed “incidental”. In patients with multiple infiltrated
lobes, the location in Table 1 referred to the most infil-
trated lobe. Therapy recommendations were given based
on multidisciplinary tumor board decisions and options
were discussed with the patients. Besides wait-and-scan
(W&S) strategies that had been pursued in many patients
with histological WHO grade 2 gliomas at our department,
tumor board recommendations often left the option for
post-surgical monotherapy strategies.

The date of histological sampling through stereotactic
biopsy or tumor resection was set as date of diagnosis.
Progression-free survival was defined as the time interval
from diagnosis to first progression according to RANO
(Response Assessment in Neuro-Oncology) criteria [20].
TMZ was given in a 5/28-schedule and a 150-200 mg/
m? dose [1.9]. In the RT cohort, only patients who had
received involved-field RT with 50.4-60 Gy in 1.8-2.0
fractions were included. Overall survival was defined as
the time interval between the date of diagnostic surgery
and date of death. Patients were monitored through regular
visits with up-to-date MRI (magnetic resonance imaging)
in the outpatient clinic of the Department of Neurosur-
gery. Outpatient visits were scheduled every 6 months
in case of stable disease and after completion of therapy.
When progression was suspected, but RANO criteria had
not been met, intervals were 2-3 months. During TMZ,
patients without compromising side effects were seen
every 2-3 months. Patients treated with RT were first seen
6 weeks after completion of the treatment.

Histopathology and molecular analyses

Histological samples were classified according to the
WHQ 2021 classification [18]. Sequencing of sodinm
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Table 1 Patient-related and

N = Parameter All patients Wait- TMZ (n=48) RT (n=37) pvalue
cllm_cal F:haraclerlsucs overall (n=183) and-scan
and in different cohorts (n=98)

Age (years)
Median 37 35 37 38 0.02%
Range 16-76 16-69 21-76 25-56

Sex, n (%)
Female 84 (46) 48 (49) 19 (40) 17 (46) 0.57
Male 99 (54) 50(51) 29 (60) 20(54)

KPS at first admission, n (%)
100 Ti4) 6 (6) 102) 0(m 0.04%
90 149 (81) 82 (84) 347 33(89)
80 27(15) 10 (10) 13(27) 4(11)
<80 0(0) 0 0(0) 0(m

Trigger for diagnostic workup, n (%)
Incidental finding 46 (25) 32(33) 10(21) 6(16) 0.1
Epileptic seizure 103 (56) 51(52) 24 (500 27(73)
Neurological deficit 35(19) 15(15) 14 (29) 4(11)

CNS WHO grade. n (%)
Grade 2 116 (63) 86 (88) 17 (35) 13 (35) <0.01%
Grade 3 67 (37) 12(12) 31 (63) 24 (65)

Localization, n (%)
Frontal 92 (50) 46 (47) 24 (50) 22 (60) 0.87
Temporal 55(30) 34 (35) 16 (33) 5(14)
Insular 13(7) T(T 2(4) 4(11)
Parietal 16 (9) 99 4(8) 3(8)
Occipital 1(Iy 1(1) 0(0) 0(0)
Midline 6(3) 1(1) 204 3(8)

Laterality, n (%)
Left 97 (53) 54 (55) 24 (50) 19(51) 0.67
Right T8(43) 43 (44) 20(42) 15 (41)
Bilateral 84 n 4(8) 3(8)

Post-surgical T2 tumor volume (cm”)
Median 22 11 58 16 <0.01%
Range 0-319 0-200 0-319 0-64

CE on initial MRI. n (%) 55 (30) 14 (14) 27 (56) 14 (38) <0.01*

The right column shows p-values when comparing numbers and values of the different cohorts. Statisti-
cally significant values, i.e., p-values of 0.05 or below (ANOVA and Kruskal-Wallis tests), are depicted

with asterisks

KPS Karnofsky Performance Status; CNS central nervous system; WHO World Health Organization; CE

contrast enk MRI

bisulfite-modified DNA was performed to determine
MGMT promoter (O6-methylguanine-DNA methyltrans-
ferase) methylation status. Microsatellite markers were
utilized to assess allelic loss on chromosomes 1p and 19q.
Assessment of codon 132 and codon 172 for IDH genes 1
and 2 was performed in all patients through pyrosequenc-

ing [21, 22].

Tumor volumes

Initial and postoperative tumor volumes on T2 weighted
MRI were manually segmented utilizing Brainlab Elements
Smartbrush Software (Brainlab Elements Smartbrush,
Munich, GER). In case of tumor resection, patients are sub-
jected to postoperative MRI during inpatient treatment and

@ Springer
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within 48-72 h after histological sampling at our institution.
Matched-pair analyses were conducted to eliminate resid-
ual, postoperative tumor volume as a potential confounder.
Matching was done manually according to the segmented,
postoperative T2 volume and contrast enhancement on
MRI. before initiation of chemotherapy or RT. Pairing was
accepted if the absolute difference between the volumes did
not exceed 10% of the larger volume of the match [13].

Statistical analysis

Statistical tests were performed and figures designed utiliz-
ing GraphPad PRISM software version 9.3.1. Kaplan-Meier
estimator method, Mantel-Cox (Log-rank) and Gehan—Bres-
low—Wilcoxon tests were used for comparison of progres-
sion-free and overall survival. Continuous and categorial
variables were compared by conventional t-tests, ANOVA
and xz tests respectively. Kruskal-Wallis test was used for
comparison of non-parametric, ordinal variables. For uni-
variate analyses, log-rank tests and Cox proportional hazards
regression models were used. Associations were considered
statistically significant when p-values were 0.05 or below.

Results
Study population and clinical parameters

Of 213 patients with IDHmut WHO grade 2 or 3 astrocy-
tomas treated at our center between 2001 and 2019, 183

patients could be allocated to three different cohorts accord-
ing to the post-surgical management strategy: W&S, TMZ
alone or RT alone (Fig. 1, Table 1). 30 patients were treated
otherwise, e.g., with radiochemotherapy, brachytherapy,
photodynamic therapy, or combinations thereof. Initial
tumor resection was performed in 100 patients (55%), 83
patients (45%) received a stereotactic biopsy. The median
age at diagnosis was 37 years (range 16-76). MGMT pro-
moter methylation was present in 139 patients (76%). Par-
tially methylated promoters were seen in 27 patients (15%).
In 17 patients (9%), MGMT promoter methylation was not
detected. After biopsy or tumor resection, 98 patients (54%)
were not further treated but monitored through regular out-
patient visits until progression, 48 patients (26%) received
TMZ alone and 37 patients (20%) were treated with RT
alone. At the time of database closure, 135 patients (74%)
had experienced tumor progression and 33 patients (18%)
had died from tumor-related causes. There was no significant
difference in sex distribution, trigger for diagnostic workup,
tumor location or affected brain hemisphere between the
cohorts. Patients were eldest in the RT cohort (p=0.02).
The proportion of patients with KPS of 80 was highest in
the TMZ cohort (p=10.04). The median postoperative T2
tumor volume was highest in the TMZ cohort (p <0.01).
The relative distribution of WHO grade 2 and WHO grade
3 astrocytomas was identical in the RT and TMZ cohort, but
the proportion of WHO grade 2 astrocytomas was higher in
the W&S cohort (p <0.01) (Table 1). In the TMZ cohort, a
median of 6 cycles of chemotherapy was completed (mean
and range of cycles completed: 8, 2-15). The mean dose

Fig.1 CONSORT figure.
Patients having received the

Astrocytomas with IDH1 or IDH2 mutation and
intact chromosomes 1p/19q (n=238)

diagnosis of an IDH-mutant
glioma between the years

2001 and 2019 were stratified
according to initial histology.
Exclusion criteria were a histo-
logical WHO grade 4 at initial ¥

exclusion CMS WHO grade 4 (n=25)

diagnosis (n=25), missing

Astrocytomas WHO grade 2 or 3 (n=213)

data (n=3) or small treatment
groups (n=27). CN¥ central
nervous system; WHO Waorld
Health Organisation; PCV pro-
carbazine + CCNU + vincristine

¥

exclusion Missing data (n=3) |

exclusion

—
|

—

—Dl Small treatment cohorts (n=27) |

Brachytherapy PCV radiochematherapy
(=10} (n=4) (n=13)

Astrocytomas WHO grade 2 or 3 (n=183)
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applied to the patients who were initially treated with RT
was 60 Gy (range 50.4—60 in fractions of 1.8-2.0). In 2
patients (4%) treated with TMZ, CTCAE grade 3 thrombo-
cytopenia demanded hospitalization. No grade 3 or higher
toxicity was reported in the RT cohort.

Progression-free and overall survival

PFS was longer in patients treated post-surgically with
RT alone than in patients treated with TMZ alone (6.2 vs
3.4 years, p=0.02) and patients monitored by W&S strate-
gies (6.2 vs 4 years, p=0.03) (Fig. 2A). Superiority of RT
over TMZ in terms of PFS was confirmed in a matched-pair
analysis that comprised 16 pairs (7.8 vs 2.8 years, p=0.03)
(Fig. 3A). OS was significantly longer in the RT cohort
than in the TMZ cohort (14.4 vs 10.7 years, p=0.02), but
not in the matched-pair analysis (p=0.27; number of pairs/

an - progression-free survivai

A WHO2and 3 - progression-f ival B
% 1004 — Was  _
3 — Tz
8 RT S
5 5
i ] :
: H
£ 3
g- a
E o
- T T T

1] 5 10 15
Time (years)

Fig.2 Overall, radiotherapy was associated with longer progression-
free survival than wait-and-scan strategies or temozolomide alone
(p = 0.05) (A). Patients treated with temozolomide monotherapy
showed significantly shorter overall survival than patients with other

A matched pairs - progression-free survival

- TMZ
- RT

-

=4

=]
1

proportion without progression (%)
o
=]
1

o

0 5 10 15
Time (years)
Fig.3 Ina hed-pair analysis ac

events: 8/16) (Figs. 2C, 3B). Comparing W&S with TMZ,
patients treated with TMZ alone showed similar PFS, but
significantly shorter survival times overall (not reached vs
10.7 years, p<0.01) and in a subgroup analysis of WHO
grade 2 astrocytomas only (p=0.02) (Fig. 4D, E). Patients
with WHO grade 3 astrocytomas receiving radiotherapy
lived significantly longer than patients treated with temo-
zolomide (14.3 vs 10.7 years, p=0.01). For WHO grade 3
gliomas, there was an association by trend between longer
overall survival and wait-and-scan strategies as opposed to
temozolomide (18.3 vs 10.7, p=0.08).

In a matched pair analysis, in which 28 pairs were iden-
tified, TMZ was associated with poorer survival by trend
(p=0.09) when compared to W&S strategies (Fig. 4F). In
a subgroup analysis according to the mode of initial histo-
logical sampling, there was an association between longer
overall survival and W&S strategies after biopsy as opposed

WHO 2 and 3 - overall survival
100_- - W&S
1 - TMZ
] = RT
50 o
-
0 —
[i] 5 10 15
Time (years)

postoperative strategies (p < 0.01) (B). WHO World Health Organi-
zation; W&S wait-and-scan strategy: TMZ temozolomide: RT radio-
therapy

B matched pairs - overall survival
= 100 == T™™Z
E == RT
=
c
E 504
o
£
g
£

> ¥ T 2 T o T :

0 5 10 15
Time (years)

for post-surgical tumor volume and WHO grade. radiotherapy was superior in terms of progres-

sion-free survival (p=0.03) (A). but not overall survival (p=0.27) (B). TMZ temozolomide; RT radiotherapy
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Fig.4 Wait-and-scan strategies and temozolomide chemotherapy
showed similar progression-free survival (A-C). Waitand-scan strat-
egies were associated with longer overall survival (p < (.01} and in
WHO grade 2 gliomas (p = 0.02) (D, E). In a matched-pair analy-

to TMZ alone after biopsy by trend (p=0.07) (Fig. 5A).
This difference was significant in patients initially receiv-
ing tumor resection (p <0.01) (Fig. 5B). Patients with tumor
progression from the W&S cohort were stratified according
to the first treatment after progression. Here, TMZ alone was
associated with shorter OS than other treatments (p<0.01),
although mean tumor volumes were smaller in the TMZ sub-
group with 46 cm” versus 54 cm? (Fig. 5D).

In addition to the Kaplan-Meier estimates determined
for the different treatment cohorts, several variables com-
monly associated with PFS and OS were tested in univariate
analyses. None of the tested variables (patient age at diagno-
sis, sex, CNS WHO grade at diagnosis, KPS, post-surgical
T2 volume, contrast enhancement on initial MRI, MGMT
promoter methylation) were associated with PFS (Table 2).
CNS WHO grade, post-surgical T2 tumor volume and con-
trast enhancement on initial MRI, however, were associated
with OS (Table 2). Multivariate analysis for OS did not show
significant associations, but the number of events was low
with 33 tumor-related deaths, limiting the interpretation
(Table 3).

@ Springer

Time (years)

Time (years)

sis accounting for post-surgical T2 tumor volume and WHO grade,
there was an association with prolonged overall survival by trend (p
= 0.09) (F). WHO World Health Organization; W&S wait-andscan;
TMZ temozolomide

Discussion

Patients with lower grade IDHmut gliomas are often sub-
jected to repetitive treatment over time due to frequent
recurrences at a relatively young age [1, 23]. The roles of
W&S strategies and chemotherapy regimens alone, e.g., to
defer RT, have not been determined conclusively. Especially
studies addressing TMZ chemotherapy alone have yielded
controversial results, some of which imply potential negative
effects on IDHmut tumors due to induction of hypermuta-
tion [14-17].

Table 3 Multivariate analysis of factors showing significant associa-
tions with overall survival in univariate analyses

Factor 0s
HR 95% CI p value

Post-surgical T2 tumor volume* 1.01 1.00-1.02 007
CE on MRI yes vs no 171 065462 028

Postsurgical strategy (TMZ vs W&S vs = 2.02 046-8.76 036
RT)

CNS WHO grade 3 vs 2 038 0.10-126 0.14

Vs versus: CE contrast enhancement; MR magnetic resonance imag-
ing: 08 overall survival: TMZ temozolomide: W&S wait-and-scan:
RT radiotherapy: CNS central nervous system; WHO World Health
Organization

*Continuously scaled
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Fig.5 Wait-and-scan strategies after stereotactic biopsy were associ-
ated with longer overall survival than temozolomide alone after ste-
reotactic biopsy by trend (p=0.07) (A). Patients monitored by means
of wait-and-scan strategies after tumor ion showed significantly
longer overall survival times than patients treated with temozolomide
alone after tumor resection (p < 0.01) (B). Patients initially monitored
by active surveillance (wait-and-scan cohort) and experiencing tumor
progression were further stratified according to the initiated therapy
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at first recurrence. There was no significant difference in progres-
sion-free survival between patients treated with temozolomide alone
and any other treatment strategy at first progression (p=10.12) (C).
Temozolomide alone at first recurrence was associated with shorter
08 (p<0.01) (D). WHO World Health Organization; W&S wait-and-
scan: By stereotactic biopsy: TMZ temozolomide: RES tumor resec-
tion; pr-PFS post-recurrence progression-free survival

Table 2 Univariate analysis

PFS 05

HR  95% CI pvalue HR  95%CI p value

Fact
of patient-related factors actor
potentially associated with
progression-free survival or
overall survival Age*
Sex, female vs male
Kps*
Post-surgical T2 tumor volume*
CE on MRI yes vs no

099 097-102 0.64 Lo 097-1.03 0.94
135 075-247 033 1.14  0.56-2.33 0.72
Lol 094-1.09 09 0.98 0.89-1.08 0.63

1.00  099-101 0386 101 1L00-1.02 <0.01
138 093-203 0.1 281 130-6.29 <0.01

Postsurgical strategy (TMZ vs W&S vs RT) 0.83  0.38-1.68 0.62 6.78 2.87-17.25 <0.01

CNS WHO grade 3 vs 2
MGMT promoter status

116  063-221 0.65 323 159-6.63 <0.01
045 0.19-1.33 010 0.86 0.25-593 0.584

Vs versus: KPS Karnofsky Performance Status: CNS central nervous system: WHO World Health Organi-
zation; MGMT O6-methylguanine-DNA methyltransferase; CE contrast enhancement; MRI, magnetic reso-
nance imaging., PFS progression-free survival: OS overall survival: WdS wait-and-scan; TMZ temozolo-

mide; RT radiotherapy
*Continuously scaled

We here present a retrospective outcome analysis of
183 patients with WHO grade 2 or 3 IDHmut astrocyto-
mas initially monitored through a W&S strategy or treated

with TMZ alone or RT alone. We accounted for WHO
tumor grade, postoperative T2 tumor volumes and contrast
enhancement and report superiority of RT over TMZ in
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terms of PFS and OS. Furthermore, patients initially treated
with TMZ showed significantly shorter survival times than
patients initially monitored through W&S alone despite
identical PFS. This association was observed in multiple
subgroup analyses (Figs. 3, 4, 5). Of note, the latter analysis
was subjected to substantial selection bias because of sig-
nificant differences in tumor volume, contrast enhancement
and WHO grades between groups that could only be in part
accounted for in our analyses (Fig. 3).

Prospective trials respecting the contemporary, molecular
classification of adult gliomas and investigating surveillance
or monotherapy strategies are scarce. The NOA-04 rand-
omized phase 3 trial investigated RT alone versus chemo-
therapy alone with either PCV or TMZ in anaplastic gliomas
[10, 11]. Here, no differential benefit of RT alone versus
chemotherapy alone was reported. In the subgroup of glio-
mas with 1p/19g-codeletion, i.e., oligodendrogliomas, and
a CpG island methylator phenotype, TMZ was inferior to
RT and PCV in terms of PFS and there was a trend towards
shorter time-to-treatment failure and overall survival [11].
Superiority of RT over TMZ alone regarding PFS in the
treatment of IDHmut low-grade astrocytomas was reported
in the prospective, phase 3 EORTC 22033-26033 study [9].
The prospective EORTC 22845 randomized trial compared
early RT versus RT that was delayed to the timepoint of
first progression in lower grade gliomas. The study dem-
onstrated prolonged PES in the RT cohort, but no signifi-
cant improvement in OS [6]. These results were mirrored
by our data. Prospective trials comparing W&S strategies
with chemotherapy alone within the framework of molecu-
larly defined gliomas have yet to be conducted. Whereas the
question of whether any of these strategies is superior to the
others remains unanswered, clinical trials have demonstrated
benefit of combination therapy of RT and alkylating chemo-
therapy over monomodality treatment in the treatment of
IDHmut gliomas. For IDHmut astrocytomas WHO grade 2,
radiochemotherapy with sequential PCV after radiation ther-
apy is recommended in older patients or those with residual,
posteroperative tumor. This recommendation is based on the
RTOG 9802 study that demonstrated prolongated PFS and
0OS in the radiochemotherapy cohort when compared to RT
alone in a large, prospective cohort of WHO grade 2 gliomas
[2]. Therapy for WHO grade 3 astrocytomas is mainly deter-
mined by the CATNON trial (EORTC study 26053-22054)
and consists of RT followed by 12 cycles of maintenance
TMZ [24]. Clinical trials investigating RT followed by TMZ
versus RT followed by PCV in IDHmut astrocytomas have
not been conducted so far.

Despite the positive results from the CATNON study,
recently published studies have slightly tempered expecta-
tions from TMZ therapy in IDHmut gliomas. Barthel et al.
described hypermutator phenotypes after treatment with
alkylating agents in diffuse gliomas [25]. In 2020, Touat
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et al. published sequencing data, analyzing mutational
burden in 10'249 gliomas. Here, a therapy-driven induc-
tion of hypermutation through acquisition of a mismatch
repair deficiency after TMZ therapy was described [15]. Yu
et al. sequenced recurrent IDHmut gliomas and confirmed
hypermutation in some patients treated with TMZ. They
also reported an association with shorter survival and dis-
contiguous, recurrent disease in patients previously treated
with TMZ [16]. Still, these data do not warrant a change
of current guidelines. The data provided here and within
the framework of recent studies investigating TMZ-induced
hypermutation, does, however, raise the question whether
TMZ is the right choice in patients deemed not eligible for
RT and believed to show a long, relatively good clinical
course. PCV chemotherapy, or even PC regimens omitting
vincristine to limit side effects, might be appropriate alterna-
tives if W&S strategies are not justifiable. Multiple studies
have shown efficacy of PCV chemotherapy after RT [2, 3,
26]. Data on surveillance strategies cannot be expected soon.
The wait-or-treat study (IWOT; NCT03763422) sought to
investigate W&S strategies versus radiochemotherapy after
gross total resection, but was closed prematurely because
of poor accrual. Chemotherapy alone is not the gold stand-
ard in the treatment of IDHmut gliomas, but there will be
patient subgroups not eligible for standard therapy with RT,
e.g., due to extensive tumor volumes. These patients are sub-
jected to a selection bias and will have to be treated based
on recommendations supported by comparably low levels of
evidence. Prospective studies on monochemotherapy are not
likely to be initiated in the future.

The major shortcoming of this study is its retrospective
nature and thus selection bias. Some patient characteristics
differed significantly between the cohorts. In the RT cohort,
patients were older at diagnosis. In the TMZ cohort, clini-
cal status was worse and more importantly, post-surgical T2
tumor volumes were larger. The proportion of WHO grade 2
as opposed to grade 3 astrocytomas was higher in the W&S
cohort, favouring this cohort. These differences were in part
corrected for through matched-pair and subgroup analyses
(Figs. 3, 4).

Conclusions from retrospective data must be drawn with
caution, but our data within the framework of recent stud-
ies favor RT over TMZ alone and justify a critical view on
initial TMZ monotherapy for IDHmut astrocytomas [15, 16,
25]. The results on RT match prospective data. Even though
the TMZ cohort is at a disadvantage, especially because
of the comparably large tumor volumes, the inferiority as
compared to the W&S cohort in terms of survival despite
identical initial PFS was clear and highly significant. The
fact that there was no difference in PES might point towards
a long-term effect of potential genetic alteration through
TMZ therapy. This might not become clinically relevant
in more aggressive, high-risk gliomas or glioblastomas. If
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IDHmut astrocytomas previously treated with TMZ recur,
caretakers might consider conducting a biopsy if the patient
is not eligible for tumor resection to investigate mutational
burden and potentially find molecular alterations that allow
for targeted therapy [27]. So far, there is only indirect data
on whether there is any tumor specific benefit from TMZ
monotherapy when compared to no further therapy beyond
surgery. Taking the retrospective nature of this study into
account, one might at least hope for similar, if not better,
clinical outcome in a cohort of patients that had received a
median of 6 months of TMZ chemotherapy as compared to
no therapy at all after histological sampling.
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