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Abstract

Objective

To improve the understanding, diagnosis, and management of treatment-related adverse effects
that mimic progressive disease (PD) in patients with malignant glioma, including
pseudoprogression (PP), treatment-induced necrosis (TN), and stroke-like migraine attacks

after radiation therapy (SMART) syndrome.

Background

Treatment-related neurotoxicity is a major challenge in neuro-oncology. Central neurologic
sequelae from cranial radiation therapy (RT), chemotherapy, and/or novel antineoplastic agents
can be therapy-limiting, severely disabling, and difficult to diagnose and manage. Conditions
such as TN, PP, and SMART are typically indistinguishable from PD and remain insufficiently
characterized and defined. Invasive tissue biopsy is frequently necessary to guide management.
Misdiagnosis can have deleterious consequences and compromise response assessment in

neuro-oncology.

Patients and Methods

A comprehensive analysis of relevant clinical literature (n=101 studies) was performed to
delineate the diagnostic and therapeutic status quo in the management of TN and develop
actionable strategies directed at clinical gaps and research barriers in the field (Publication I).
Using an institutional database, patients with glioma and confirmed PP or TN were
retrospectively identified and characterized based on analysis of clinical, radiographic, and
histopathological data (Publication 2). Individual PP/TN lesions (regions of interest [ROIs])
were longitudinally evaluated by serial imaging. Analogously, patients diagnosed with
SMART were retrospectively identified and characterized by analysis of clinical and

radiographic data (Publication 3).

Results
Although multiple diagnostic and therapeutic strategies for TN have been proposed, no
standard of care presently exists. Identifiable clinical and systemic factors (n=12) have

challenged progress in the field but appear addressable by six proposed research pillars
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(Publication I). Informed by this research framework, characteristics of 60 glioma patients
with PP (n=27) and/or TN (n=37), comprising 137 ROIs in total, were analyzed and compared
(Publication 2). PP and TN differ uniquely in clinical course, spatiotemporal radiographic
lesion pattern, and histopathological features, and likely represent distinct conditions
encountered in specific patient populations. Identified PP/TN ROIs universally developed in
the main prior radiation field. Both conditions may be associated with above-average survival.
Finally, analysis of patients with SMART (n=7) identified typical clinical features,
pathognomonic MR imaging abnormalities, and impaired cerebral autoregulation as an

implicated pathomechanism (Publication 3).

Discussion

Taken together, the presented thesis offers new insights into the growing spectrum of disease-
mimicking treatment-related effects in neuro-oncology and demonstrates that rigorous
characterization of these conditions is feasible and paramount to improve the management of

patients with brain cancer.
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Abstract (German)

Zielsetzung

Verbesserung des Verstidndnisses, der Diagnose und Therapie tumorimitierender
Behandlungseffekte bei Patienten mit malignen Gliomen, einschlieBlich Pseudoprogression
(PP), Strahlennekrose (TN) und Stroke-like migraine attacks after radiation therapy (SMART)-
Syndrom.

Hintergrund

Behandlungsbedingte Neurotoxizitidt bleibt eine Herausforderung der Neuroonkologie.
Zentrale neurologische Folgeerscheinungen nach kranialer Strahlentherapie (RT),
Chemotherapie  und/oder neuen antineoplastischen = Wirkstoffen sind  oftmals
therapiebegrenzend, klinisch einschrinkend und schwer diagnostizier- und behandelbar.
Zustinde wie TN, PP und SMART sind nicht eindeutig von Tumorprogress differenzierbar
und bleiben unzureichend charakterisiert. Diagnosestellung und Beurteilung des

Therapieansprechens erfordern daher héufig eine invasive Gewebebiopsie.

Patienten und Methodik

Anhand umfassender Analyse relevanter klinischer Literatur (n=101 Studien) wurde der
diagnostische sowie therapeutische Status quo in der Behandlung von TN ermittelt und
Strategien zur Uberwindung klinischer Liicken und Forschungsbarrieren entwickelt
(Publikation 1). Mithilfe einer institutionellen Datenbank wurden Gliompatienten mit
bestitigter PP oder TN retrospektiv identifiziert und anhand Analyse klinischer, radiologischer
und histopathologischer Daten charakterisiert (Publikation 2). Einzelne PP/TN-Lésionen
(regions of interest [ROIs]) wurden durch serielle Bildgebung longitudinal ausgewertet.
Analog dazu erfolgte die Charakterisierung von Patienten mit SMART mittels retrospektiver

Analyse klinischer und radiologischer Daten (Publikation 3).

Ergebnisse

Trotz diagnostischer und therapeutischer Ansitze existiert bisher kein optimaler
Behandlungsstandard fiir TN. Vorhandene klinische und systemische Barrieren (n=12) sind
durch Anwendung von sechs Forschungssidulen potenziell liberwindbar (Publikation I).

Basierend auf diesem Forschungskonzept wurden die Charakteristika von 60 Gliompatienten
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mit PP (n=27) und/oder TN (n=37), und insgesamt 137 ROIs, analysiert und verglichen
(Publikation 2). PP und TN weisen im klinischen Verlauf, im rdumlich-zeitlichen
radiologischen Lédsionsmuster und histopathologisch signifikante Unterschiede auf, und stellen
offenbar unterschiedliche Entititen mit Auftreten in spezifischen Patientenpopulationen dar.
Identifizierte PP/TN ROIs entwickelten sich durchgingig im Hauptfeld der vorherigen
Bestrahlung. Beide Entitiiten korrelieren potenziell mit iiberdurchschnittlichem Uberleben. Die
Analyse von Patienten mit SMART (n=7) zeigte typische klinische Merkmale und
pathognomonische MR-Bildgebungsanomalien sowie pathophysiologisch eine gestorte

zerebrale Autoregulation (Publikation 3).

Diskussion

Zusammenfassend ermoglicht die vorliegende Arbeit neue Einblicke in das wachsende
Spektrum tumorimitierender Behandlungseffekte in der Neuroonkologie und zeigt auf, dass
eine rigorose Charakterisierung dieser Entitdten fiir die Verbesserung der Versorgung von

Hirntumorpatienten wegweisend ist.
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I. Synopsis
Preface

The following dissertation constitutes a cumulative synopsis of the research activities
conducted as part of the MD/PhD doctoral research track at the Charité - Universititsmedizin
Berlin. As such, the conceptual ideas, research methodology and results presented and
discussed in this synopsis are based largely on numerous previously published peer-reviewed
articles, the manuscripts of which I have drafted as first author. The respective published
research works (Publications 1 — 3) have been referenced throughout the text, whenever
applicable, and their print versions are appended to this synopsis (see section /II. Selected

Publications).
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1. Introduction

1.1 Background

Neurotoxicity from anticancer treatment is a widely recognized issue in clinical oncology
(Dietrich, 2020; Santomasso, 2020). In particular, central nervous system (CNS) toxicity can
be treatment-limiting, severely disabling, and often results in major diagnostic and therapeutic
challenges (Dietrich et al., 2019). Damage to healthy brain parenchyma may occur in the
setting of conventional cytotoxic therapies, like systemic chemotherapy (Dietrich, 2010;
Huehnchen et al., 2020) and cranial radiation therapy (RT) (Tofilon and Fike, 2000), as well
as novel antineoplastic agents including targeted therapies, antiangiogenics, immunotherapies,
or combinations thereof (Chukwueke et al., 2020, 2019; Dietrich et al., 2008; Wick et al., 2016;
Winter et al., 2021c, 2020a). In addition, neurosurgical brain tumor removal may result in late
surgery-related sequelae such as intracranial foreign body granuloma (FBG), a rare but likely
underrecognized inflammatory reaction to retained (hemostatic) foreign material resembling

tumor progression on imaging (Winter et al., 2021a).

As such, treatment-related CNS toxicity is an especially frequent complication in neuro-
oncological patients, who commonly receive several of the aforementioned treatments as part
of a multimodal therapeutic regimen (Dietrich et al., 2019; Winter et al., 2019). For instance,
the standard of care (SOC) for patients with glioblastoma multiforme (GBM; WHO grade V)
consists of maximal safe surgical resection, followed by RT with temozolomide (TMZ)-based
concomitant (chemo-RT) and adjuvant chemotherapy (Stupp et al., 2005). Consequently, a
significant number of patients with malignant brain tumors may develop a range of functional
and structural treatment-related neurologic sequelae (Dietrich et al., 2019). These include, most
commonly, neurocognitive impairment, progressive brain atrophy, leukoencephalopathy,
pseudoprogression, and treatment-induced brain tissue necrosis (Dietrich et al., 2019).
Moreover, cranial RT is known to increase the risk of cerebrovascular complications, including
stroke and intracranial hemorrhage (Campen et al., 2012; Dietrich et al., 2019), and unique
forms of RT-related neurovascular toxicity such as cerebral microbleeds (Roongpiboonsopit et
al., 2017) and stroke-like migraine attacks after radiation therapy (SMART) syndrome (Black

et al., 2006; Winter et al., 2021b) have been documented in (neuro-)oncological patients.

In addition to the unique therapeutic difficulties related to managing affected patients, several

of these treatment-related conditions can be indistinguishable from progressive disease (PD)
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on conventional imaging (Dietrich et al., 2017). At present, this diagnostic conundrum cannot
be reliably resolved by non-invasive neuroimaging modalities and is a frequent limitation to
appropriate radiographic response assessment in neuro-oncology (Huang et al., 2015).

Overall, the prevalence of treatment-related CNS toxicity is expected to rise as gradual
therapeutic improvements lead to more durable anti-tumor responses that translate to prolonged
patient survival (Dietrich, 2020; Dietrich et al., 2019). In addition, widespread clinical adoption
of novel antineoplastic agents has resulted in a range of newly emerging adverse events,
including hitherto unseen forms of CNS toxicity (Wick et al., 2016). In particular, CNS
immunotoxicity from emerging cancer immunotherapies constitutes a rapidly growing field of
investigation that is adding further complexity to the current spectrum of treatment-related
neurotoxic syndromes (Chukwueke et al., 2020; Winter et al., 2021c, 2020a). These
developments have reinforced an existing unmet need to better understand and thoroughly
characterize cancer treatment-related effects on the CNS — a prerequisite to foster clinical
awareness, improve diagnostic principles and response assessment criteria, and identify best

management practices in affected patients.

1.2 Pseudoprogression and treatment-induced necrosis

Pseudoprogression (PP) and treatment-induced brain tissue necrosis (TN; aka “radiation
necrosis”) represent some of the most frequent yet challenging types of treatment-related
effects encountered in patients with malignant glioma (Dietrich et al., 2017). Occurring months
to years following (chemo-)RT (Figure 1) (Winter et al., 2019), PP and TN are typically
indistinguishable from PD on conventional imaging, making them prone to misdiagnosis and
inadequate or delayed clinical management (Dietrich et al., 2017). Many patients ultimately
require tissue biopsy to establish a definite diagnosis and guide clinical management, resulting
in potentially unnecessary surgical procedures in a significant number of patients (Winter et
al., 2019). Moreover, diagnostic misclassification of either condition as PD may adversely
affect clinical trial enrollment and potentially compromise appropriate evaluation of
investigational antineoplastic agents (Winter et al., 2019). This is especially problematic in
cases where treatment-related effects manifest beyond the temporal cutoff point stipulated by

the Response Assessment in Neuro-Oncology (RANO) criteria, which currently limit clinical
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trial enrollment to patients with radiographic evidence of PD in whom contrast enhancing

lesions (on T1+C MRI) appear at or beyond 12 weeks post-RT (Winter et al., 2019).

Manifestation of cancer treatment-related effects in patients with glioma

Completion of
(Chemo-) RT

Adjuvant Chemotherapy (e.g. monthly TMZ x12 cycles)

weeks — months 10+ years

days — weeks >6 months — years

Acute Early-Delayed Radiation

- Radiation p Injury -
Inj
njury (”E - - Treatment-induced Necrosis
arly Necrosis (Radiation Necrosis) / Late-delayed Radiation Injury
—— Pseudoprogression —

Figure 1. Timeline schematic of treatment-related effects.

Timeline schematic illustrating the temporal manifestation pattern and clinical course of relevant cancer
treatment-related effects, including pseudoprogression and treatment-induced necrosis. Adapted from Publication
1, Figure 3 (Winter et al., 2019). Abbreviations: RT, radiation therapy; TMZ, temozolomide.

The reported incidences for both conditions (9 — 30 % for PP (Thust et al., 2018), 5 — 50% for
TN (Rahmathulla et al., 2013)) vary widely, depending on brain tumor type, treatment regimen,
data acquisition parameters, and clinical definitions (Winter et al., 2019). Despite their
relatively frequent manifestations, PP and TN remain insufficiently characterized and the exact
pathomechanisms driving either condition are incompletely understood (Perry and Schmidt,
2006; Rahmathulla et al., 2013). At present, both clinical terms are arbitrarily defined and
occasionally used interchangeably in the clinical literature (Kruser et al., 2013). While the
distinction between both entities is the subject of an active clinical debate, existing clinical
definitions have focused primarily on delineating differences between the temporal
manifestation patterns of these entities following anticancer treatment (Winter et al., 2019). As
such, TN commonly occurs 6 months to several years following (chemo-)RT (Giglio and
Gilbert, 2003; Tofilon and Fike, 2000; Winter et al., 2020b), can take an irreversible and
progressive clinical course, and is frequently associated with significant patient morbidity and
occasionally even mortality (Figure 2) (Winter et al., 2019). By contrast, PP appears to occur
within the first few months of temozolomide (TMZ)-based chemo-RT initiation as a transient
clinical scenario predominantly observed in patients with high-grade gliomas (HGGs; World
Health Organization [WHO] grades III-IV) (Brandsma et al., 2008; Dietrich et al., 2017,
Kucharczyk et al., 2017; Taal et al., 2008; Winter et al., 2020b). Importantly, the term
“pseudoprogression” has also been used to denote the purely radiological phenomenon of any
imaging findings mimicking PD, i.e. irrespective of the underling type of treatment-related

condition, which has contributed to existing semantic inconsistencies surrounding the
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definition of PP (Winter et al., 2019). Moreover, recent studies have observed that “early brain
tissue necrosis” (TN onset <5 months from RT completion) can increasingly occur in patients
receiving TMZ-based chemo-RT, suggesting that TMZ may act as a radiosensitizing agent and
potentially accelerate the onset of TN (Chamberlain et al., 2007; Winter et al., 2020b, 2019).
As such, PP and TN can overlap in clinical practice causing further diagnostic ambiguities
(Figure 1) (Winter et al., 2019). At the same time, histopathological criteria specific to either
condition have not yet been established, such that histopathological findings in biopsied
patients are commonly summarized under the generic term “treatment effect” (Winter et al.,

2020b, 2019).

While tissue biopsy remains the diagnostic gold standard, recent efforts have investigated the
use of advanced functional imaging modalities for improved noninvasive differentiation of
both conditions from PD (Jain et al., 2010; Verma et al., 2013; Yang and Aghi, 2009). Positron
emission tomography (PET) with novel amino acid tracers (e.g., fluoro-ethyl-tyrosine—PET),
computed tomography perfusion (CTP) studies, multivoxel magnetic resonance spectroscopy
(MRS), and combined MR-PET are among the more promising imaging-based strategies
increasingly employed to augment diagnostic certainty in cases where findings on conventional
(MR) imaging appear equivocal (Alexiou et al., 2009; Jain et al., 2010; Langen et al., 2017;
Verma et al., 2013; Winter et al., 2020b, 2019; Yang and Aghi, 2009). A comprehensive
overview of existing systematic reviews evaluating the diagnostic performance of different
advanced imaging modalities in the setting of treatment-related effects is provided in

Publication 1, Table 1, pages 66 - 68.

The symptoms associated with PP and TN are highly variable but often mimic those of PD. As
such, approximately 50% of affected patients may present with signs of raised intracranial
pressure, such as headache and nausea/vomiting, as well as progressive cognitive decline,
seizures, and diffuse or focal neurological deficits (Chi et al., 2008; Winter et al., 2019).
Clinical management includes corticosteroids and/or surgical resection; bevacizumab,
anticoagulant drugs, and hyperbaric oxygen therapy are additional therapeutic strategies but
remain experimental (Winter et al., 2020b). More recently, laser interstitial thermal therapy
(LITT) has been investigated as a suitable minimally invasive alternative for lesions that are
surgically inaccessible or located in eloquent brain regions (Ahluwalia et al., 2018; Winter et
al., 2019). For a comprehensive overview and critical evaluation of relevant therapeutic

strategies see Publication 1, Supplementary Table 1, pages 72 - 77.
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Figure 2. Case example of treatment-induced necrosis.

A case of biopsy-confirmed TN in a 35-year-old patient s/p surgical resection and TMZ-based concurrent/adjuvant
chemo-RT for a WHO grade II astrocytoma diagnosis. Briefly, symptomatic TN developed 8 months post-RT
and progressed over the course of 2.5 years with gradual neurologic deterioration and ultimately fatal outcome.
T1-weighted gadolinium-enhanced axial MRI sequences (A — C) demonstrate the lesion at different timepoints.
The illustrated case is adapted from and described in more detail in Publication 1, Figure 2 (Winter et al., 2019).
Abbreviations: MRI, magnetic resonance imaging; TMZ, temozolomide; TN, treatment-induced necrosis.

1.3 Stroke-like migraine attacks after radiation therapy syndrome

Stroke-like migraine attacks after radiation therapy (SMART) syndrome constitutes a rare but
serious and likely underdiagnosed cancer treatment-related neurologic complication
encountered many years to decades following cranial RT (Black et al., 2006; Shuper et al.,
1995). Less than 50 cases of SMART have been reported in the literature and the
pathomechanisms driving the condition remain largely unknown (Biju et al., 2020). A set of
early diagnostic criteria has been proposed, which include a remote history of cranial RT,
clinical presentation with migraine-like headaches, stroke-like deficits, and/or seizures, as well
as pathognomonic MRI findings in previously irradiated brain regions (Black et al., 2013,
2006; Fan et al., 2018; Kerklaan et al., 2011). While most SMART episodes are transient and
manageable with supportive therapy, several cases with persistent clinical and imaging
sequelae have been reported (Black et al., 2013; Winter et al., 2021b). A diagnosis of exclusion,
SMART can radiographically mimic PD (including local tumor progression or leptomeningeal
disease), infection, and ischemic events (Winter et al., 2021b). To avoid misdiagnosis with
potentially deleterious consequences, this challenging clinical entity requires careful patient
work-up and occasionally tissue-biopsy to guide management (Black et al., 2013). Better

characterization of the distinctive clinico-radiographic features and novel insights into putative
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pathomechanisms of SMART is warranted to improve the diagnosis and management of this

rare but serious treatment-related condition in oncology (Winter et al., 2021b).
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2. Aims of the Study

The overall aims of the presented studies (Publications 1 — 3) were as follows:

1. To delineate the current diagnostic and therapeutic status quo in the management of
treatment-related effects (most notably treatment-induced necrosis; TN) that mimic recurrent
disease in patients with malignant glioma, based on identification of the most important
existing clinical pitfalls and systemic research barriers. As a second step, to propose a research
framework that addresses relevant identified core issues and may serve as a valuable guideline

for future clinical investigations in this field.

2. To identify distinctive demographic, clinical, radiographic, and histopathological
characteristics of two of the most relevant and diagnostically challenging, yet poorly described
treatment-related conditions in neuro-oncology: pseudoprogression (PP) and treatment-

induced necrosis (TN).
The generated results shall serve to

(a) increase clinical understanding and familiarity with the distinct clinico-radiographic
features of PP and TN and the specific clinical settings in which these conditions are commonly

encountered.

(b) facilitate noninvasive diagnosis of PP and TN, including increased utilization of
radiotherapy dose distribution curves for the interpretation of diagnostically ambivalent MR

imaging findings

(c) help establish consensus definitions for PP and TN and improve response assessment

criteria for outcome interpretation in neuro-oncology

3. To holistically characterize SMART syndrome, a rare but serious and underrecognized
treatment-related neurologic condition in (neuro-)oncological patients, based on identification
of distinctive demographic, clinical, imaging features as well as effective management

strategies.
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3. Patients and Methods

3.1 Identification of research barriers and opportunities in the field

An extensive search (including index databases PubMed/MEDLINE, EMBASE, Google
Scholar, and the clinical trial registries WHO ICTRP and ClinicalTrials.gov) of relevant
published clinical literature and clinical trials (n= 101 included studies) was performed to 1)
systematically evaluate the current diagnostic and therapeutic status quo, 2) identify, analyze,
and contextualize the most important clinical pitfalls and research barriers, and 3) propose a
holistic research framework directed at addressing identified challenges to advance the field of
treatment-related effects in neuro-oncology, with a focus on TN. The results, including analysis
and interpretation of gathered information, are summarized in section 4./. and have been
published in a comprehensive review article (Publication 1; (Winter et al., 2019)). Moreover,
parts of the proposed research framework served as a guideline to inform the research concept
and design employed in subsequent studies directed at holistic characterization of PP and TN
(Publication 2; (Winter et al., 2020b)) as well as SMART syndrome (Publication 3; (Winter et

al., 2021b)) in neuro-oncological patients.

3.2 Characterization of pseudoprogression and treatment-induced necrosis

The following segments constitute a summary of previously published research methodology
used to characterize clinico-radiographic features of PP and TN in patients with malignant
glioma. For reference and greater detail please see Publication 2, Materials and Methods,

Pages 83 - 85 (Winter et al., 2020b).

3.2.1 Study design and patient eligibility

The characterization of treatment-related effects was based on a retrospective analysis,
whereby demographic, clinical, radiographic, and histopathological data were collected from
60 brain tumor patients diagnosed with either PP or TN following glioma therapy at the
Massachusetts General Hospital (MGH) between 1997 — 2015 (Winter et al., 2020b). Patient
data were obtained from an MGH institutional database and institutional review board approval
was granted for all activities (Winter et al., 2020b). Patients were selected based on the

following eligibility criteria (Winter et al., 2020b):
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(a) tissue-based diagnosis of glioma (WHO grades I-1V)

(b) antineoplastic treatment, i.e., RT with or without chemotherapy

(c) biopsy-proven or clinico-radiographically established diagnosis of treatment-related effects

based on serial imaging.

3.2.2 Classification of treatment-related effects

Based on current literature consensus (Dietrich et al., 2017; Giglio and Gilbert, 2003; Tofilon
and Fike, 2000), classification of treatment-related effects was primarily based on the time of
radiographic appearance of each lesion (=region of interest; ROI) following RT, whereby a
temporal cutoff point at 5 months post-RT was used as a proxy to differentiate between PP
(ROI appearance <5 months post-RT) and TN (ROI appearance >5 months post-RT) (Winter
et al., 2020b). Patients were accordingly categorized into either PP or TN groups for further
comparison of clinical and imaging characteristics (Winter et al., 2020b). Notably, 4/60
patients were found to have biopsy-proven treatment-related effects both before and after the
stipulated cutoff point and were therefore included in both groups, yielding a total of 64 cases
of treatment-related effects in this cohort of 60 patients (Winter et al., 2020b). For further
details on classification of treatment-related effects see Publication 2, Materials and Methods,

Page 83.

3.2.3 Variables of interest

A series of variables were collected for each patient, including demographic, clinical,
therapeutic, and outcome parameters (Winter et al., 2020b). Briefly, variables specific to the
initial manifestation of treatment-related effects (=first ROI) were collected and included,
whenever available, characteristics of radiographic onset, presence of new neurologic
symptoms, treatments rendered for PP/TN, advanced diagnostic imaging results,
histopathological features, and total number of ROIs developed over the course of the condition
(Winter et al., 2020b). Whenever available, additional variables of interest were collected for
each individual ROI, including longitudinal evaluation of a range of spatiotemporal
radiographic patterns, the degree of radiation dose exposure, and histopathological
characteristics (Winter et al., 2020b). For further details on collected variables of interest see

Publication 2, Materials and Methods, Pages 83 - 84.
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3.2.4 Radiographic analysis

Briefly, radiographic analysis of individual ROIs in each patient was based on T1-weighted
gadolinium enhanced MR imaging (T1+C MRI) sequences from relevant MRI scans using
standard clinical imaging software (Winter et al., 2020b). The time of appearance of the first
ROI was determined retrospectively and approximated based on the first MRI demonstrating
de novo enhancement on T1+C in the ROI’s respective anatomical location (Winter et al.,
2020b). Longitudinal tracing of each ROI with analysis of spatiotemporal radiographic pattern
was carried out based on imaging data from follow-up MRI scans (Winter et al., 2020b).
Accordingly, the radiographic duration of each ROI was defined as the time of first appearance
on MRI until complete radiographic resolution or last available MRI (Winter et al., 2020b).
Further radiographic measurements for each ROI included maximum ROI area (cm?), the
shortest ROI-to-resection cavity margin distance (mm), and the extent of radiation dose
exposure (based on correlation of the patient’s RT dose distribution to ROI anatomical
location) (Winter et al., 2020b). Whenever available, diagnostic results from MR perfusion
(MRP) and diffusion weighted imaging (DWI) were analyzed to characterize functional
imaging characteristics of individual ROIs (Winter et al., 2020b). For further details on the
radiographic analysis see Publication 2, Materials and Methods, Pages 82 - §3.

3.2.5 Statistical analysis

The statistical analysis has been previously summarized in Publication 2 as follows:
“Descriptive statistics were used to analyze clinical and radiographic features for both groups.
For associations between groups, p values were determined using chi-square and Fisher’s exact
tests for categorical variables and a Wilcoxon rank-sum test for continuous variables. All
reported p values were adjusted for multiple hypothesis testing by false discovery rate;
statistical significance was considered as p < .05. The Kaplan-Meier (KM) method was used
to calculate median overall survival (OS); median follow-up time was calculated based on the
reverse KM estimator approach.” (Winter et al., 2020b). Furthermore, a univariate generalized
estimating equation model was employed to compare characteristics of individual ROIs
between patient groups (Winter et al., 2020b), the details of which can be found in Publication
2, Materials and Methods, Page 83.
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3.3 Characterization of stroke-like migraine attacks after radiation therapy syndrome

3.3.1 Study design and patient eligibility

The study was designed as a retrospective analysis of clinical and imaging data in patients
diagnosed with SMART syndrome at the Massachusetts General Hospital, Brigham and
Women’s Hospital, and the Dana-Farber Cancer Institute between 2013 — 2020 (Winter et al.,
2021b). Patient data were obtained from the respective clinical databases and institutional
review board approval was granted for all activities (Winter et al., 2021b). Patients were

selected based on the following inclusion criteria:

a) remote history of cranial RT for malignancy

b) Diagnosis of SMART syndrome, established by longitudinal clinico-radiographic follow-up

c) adult patients (> 18 years at diagnosis of SMART syndrome)

3.3.2 Variables of interest

A series of variables were collected for each patient, including demographic (age at diagnosis,
gender), clinical (relevant past medical history, type of malignancy, RT type, interval from RT,
presenting clinical signs and symptoms, recurrent episodes of SMART), therapeutic (type of
pharmacologic management), and outcome (clinical course, time to complete/incomplete

clinical recovery) parameters.

Radiographic features of SMART syndrome were analyzed and interpreted based on T1+C and
T2/FLAIR sequences from relevant MRI scans, using standard imaging software. Results of
diagnostic functional imaging, including DWI and MRP, were included in the analysis,
whenever available. Radiographic variables of interest with respect to identified lesions
included anatomic location, correlation with RT dose distribution, appearance/behavior on

T1+C, T2/FLAIR, DWI, and MRP, as well as time to radiographic improvement.
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4. Results

4.1. Treatment effects in neuro-oncology: research challenges and opportunities

4.1.1 Identified clinical and systemic challenges

Our observations and those of others (Brandsma et al., 2008; Chamberlain et al., 2007; Dietrich
et al., 2017; Verma et al., 2013) suggest that, over the past decades, the study of
pseudoprogression and treatment-induced necrosis has been complicated by a set of at least 12

identifiable clinical and systemic factors, summarized in Table 1 (Winter et al., 2019).

Table 1. Identified clinical and systemic challenges.

Clinical factors Identified core issues
Risk factor profile o Insufficient characterization; likely complex dynamic interplay between

unknown predisposing intrinsic factors (patient clinical status, inherent genetic
susceptibility, tumor entity & molecular-genetic factors) and partly identified
extrinsic factors (treatment regimen).

Complex pathomechanisms e Incomplete understanding of causal sequence of events and key targetable
pathways/molecules driving & sustaining TN (Furuse et al., 2015; Rahmathulla
etal., 2013).

Spatiotemporal e Incoherent terminology / arbitrary temporal distinction between PP, vs early-

radiographic pattern delayed radiation injury vs “early necrosis” vs TN.

Lack of spatial analyses correlating anatomical location of TN lesions with
therapeutic radiation dose distribution and respective Rx dose exposure.

Mixed lesions e Frequent manifestation of lesions containing both TN and residual or recurrent
tumor and/or tumor necrosis (Dequesada et al., 2008; Kumar et al., 2000).
Inability to distinguish between mixed entities on conventional MRI - pitfall
for identifying correct biopsy targets, affecting diagnostic yield.

Diagnostic ambiguity
Radiographic

Inability to distinguish TN from PD on conventional MRI - no optimal
advanced imaging modality - lack of robust imaging biomarkers = no
consensus on preferred non-invasive diagnostic algorithm (Dietrich and Klein,
2014; Eisele and Dietrich, 2015; Kumar et al., 2000).

¢ Concomitant treatment with glucocorticoids, anti-angiogenics, or
immune/targeted therapies may further complicate image interpretation with
conventional MRI (Ellingson et al., 2017; Fink et al., 2012; Huang et al., 2015).
The clinical picture of TN frequently mimics that of PD (Eisele and Dietrich,
2015).

Histopathological o No established histopathological classification criteria for TN or PP -> final
pathologic diagnosis largely depends on pathologist’s experience and subjective
impression.

Radiation induced cellular atypia in non-neoplastic cells may mimic intra-
lesional infiltration by scattered tumor cells and these can be virtually
indistinguishable.(Perry and Schmidt, 2006)

Clinical

Clinical course

Heterogenous, difficult to predict.

Symptomatic cases may further progress or deteriorate despite medical
intervention, occasionally requiring surgery to prevent fatal outcome.(Dietrich
and Klein, 2014; Eisele and Dietrich, 2015)

e Lack of level I or II clinical evidence for currently available treatment options.

Summary of identified clinical and systemic factors challenging the study of treatment-related effects in neuro-
oncology, with a focus on TN. Adapted from Publication 1, Figure 1 (Winter et al., 2019). Abbreviations: Dx,
diagnosis; MRI, magnetic resonance imaging; PD, progressive disease; PP, pseudoprogression; Rx, radiation; TN,
treatment-induced necrosis.
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Table 1, continued.

Systemic factors

Prospective biopsy-controlled
studies

Identified core issues

o There is a paucity of both prospective and biopsy-controlled studies that assess
the predictive value of advanced diagnostic imaging methods for TN (Alexiou
et al., 2009).

o Conversely, routine biopsy of diagnostically ambiguous cases carries surgical
risk, may curtail patients” QoL, and is associated with increased costs.

Focused randomized controlled
clinical trials (RCTs)

e Lack of RCTs with endpoints devoted to characterizing treatment effects.

o Potential “treatment effect confounders” are insufficiently controlled for in
past and ongoing clinical trials = pitfall to interpretation of efficacy of
experimental anti-neoplastic agents (Chamberlain et al., 2007; Huang et al.,
2015; Sanghera et al., 2012).

Functional imaging
performance assessment

e Poor inter-study comparability of diagnostic performance of functional
imaging modalities due to associated image-acquisition/processing
standardization issues (Jain et al., 2010).

Clinical feasibility of functional
imaging

¢ No comprehensive availability of advanced imaging modalities in standard
medical care facilities (Verma et al., 2013).

o Increased operating cost of scanners/equipment, lack of insurance coverage for
advanced diagnostic procedures (Verma et al., 2013).

¢ Frequent diagnostic need to combine different modalities = increased cost and
time

Response assessment criteria

o Insufficiency of current criteria in accounting for potential radiographic
correlates of treatment effects in follow-up treatment response monitoring

Current diagnostic approach

e Risk of over-emphasis on radiologic findings > pitfall of excluding potentially
important risk factors, antecedent events and clinical aspects that may
corroborate or challenge a Dx of TN.

Summary of identified clinical and systemic factors challenging the study of treatment-related effects in neuro-
oncology, with a focus on TN. Adapted from Publication 1, Figure 1 (Winter et al., 2019). Abbreviations: Dx,
diagnosis; QoL, quality of life; TN, treatment-induced necrosis.
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4.1.2 Proposed research framework to advance the field

Following contextualization of identified research barriers with current and expectable future
clinical needs, we proposed a comprehensive research framework based on six eminent
research pillars (Figure 3) directed at advancing clinical understanding, diagnosis, and
management of cancer treatment-related effects in neuro-oncology. For greater detail see

Publication 1, Future Perspectives: Mapping the Field, pages 67 - 68 (Winter et al., 2019).

Risk Stratification Standardized Definitions

« Reach clear consensus definitions for TN and PP, based on
identification of specific clinical, imaging, and histopathological
criteria.

Avoid arbitrary definitions and imprecise terminologies, like
“treatment effect”.

Preventative Co-Treatment Optimal Diagnostic Procedure

 Identification of eminent intrinsic (patient- and tumor-
specific) and extrinsic (treatment-specific) risk factors.

« Construction of a comprehensive risk stratification algorithm
/ score, employable for pre-treatment planning.

* Neuroprotective co-treatment for prophylaxis - antioxidant + Prospectively-designed, biopsy-controlled comparative
vitamins, HBOT, ketogenic metabolic therapy? performance assessment of most promising diagnostic imaging
* Adjustment of anti-neoplastic treatment in high-risk patients modalities.
- potential for modification without compromising anti- « Integrate TN risk stratification score into diagnostic procedure
tumor efficacy? + develop standardized diagnostic imaging protocol for TN.

- Establish specific quantitative & qualitative histopathological
criteria for 1) TN vs PD differentiation 2) tumor burden
characterization (mixed lesions)

Improved Monitoring Evidence based Therapy

* Biomarkers for early and accurate detection > early imaging
markers, liquid biopsy?

* Characterize spatio-temporal radiographic evolution of TN.

* Conduct comprehensive TN lesion-to-RT dose distribution .
correlation.

* Enrolment in high-powered, multi-center RCTs to investigate
and verify proposed efficacy of conventional and novel
treatment strategies for TN.

Potential for individualized targeted therapy based on TN
characteristics and/or patient subgroup, i.e. risk factors, clinical
status, pattern of lesion, tumor specifics?

Figure 3. Proposed research framework.

Schematic illustrating six eminent research pillars to advance understanding and management of treatment-related
effects such as TN and PP in neuro-oncology. Modified and adapted from Publication 1, Figure 4 (Winter et al.,
2019). Abbreviations: HBOT, hyperbaric oxygen therapy; PD, progressive disease; PP, pseudoprogression; RCT,
randomized controlled trial; RT, radiation therapy; TN, treatment-induced necrosis.
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4.2. Characterization of pseudoprogression and treatment-induced necrosis

The following segments summarize our previously published results on distinctive clinico-
radiographic features of PP and TN in patients with malignant glioma. For reference and

greater detail please see Publication 2, Results, Pages 85 - 90 (Winter et al., 2020b).

Analysis included a total of 64 cases of treatment-related effects classified as either PP (n=27)
or TN (n=37), diagnosis of which was predominantly confirmed by tissue biopsy (80%)
(Winter et al., 2020b). The clinical characteristics, treatment specifics, and outcome parameters
identified in this cohort are summarized in Table 2. Briefly, all 60 patients (median age 53
years) had a history of prior RT (most with concurrent and sequential TMZ-based
chemotherapy), predominantly in the setting of HGG diagnosis (87.5%) (Winter et al., 2020b).
Clinically, Karnofsky performance status (KPS) post initial surgery was high (median score
90/100). Nearly two-thirds of the cohort (64.1%) were found to have underlying vascular
comorbidities, a potential risk factor of treatment-related effects. Overall, incidence of disease
recurrence was 60% and median OS was 6.25 (95% confidence interval, 0.94-11.56) years

(Winter et al., 2020b).

To identify putative differences in clinical parameters and radiographic spatiotemporal pattern
between patients with PP versus those with TN, an in-depth comparative analysis between
groups was performed (Winter et al., 2020b). The results of this analysis are summarized in

sections 4.2.1 — 3.

4.2.1 Differences in clinical parameters

Comparative analysis identified significant intergroup differences in patient characteristics,

treatment specifics, and outcome parameters, summarized in Table 2.
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Table 2. Summary of patient characteristics, treatment specifics, and clinical outcome.
Patient characteristics Value total Value PP Value TN p value*
cohort group group for
difference
between
groups
Demographics
% sex ratio (m/f) 56 /44 67/33 49 /51 0.29456
Median Age at diagnosis (yrs) 53 55 47 0.08752
Tumor specifics
Tumor burden
% single lesion / multifocal disease 751725 67/33 81/19 0.33091
Intracranial Location
% left / right / central or mixed 42/50/8 59/41/0 30/57/13 0.05799
WHO Grade % (N) 0.02750
I 1.5 (1) 0 (0) 2.7(1)
I 10.9 (7) 0(0) 18.9 (7)
I 29.7 (19) 18.5(5) 37.8 (14)
v 57.8 (37) 81.5(22) 40.5 (15)
Molecular-genetic profile
% IDH1 mutated (N) 41.5 (17/41) 11.1(2/18) 65.2 (15/23) 0.00548
% MGMT methylated (N) 58.8 (20/34) 52.6 (10/19) 66.6 (10/15) 0.61115
Clinical status
% w/ cardiovascular comorbidities 64.1 70.4 59.5 0.56611
Earliest KPS (median) post initial 90 90 90 0.87992
surgery
Treatment specifics
Extent of surgical resection (N) 0.64589
GTR 18 8 10
NTR 11 6 5
STR 20 9 11
PR 6 4 2
Biopsy only 5 0 5
Regimen
Proton / photon RT (N) 5/59 1/26 4/33 -
% w/ (modified) TMZ-based 68.8 88.9 54.1 0.01534
standard chemo-RT
% w/ concurrent Ctx 76.6 92.6 64.9 0.04579
% Steroid use (N) 70.1 (44/62) 81.5(22/27) 62.9 (22/35) 0.24848
% Bevacizumab use (N) 58.1 (36/62) 63 (17/27) 54.3 (19/35) 0.67511
Clinical outcome
Median OS in years (95% CI) 6.25(0.94 - 3.0 (2.08 - not reached; <0.0001
11.56) 3.92) last
observation
censored at
24.9 yrs (OS
estimate at
62%)
% w/ recurrence (N) 59.6 (34/57) 83.3 (20/24) 42.4 (14/33) 0.03062

* FDR-adjusted for multiple hypothesis testing.

Summary of patient characteristics, treatment specifics, and clinical outcome. Adapted from Publication 2, Table
1 (Winter et al., 2020b). Abbreviations: chemo-RT, chemoradiation; CI, confidence interval; Ctx, chemotherapy;
f, female; FDR, false discovery rate; GTR, gross-total resection; KPS, Karnofsky performance status; m, male;
NTR, near-total resection; OS, overall survival; PP, pseudoprogression; PR, partial resection; RT, radiotherapy;
TMZ, temozolomide; TN, treatment-induced brain tissue necrosis; STR, subtotal resection; WHO, World Health

Organization.
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Briefly, the PP group was found to have twice as many GBM cases (81.5 vs. 40.5%; p <.002),
with significant differences in tumor molecular-genetic profile, i.e. fewer IDHI mutations
(11.1 vs. 65.2%; p < .006) and a lower incidence of MGMT promoter methylation (52.6 vs.
66.6%), as compared with the TN group (Winter et al., 2020b). These differences in underlying
diagnosis were also reflected by significant differences in systemic antineoplastic- and
supportive treatments rendered, as well as differences in clinical outcome (Table 2) (Winter et
al., 2020b). Accordingly, median follow-up times for PP and TN groups were 5.6 and 10.7
years, respectively, with significant differences in 5-year survival (26% vs. 82%) and median
OS (3.25 years vs. not reached; 62% survival estimate, last observation censored at 24.5 years;

p <.0001) rates between both groups (Figure 4) (Winter et al., 2020b).
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Figure 4. Kaplan-Meier survival analysis of PP and TN cohorts.

Kaplan-Meier survival analysis depicting PP (red line; 16 progression events; 11 censored. Median OS, 3.25 years
[95% confidence interval, 2.16—4.9]) and TN (blue line; 10 progression events; 27 censored. Median OS not
reached; last observation censored at 24.5 years; survival estimate 62%) groups. For comparison, p < .0001.
Adapted from Publication 2, Figure I (Winter et al., 2020b). Abbreviations: OS, overall survival; PP,
pseudoprogression; TN, treatment-induced necrosis.
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4.2.2 Differences in initial presentation

To characterize putative differences in initial presentation between PP and TN, the

radiographic and histopathological features of the first appearing lesion (“first ROI”) in each

patient were analyzed and compared between groups (Table 3).

Table 3. Characteristics of first ROI identified as treatment effect.

Characteristics of first ROI

Spatiotemporal Radiographic Features

Median onset (mos) post-RT
completion (range)
% periventricular location
% ring-like enhancement around
RC
Functional Imaging Features
% w/ functional imaging (N)
% elevated rCBV in MRP
% restricted diffusion in DWI
Clinical Features
% onset during active treatment
Median amount of Ctx received
(mos) prior to onset
% w/ concurrent new symptoms

N)
% of symptoms related
to ROI
% receiving any treatment for
ROI

% receiving steroids

% receiving

bevacizumab

% receiving surgical

debulking
Histopathological features

% treatment effect only (N)

% treatment effect w/ rare
atypical cells (N)

% treatment effect w/ foci of
solid tumor (N)

Value total
cohort

6.5 (0 239)

48.4
37.5

77.4 (48/62)
75.0 (30/40)
54.1 (20/37)

547
3.0

(IQR=1 - 9)
65.6 (40/61)
60.0 (24/40)
78.1

547

18.8

35.9

16.0 (8/50)
62.0 (31/50)
22.0 (11/50)

* FDR-adjusted for multiple hypothesis testing.

Value PP
group

1.0 (0—4)

333
70.4

92.0 (23/25)
88.8 (16/18)
57.7 (8/14)

85.2
1.0

(IQR=1 - 3)
69.2 (18/26)
59.1 (13/22)
88.9

74.1
11.1

51.9

0.0 (0/24)
70.8 (17/24)

29.2 (7/24)

Value TN
group

11.0 (3-239)

59.5
13.5

67.6 (25/37)
63.6 (14/22)
52.2 (12/23)

324
7.5

(IQR=2 - 12)
62.9 (22/35)
61.1 (11/18)
702

40.5
243

243

30.8 (8/26)
53.8 (14/26)

15.4 (4/26)

p value* for
difference
between
groups

<0.00001

0.09098
0.00009

0.07587
0.19976
0.75603

0.00044
0.00574

0.82835
0.61115
0.20967

0.03592
0.29698

0.07991

0.03592

Characteristics of first ROI identified as treatment effect. Adapted from Publication 2, Table 2 (Winter et al.,
2020b). Abbreviations: Ctx, chemotherapy; DWI, diffusion weighted imaging; FDR, false discovery rate; IQR,
interquartile range; MRP, magnetic resonance perfusion; PP, pseudoprogression; RC, resection cavity; rCBV,
relative cerebral blood volume; ROI, region of interest; RT, radiotherapy; TN, treatment-induced brain tissue

necrosis.
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In summary, intergroup comparison identified specific temporal incidence peaks for PP and
TN (Winter et al., 2020b). While group allocation per se was based on temporal stratification
using a 5-month cutoff point, development of PP and TN peaked at distinct timepoints,
whereby PP mostly occurred at or within 1 month and TN mostly between 7 and 12 (median,
11) months post-RT completion (Figure 5) (Winter et al., 2020b). As such, PP manifestation
peaked during active antineoplastic treatment (85 vs. 32%; p < .0005), while TN mostly
developed during imaging surveillance periods (Winter et al., 2020b). In addition, late-delayed
TN (>5 years) was identified in a subset of patients, including 2 cases manifesting decades

after RT (Figure 5).
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Figure 5. Temporal distribution of first ROI manifestation.

Temporal distribution of first region of interest (ROI) manifestation on MRI post-RT completion. Adapted from
Publication 2, Figure 2 A (Winter et al., 2020b). Abbreviations: PP= pseudoprogression; RT, radiation therapy;
TN, treatment-induced necrosis.

Beyond temporal differences, PP and TN were found to exhibit unique radiographic features
(Figure 6). As such, most PP lesions were non-nodular, ring-like enhancing structures that
developed around the tumor resection cavity (RC) margin (70.4 vs. 13.5%; p <.0001; Figure
6 D — F), whereas TN typically manifested as multiple small nodular lesions with a predilection

for the periventricular white matter (Figure 6 A — C) (Winter et al., 2020b).

In both groups, initial manifestation of treatment-related effects was associated with new
neurologic symptoms in the majority of cases (60%), although patients with PP received
significantly more steroid-based (74.1 vs. 40.5%; p < .04) or surgical (51.9 vs. 24.3%)
interventions (Table 3) (Winter et al., 2020b). Interestingly, results of advanced diagnostic
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imaging such as DWI and MRP (more frequently conducted in the PP group), were frequently
suggestive of recurrent disease rather than treatment effect (Table 3) (Winter et al., 2020b).
Finally, histopathological analysis of biopsied/resected initial ROIs revealed intergroup
differences in the content of malignant elements, whereby PP specimens more frequently
contained mixed lesions, i.e. treatment effects with rare atypical cells or foci of solid tumor (p

<.04; Table 3) (Winter et al., 2020b).
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Figure 6.
Radiographic
evolution of TN and
PP over time.

T1+C axial MRI scans
from representative
patients with TN (A-C)
and PP (D-F) depicting
radio-graphic evolution
of treatment-related
changes over time.
Adapted from
Publication 1, Figure 3,
where detailed
descriptions of the
illustrated cases can be
found (Winter et al.,
2020b). Abbreviations:
MRI, magnetic
resonance imaging; PP,
pseudoprogression; TN,
treatment-induced
necrosis.
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4.2.3 Differences in spatiotemporal radiographic lesion pattern

Longitudinal radiographic evaluation of the 64 PP and TN cases identified a total of 137
treatment-related ROIs (n = 62 biopsied; n = 75 clinico-radiographic diagnosis) classified as
either PP or TN lesions (Winter et al., 2020b). Intergroup comparison at the level of individual
ROIs revealed distinct spatiotemporal radiographic features and histopathological differences,

summarized in Table 4 (Winter et al., 2020b).

Briefly, most PP-related ROIs (n = 30) were unifocal (81.4%) and, unlike TN-related ROIs,
located at the tumor RC margin as non-nodular entities with ring-like enhancement (63.3 vs.
5.6%; p < .0001; Figure 7 B) (Winter et al., 2020b). Conversely, TN-related ROIs (n = 107)
were typically nodular, more numerous (median, 2 vs. 1 ROIs; p =.01), located in deep-seated
brain regions such as the periventricular white matter (p =.0001) with highly variable distances
from the tumor RC (median, 21.5 mm; range, 0—78 mm; Figure 7 B), and contained fewer
malignant elements upon biopsy (p = .008) (Winter et al., 2020b). As such, TN mostly evolved
into multiple small nodular lesions over time, whereby a quarter of TN-related ROIs developed

later than 3 years post-RT completion (Figure 7 C) (Winter et al., 2020b).

Furthermore, the “fate” of each individual PP- or TN-related ROI was characterized via
longitudinal radiographic tracing, i.e. from onset until either surgical resection, antiangiogenic
treatment, radiographic resolution, or last available MRI scan, as exemplified in Figure 6. In
summary, the vast majority of PP-related ROIs (80%) were surgically resected and/or treated
by antiangiogenics a few (median, 4) months after lesion onset (Winter et al., 2020b).
Conversely, only about one-third of TN-related ROIs were treated (median interval, 8 months),
whereas the untreated majority either resolved radiographically (36%; median time to
resolution, 11.5 months) or persisted until the last available MRI scan (29%; median interval,

15 months) (Winter et al., 2020b).

Finally, individual ROIs were correlated anatomically to available RT dose distribution curves,
as exemplified in Figure 8. Based on this analysis, 98.9% (n = 87/88) of ROIs were located in
the main radiation field, nearly half of which (46%) were spatially correlated to areas of

supratherapeutic radiation maxima (Table 4) ) (Winter et al., 2020b).
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Table 4. ROI spatiotemporal radiographic and histopathological characteristics.

ROI Characteristics Value total Value PP group  Value TN group P value
cohort (estimate)*
Number of analyzed ROIs 137 30 107
N biopsied 62 26 36
% needle 40.3/53.2/7.7 |19.2/80.8/0.0 556/333/11.1 0.3580
biopsy / open (-0.7338)
resection /
autopsy
N not biopsied, but
spatiotemporal 45 1 44
radiographic pattern
similar to a biopsied
ROI in same patient
N clinico-radiographic 30 3 27
diagnosis only
Spatiotemporal Radiographic
Features
Median onset (mos) 11(5-28) 0(0-2) 16 (10 —-36) 0.0010
post-RT completion (2.4756)
(IQR)
% deep-seated- / lobar- | 33.6/57.7/8.8 | 6.7/73.3/20.0 41.1/533/5.6  0.0001
/ both locations (-1.4993)
% periventricular 40.2 30.0 43.0 0.2600
location (0.5651)
% ring-like 18.3 63.3 5.6 <.0001
enhancement around (-3.3699)
RC
Max. size in cm? 0.99 (0.16 — 3.70 (1.08 — 0.55(0.15— 0.1672
(median; IQR) 4.42) 7.50) 3.36) (-0.0341)
Shortest distance (mm) | 16.5 (0.0 —27.0) | 0.0 (0.0 —12.0) 21.5(10.0 - 0.0011
from RC (median; IQR) 31.0) (0.0902)
Correlation to RT dose
distribution
% located in main 98.9 (87/88) 100 (25/25) 98.4 (62/63)
radiation field
% receiving less than / 11.5/42.3/ 83/29.2/62.5 13.0/48.1/38.9
equal to / more than 46.2
max. therapeutic
radiation dose
Histopathological features 0.0084
(-1.4779)
% treatment effect only | 24.2 (15/62) 0.0 (0/26) 41.7 (15/36)
N)
% treatment effect w/ 56.5 (35/62) 73.1 (19/26) 44.4 (16/36)
rare atypical cells (N)
% treatment effect w/ 19.4 (12/62) 26.9 (7/26) 13.9 (5/36)
foci of solid tumor (N)

*Based on a generalized estimating equation model, adjusted for multiple observations per patient, and
applied to eight preselected variables of interest.

Adapted from Publication 2, Table 3 (Winter et al., 2020b). Abbreviations: IQR, interquartile range; PP,
pseudoprogression; RC, resection cavity; ROI, region of interest; RT, radiotherapy; TN, treatment- induced
brain tissue necrosis.
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Figure 7. Spatiotemporal radiographic characteristics of PP and TN.

(A) Temporal distribution of overall ROI manifestation on MRI post-RT completion. (B) Spatial distribution of
ROIs relative to the tumor resection cavity (RC), illustrating the shortest ROI-to-RC distance for each ROI. (C)
Cumulative frequency of TN group ROI onset latency from RT completion. Adapted from Publication 2, Figure
2 B — D (Winter et al., 2020b). Abbreviations: PP, pseudoprogression; RC, resection cavity; ROI, region of
interest; RT, radiation therapy; TN, treatment-induced necrosis.
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Figure 8. Typical radiographic features of PP and TN.

Typical radiographic features of PP (A) and TN (B) observed on axial T1+C MRI scans (left panels), with
corresponding radiotherapy dose distribution overlay on axial computed tomography (right panels) demonstrating
prior exposure of these enhancing ROIs to the main radiation field. Adapted from Publication 2, Figure 4 (Winter
et al., 2020b). Abbreviations: MRI, magnetic resonance imaging; PP, pseudoprogression; RT, radiation therapy;
TN, treatment-induced necrosis.
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4.3 Characterization of stroke-like migraine attacks after radiation therapy syndrome

The following segments summarize our previously published results on distinctive clinico-
radiographic features of SMART syndrome in (neuro-)oncological patients. For reference and

greater detail please see Publication 3, Case Series, Pages 100 — 101 (Winter et al., 2021b).

4.3.1 Clinical presentation, evolution, and management

In this retrospective multicenter study, a total of 7 consecutive patients with diagnosis of
SMART syndrome were identified an analyzed. Of note, portions of 2 patient cases included
in this series were previously published elsewhere (Olsen et al., 2016). Relevant demographic

and clinical characteristics are summarized in Table 5.

Briefly, all 7 patients (6 males and 1 female, aged 49 — 68 [mean, 58] years) had received
partial (71%) or whole brain RT (29%) (dose range, 36 — 60Gy [n=5/7]), including proton RT
in 2 cases (Winter et al., 2021b). The RT-to-SMART time interval was highly variable, (range,
<1.5 to 28 years [mean, 11.8 years]) and the most common presenting signs and symptoms
included migraine-type headaches (71%), aphasia (71%), and seizures (57%) (Table 5). 57%
of patients experienced multiple (range, 2 —4) SMART episodes, generally affecting the same
cerebral region (Winter et al., 2021b). Observed clinical symptoms were universally
accompanied by pathognomonic MR imaging changes (see section 4.3.2 Radiographic
features). All patients received supportive therapy, including antiepileptics (86%), nonsteroidal
anti-inflammatory drugs (NSAIDs) (57%), and steroids (43%), und which all achieved
radiographic improvement with full (71%) or partial (29%) neurologic recovery (Winter et al.,
2021Db).
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Demographic, clinical, and management characteristics identified in patients with SMART syndrome. Adapted

from Publication 3, Table 1 (Winter et al., 2021b).
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4.3.2 Radiographic features

In all 7 patients, cranial MRI demonstrated characteristic imaging abnormalities during
SMART episodes, summarized in Table 6.

Briefly, MR imaging findings were strictly unilateral, located in previously irradiated brain
regions, and characterized by cortical gyriform enhancement (100%) with associated
T2/FLAIR signal hyperintensity (86%) and inconsistent diffusion restriction (43%) (Winter et
al., 2021b). In most instances, radiographic resolution occurred over the course of 1 — 10
months and was accompanied by recovery of neurologic function (Figure 9 A & B). In all
patients who underwent advanced functional imaging by MRP (n=3/3), corresponding regional
hyperperfusion (as per elevations in cerebral blood flow [CBF] and/or -volume [CBV]) was

noted, suggestive of vascular dysfunction (Figure 9 C) (Winter et al., 2021b).

Table 6. MR imaging characteristics in SMART syndrome.

Cortical ]
, Laterality {n , gyriform TZ/.FLAIR .D W.I MR T.zme to .
Patient radiation signal diffusion X radiographic
11 field e hyperintensity restriction P T improvement
(location)
Temporal,
1 L + parietal, + + (mild) 1CBF <lmo
occipital
2 L + Occipital, + + (foci) N/A 10mo
parietal
Entire 1CBF,
+ ; + -
3 L hemisphere T1CBV Imo
>S5y (gradual
4 L n Occ1p1tal, n i 1CBV r.f:solutlf)n w/
parietal intermittent
worsening)
5 L + Temporal + - N/A 3mo
6 L + Entire - - N/A 1mo
hemisphere
” L 4 Par;et.al, + n N/A N/A, eplsode
occipital ongoing

MR imaging characteristics identified in patients with SMART syndrome. Adapted from Publication 3, Table 2
(Winter et al., 2021b). Abbreviations: CBF, cerebral blood flow; CBV, cerebral blood volume; DWI, diffusion-
weighted imaging; L, left; mo, months; N/A, not applicable; R, right; w/, with; y, years.
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Figure 9. Examples of imaging characteristics identified in SMART syndrome.

(A & B) Patient 1. Brain MRI (hospital day 6) taken after an episode of non-convulsive status epilepticus in a
patient who presented with aphasia, confusion, and headache 16 years post-WBRT. Findings demonstrate new
cortical gyriform enhancement in the left temporo-parieto-occipital region, associated T2/FLAIR signal
hyperintensity, and extensive post-radiation white matter changes which are unchanged from previous scans (A).
Follow-up MRI (+3 weeks) with interval resolution of cortical enhancement and persistent but decreased T2
hyperintense gyral swelling (B).

(C) Patient 3. Brain MRI (hospital day 4), taken after seizure development in a patient who presented with sudden
right hemiparesis and aphasia 28 years after prophylactic WBRT (36Gy). Findings demonstrate extensive cortical
gyriform enhancement with associated diffuse T2/FLAIR signal hyperintensity involving large portions of the
left cerebral hemisphere; there are corresponding regional elevations in cerebral blood volume (CBV) and -flow
(CBF) on perfusion MRI.

Adapted and modified from Publication 3, Figure 1 (Winter et al., 2021b). Abbreviations: CBF, cerebral blood
flow; CBV, cerebral blood volume.
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5. Discussion

Cancer treatment-related neurotoxicity remains a major challenge in the therapeutic
management of (neuro-)oncological patients (Dietrich et al., 2019). Our in-depth analysis of
the current state of research in the field of treatment-related effects that mimic progressive
disease (i.e. TN and PP) (Publication 1) suggests that, although a multiplicity of diagnostic
imaging modalities and numerous treatment strategies for TN and PP have been put forward,
no diagnostic or therapeutic SOC has yet been established (Winter et al., 2019). Based on the
existing clinical literature, we identified a set of major clinical and systemic factors that have
challenged the development of best management practices for these conditions (Winter et al.,
2019). To address these existing barriers, we developed a comprehensive research framework
(Figure 3) as a potential blueprint to help improve the direction and design of clinical
investigations in this field (Winter et al., 2019). Numerous aspects of this framework (including
elements of the research pillars Optimal Diagnostic Procedure, Evidence-based Therapy,
Standardized Definitions, Improved Monitoring, and Risk Stratification) served to inform the
design of our subsequent study, in which we aimed to address relevant unanswered questions
by holistic analysis of the clinical and imaging characteristics of 60 glioma patients diagnosed
with either PP or TN as a consequence of brain tumor therapy (Publication 2) (Winter et al.,
2020b). Using a similar approach, we aimed to characterize distinctive clinico-radiographic
features in 7 (neuro-)oncological patients with SMART syndrome (Publication 3). Like PP and
TN, this rare treatment-related condition can be radiographically indistinguishable from PD

and remains difficult to diagnose and manage.

The following sections provide a brief critical discussion of the methods and results from
Publications 2 and 3, with a focus on clinical implications and contextualization with relevant
clinical literature. For the respective in-depth discussions of these studies, see Publication 2,

Discussion, Pages 90 — 92 and Publication 3, Discussion, Pages 102 - 103.

5.1 Pseudoprogression and treatment-induced necrosis

Our results are consistent with the clinical literature on treatment-related effects in neuro-
oncology and offer several important new findings. In line with observations by others, we
found that treatment-related effects largely occurred in HGG patients, especially following

(TMZ-based) chemo-RT (Brandsma et al., 2008; Chamberlain et al., 2007). Radiographic onset
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post-RT was either early or late (classified in this study as PP or TN) (Dietrich et al., 2017;
Giglio and Gilbert, 2003; Tofilon and Fike, 2000), frequently symptomatic (Chi et al., 2008;
Minniti et al., 2011), and typically managed by steroids, antiangiogenics, and/or surgery
(Lubelski et al., 2013; McPherson and Warnick, 2004; Shaw and Bates, 1984; Winter et al.,
2020b). Moreover, the presence of either type of treatment-related effects appeared to be

associated with above-average overall survival (Winter et al., 2020b).

Our comparative analysis by temporal stratification of treatment-related effects identified
unique differences between PP and TN, especially with regards to clinical course,
spatiotemporal radiographic lesion pattern, histopathological features, characteristics of
affected patient populations (including tumor molecular-genetic profile), and clinical outcome
— discussed in more detail in Publication 2, Discussion, Pages 90 — 92 (Winter et al., 2020b).
Taken together, our observations suggest that PP and TN represent distinct conditions that
occur in specific neuro-oncological patient populations and most likely differ in underlying
pathophysiology (Winter et al., 2020b). These findings provide evidence for the necessity to
establish separate clinical definitions for both conditions and thereby improve the quality of —
and comparability between — future clinical investigations in this field (Winter et al., 2019). In
addition, a clear consensus must be reached regarding the terminology attributed to early versus
late treatment-related effects (here termed PP and TN). This includes resolution of semantic
inconsistencies surrounding the term “pseudoprogression”, which is sometimes used in the
literature to denote a purely radiographic phenomenon. Instead, PP likely represents a distinct
clinical condition predominantly encountered in patients with GBM in the weeks to months
after TMZ-based chemo-RT treatment, as we and others have described (Brandsma et al., 2008;
Dietrich et al., 2017; Taal et al., 2008).

Our longitudinal radiographic analysis at the level of individual ROIs corroborates previous
descriptions of the spatiotemporal imaging characteristics of PP (Brandsma et al., 2008; Taal
et al., 2008) and TN (Kumar et al., 2000; van West et al., 2017), including the finding that the
periventricular white matter appears to be a predilection site for TN development (Brandsma
et al.,, 2008; Kumar et al., 2000; van West et al., 2017). Notably, we observed significant
heterogeneity in the behavior of TN ROIs traced over time, suggesting the existence of
different lesion subpopulations within the spectrum of TN (Winter et al., 2020b). As such,

some TN lesions are transient and may spontaneously resolve without therapeutic intervention
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(van West et al., 2017; Winter et al., 2020b). By contrast, other, more aggressive forms of TN
require therapeutic intervention and/or continue to progress over time in an irreversible manner
(Winter et al., 2020b, 2019). The reasons for these different behaviors remain unclear and

warrant further clinical investigation.

Our correlative spatial analysis using RT dose distribution curves revealed that PP and TN
lesions reliably developed in the main field of prior radiation and, as such, predominantly in
areas of therapeutic radiation maxima and in supratherapeutic radiation “hot spots” (Winter et
al., 2020b). This finding underscores the diagnostic utility of RT dose distribution curves in
the interpretation of newly enhancing lesions on MRI (Winter et al., 2020b). Making use of
this valuable noninvasive tool may facilitate diagnosis in the setting of equivocal findings on
structural or even functional neuroimaging. Notably, analysis of PP/TN lesions by DWI and/or
MRP imaging reports in our study was frequently suggestive of PD and most patients
eventually underwent tissue biopsy to resolve imaging ambiguities (Winter et al., 2020b). This
finding demonstrates the current limitations of advanced imaging modalities in reliably
differentiating PP/TN from true PD and the continued importance of tissue-biopsy to resolve

diagnostic ambiguities and guide management (Winter et al., 2020b).

Our study has several strengths and limitations:

While patient selection and data collection were carried out retrospectively, our study is, to our
knowledge, the first in which a majority (80%) of analyzed cases of treatment-related effects
in neuro-oncological patients were diagnostically confirmed by tissue biopsy (Winter et al.,
2020b). Patient stratification into PP and TN diagnosis groups was based on a defined temporal
cutoff point in accordance with the typical manifestation ranges reported for both conditions
in the literature (Brandsma et al., 2008; Dietrich et al., 2019; Eisele and Dietrich, 2015; Giglio
and Gilbert, 2003; Tofilon and Fike, 2000; Winter et al., 2019). Potential diagnostic
inaccuracies caused by this approach cannot be fully ruled out, although we carefully reviewed
each allocated diagnosis post-hoc, taking into account all available clinical and radiographic
information (Winter et al., 2020b). Qualitative histopathological characterization of biopsied
lesions was limited as no standardized histopathological criteria for PP/TN presently exist and
available pathology reports commonly summarized findings as “treatment effect” (Winter et
al., 2020b). Nevertheless, we found that biopsied TN lesions contained comparably fewer

malignant elements, while foci of “mixed pathology” were present in 25% of biopsied PP
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lesions (Winter et al., 2020b). This finding is reflective of the spatiotemporal characteristics
seen in PP, including preferential location around the tumor RC and early manifestation during
active antineoplastic treatment, and supports the hypothesis that PP and TN differ in underlying
pathophysiology, as discussed in more detail in Publication 2, Discussion, Pages 90 — 92
(Winter et al., 2020b). Future studies with qualitative histopathological analysis of PP and TN
are warranted to 1) establish robust histopathological criteria and 2) identify implicated
pathomechanisms that may translate to effective therapeutic applications (Winter et al., 2020b).
Lastly, our observations and those of others suggest an association between the development
of treatment-related effects and improved clinical outcome, possibly due to a more durable
treatment response seen in patients with PP/TN (Brandes et al., 2008; Chamberlain et al., 2007,
Winter et al., 2020b; Yang and Aghi, 2009). However, this finding should be interpreted with
caution as survival analyses in selected patient populations with (late-delayed) treatment-
related effects are prone to an implicit time bias (van West et al., 2017; Winter et al., 2019).
Further studies with matched controls are thus warranted to assess whether PP/TN might
constitute a potential biomarker for improved outcome in glioma patients (Winter et al.,
2020b). Moreover, the co-occurrence of other independent positive prognostic biomarkers,
including IDH1 mutation (Loebel et al., 2017; Nobusawa et al., 2009; Sanson et al., 2009) and
MGMT promoter methylation (Gerstner et al., 2009; Rivera et al., 2010; Wick et al., 2013)
must be factored in, as these mutations may be enriched in in tumors of patients with treatment-

related effects (Li et al., 2016; Motegi et al., 2013; Winter et al., 2020b).

5.2 Stroke-like migraine attacks after radiation therapy syndrome

Our findings support previous descriptions of SMART (Black et al., 2013, 2006; Fan et al.,
2018; Kerklaan et al., 2011) and offer several new insights into the clinico-radiographic
manifestation of this rare and underrecognized treatment-related condition (Winter et al.,
2021b). Consistent with the literature, all our patients had a remote history of cranial RT, were
predominantly older men, presented with typical clinical signs and symptoms (including
migraine-like headaches, seizures, and/or neurologic deficits), and demonstrated
pathognomonic MR imaging abnormalities strictly confined to previously irradiated brain
regions (Figure 9) (Winter et al., 2021b). Notably, we found that left cerebral hemispheres

were universally affected; whether right hemispheric involvement is clinically less pronounced
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— and therefore potentially underrepresented in patients with SMART — remains unknown
(Winter et al., 2021b). Although SMART manifestation post-RT in adults generally occurs
after many years to decades (Black et al., 2013; Fan et al., 2018), our study identified two cases
of “early-onset” SMART (<4 years and <14 months, respectively). Interestingly, these patients
had underlying vascular comorbidities, a potential risk factor for SMART (Olsen et al., 2016),
and, in addition, had received proton RT. Since RT dose has been proposed as a risk factor for
SMART development (Kerklaan et al., 2011), it is conceivable that specific radiation
modalities like proton RT may play a contributory role (Winter et al., 2021b), as has been
observed with other types of treatment-related effects (Dworkin et al., 2019). The
pathophysiology of SMART is complex, and several mechanisms have been proposed, as
discussed in more detail in Publication 3, Discussion, Pages 101 - 102 (Winter et al., 2021b).
Briefly, our findings point to radiation-induced impaired cerebral arterial autoregulation (with
resultant regional hyperperfusion) as a putative mechanism driving the characteristic imaging
abnormalities — and preceding seizure development — in SMART (Winter et al., 2021b).
Consistent with previous studies (Black et al., 2013; Fan et al., 2018), SMART episodes
frequently recurred and in a subset of patients neurologic recovery was incomplete (Winter et
al., 2021b). Our findings support the notion that a prior migraine history may predispose to a
complicated clinical course, though future investigations are necessary to corroborate this
hypothesis (Winter et al., 2021b). Limitations of our study include a descriptive and
retrospective design, as well as a lack of tissue-based diagnosis of SMART, although current
diagnostic criteria for SMART are solely clinico-radiographic and both the safety and utility
of biopsy in the setting of SMART have been questioned (Black et al., 2013; Winter et al.,
2021Db).

In addition to providing new insights into the clinical dynamics and potential pathomechanisms
underlying SMART development, several clinical implications can be derived from our study.
In all patients, SMART was considered a diagnosis of exclusion and, as such, it remains pivotal
that other more common differential diagnoses (e.g., local tumor progression, leptomeningeal
disease, infection, and ischemic events) are ruled out during diagnostic work-up (Winter et al.,
2021b). Moreover, by virtue of the mostly transient nature of SMART, it appears feasible to
allocate sufficient time for careful clinico-radiographic observation prior to consideration of
salvage antineoplastic treatment (Winter et al., 2021b). Finally, our study adds to previous
descriptions of SMART as a unique late-delayed radiation-related syndrome with typical

clinical presentation and pathognomonic MR imaging findings, recognition of which is
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paramount in (neuro-)oncological patients with a remote history of prior cranial RT (Winter et

al., 2021b).

5.3 Future perspectives

The incidence and spectrum of treatment-related neurotoxicity are expected to increase in the
setting of a growing armamentarium of novel antineoplastic therapies and continual
improvements in patient survivorship (Dietrich, 2020; Dietrich et al., 2017). Timely and
focused research strategies are pivotal to address current and future clinical demands related to
effective diagnosis and management of these conditions in neuro-oncological patients (Winter
et al., 2019). At the same time, more emphasis must be placed on rigorous documentation,
characterization, and integrated analysis of treatment-related effects across the neuro-
oncological care trajectory, not least to ensure sufficient availability of dependable clinical data
(Winter et al., 2019). Our analyses in neuro-oncological patients with PP, TN, and SMART
demonstrate that holistic characterization of these challenging conditions is feasible, of

significant clinical utility, and paramount to constructively inform future work in the field.

In the case of PP and TN, further biopsy-controlled studies are warranted to address important
questions pertaining to the identification of robust histopathological criteria and targetable
pathomechanisms for either condition (Winter et al., 2020b). Additionally, greater knowledge
of putative risk factors may enable identification of “high risk” patients and/or clinical
scenarios that predispose to PP/TN development (Winter et al., 2019). Similarly, in patients
with TN, identification of biomarkers predictive of a progressive versus transient lesion
behavior would greatly facilitate decision-making regarding therapeutic intervention. Future
work should also evaluate the prognostic significance of PP and TN development in neuro-
oncological patients (Winter et al., 2020b). Finally, recognition of PP and TN as distinct
treatment-related conditions and classification based on evidence-based clinical definitions
should be considered. In addition, greater knowledge of the unique radiographic features of PP
and TN lesions may help refine current response assessment (RANO) criteria to foster accuracy
in clinical trial enrolment and outcome interpretation in neuro-oncology (Winter et al., 2020b,

2019).
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In the case of SMART, there remains a paucity of dependable clinical information (less than
50 published cases) given the nature of this relatively rare, diagnostically challenging, and
likely underrecognized treatment-related condition (Winter et al., 2021b). Our findings in 7
patients with SMART support previous descriptions of the condition and identified a typical
clinical presentation with universal presence of pathognomonic imaging abnormalities in
affected patients. Additionally, we found that impaired cerebral autoregulation with resultant
region cerebral hyperperfusion appears to be a putative pathomechanism driving SMART
development (Winter et al., 2021b). Further research into the unique abnormalities observed
on structural and functional neuroimaging is warranted to improve differentiation from other,
more common pathologies, without the need for tissue biopsy. In addition, a better
understanding of implicated, targetable pathomechanisms is expected to improve both clinical

management and outcome in patients with SMART.

Beyond the disease-mimicking forms of treatment-related conditions addressed in this thesis,
other areas in need of further research include emerging forms of neurotoxicity related to novel
cancer immunotherapies (Winter et al., 2020a), antineoplastic agents (Brandes et al., 2015;
Jeyaretna et al., 2011; Vaios et al., 2020) and targeted therapies (Chukwueke et al., 2019; Wick
et al,, 2016). In particular, combinations of these novel therapies with conventional
antineoplastic treatment may further complicate accurate imaging-based response assessment
and aggravate neurotoxic effects, with potentially unforeseen neurologic complications (Huang

etal., 2015; Winter et al., 2021c¢).
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Abstract

Cancer therapy-induced adverse effects on the brain are a major challenge in neuro-oncology. Brain tissue necrosis
(treatment necrosis [TN]) as a consequence of brain directed cancer therapy remains an insufficiently character-
ized condition with diagnostic and therapeutic difficulties and is frequently associated with significant patient
morbidity.

A better understanding of the underlying mechanisms, improvement of diagnostic tools, development of preven-
tive strategies, and implementation of evidence-based therapeutic practices are pivotal to improve patient man-
agement. In this comprehensive review, we address existing challenges associated with currentTN-related clinical
and research practices and highlight unanswered questions and areas in need of further research with the ultimate

goal to improve management of patients affected by this important neuro-oncological condition.

Keywords

Cancer treatment-related effects on the central nervous system
remain a challenging issue in neuro-oncology."? Specifically,
treatment-induced brain tissue necrosis (treatment necrosis
[TN]), perhaps inappropriately referred to as “radiation ne-
crosis,” continues to be a challenge for clinical management
and can be a significant cause of patient morbidity and even
mortality.>® Radiographic and clinical presentation of TN is
usually indistinguishable from those of residual/recurrent
tumor (progressive disease [PD]), causing a major dilemma in
patient management. Establishing a reliable diagnosis based
on clinical assessment and conventional MRI is difficult, fre-
quently necessitating a surgical tissue biopsy."2%7 The patho-
physiology of TN is complex and incompletely understood.®®
Depending on the location and extent of the necrotic lesion
and the degree of associated mass effect, the condition’s clin-
ical course may be heterogeneous and unpredictable.5To date,

no standard of care (SOC) forTN exists and treatment is mostly
directed at controlling associated neurological symptoms.®
Experimental therapies have shown mixed efficacy and await
robust evidence-based assessment®'?; a consensus regarding
best practices for efficient preventative, diagnostic, and thera-
peutic measures to manageTN has not yet been established.>"

This review discusses diagnostic and therapeutic strategies
directed at management of patients with TN, focusing on clin-
ical pitfalls and research barriers that have precluded advance-
ment of this field. Of note, the term “treatment (-induced)
necrosis (TN)”'2-' (unlike the conventional clinical term “ra-
diation necrosis”) reflects emerging knowledge of the mech-
anisms driving this condition. Specifically, existing studies
point to a contribution of chemotherapeutic agents such as
temozolomide (TMZ)'3 or tyrosine kinase inhibitors' and pre-
existing comorbidities to the development of TN.

© The Author(s) 2019. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved.

For permissions, please e-mail: journals.permissions@oup.com
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Treatment-Induced Necrosis: A Clinical
Challenge

Our observations and those of others'2512-1416-22 gyggest
that numerous clinical and systemic factors complicate the
understanding and management of TN, as summarized in
Fig. 1. Addressing these challenges is essential to define
risk factors and preventative strategies, reliable diagnostic
and monitoring algorithms, and effective patient manage-
ment practices.

Incidence and Clinical Relevance

TN constitutes a serious and relatively common treat-
ment-related adverse effect, particularly since combined
chemotherapy and radiation therapy (RT) with concurrent
and sequential TMZ?® was established as the SOC treat-
ment for glioblastoma (GBM)."3'417 The exact incidence
and prevalence of TN remains unknown; depending on
the type of neoplastic lesion, treatment regimen, and
data acquisition parameters, TN incidence ranges from
3-24%%%* or 5-50%.825 For high-grade glioma patients,
Ruben et al reported a 4.9% incidence of TN following RT
(+ adjuvant chemotherapy).?* However, this study was
not fully biopsy-controlled and patient data derived from
an era before standard chemo-RT?® was implemented.
Since then, Chamberlain et al'® found a 14% incidence
of biopsy-confirmed TN in TMZ-based chemo-RT treated
GBM patients, supporting the notion that the incidence
with combined chemo-RT may be higher. Any improve-
ment of patient overall survival (OS) with use of novel
anti-neoplastic treatments will likely be associated with
an increase in TN manifestation.* Moreover, the incidence
and severity of TN is influenced by the choice of treatment
modality, including targeted therapies, immunothera-
pies, anti-angiogenic therapies, and concurrent steroid
use. For instance, TN incidences may be higher in patients
treated for brain metastasis with tyrosine kinase inhibi-
tors’ and lower in those concurrently treated with corti-
costeroids?® and anti-angiogenic therapies.?’?8 Whether
immune checkpoint inhibitors may increase the risk of
TN in patients with metastatic brain cancer has been dis-
cussed controversially.2930

Risk Factors and Prevention

Prevention of TN is limited by an incomplete understand-
ing of risk factors and a lack of efficacious neuroprotective
strategies. Apart from anti-neoplastic treatment param-
eters, such as RT type (eg, brachytherapy, stereotactic
radiosurgery) and radiation modality (proton vs photon
radiation), radiation dose, -volume, -fraction size and/or
hyperfractionation regimen, and use of concurrent and/or
adjuvant chemotherapy, other potential risk factors for TN
include patient age, survival time, and vascular comorbidi-
ties.?10.14.2431-34 However, poor predictability and hetero-
geneity of TN suggest that additional yet unidentified risk
factors are implicated.%®

Radiographic Appearance and Spatiotemporal
Pattern

Lacking a distinctive radiographic signature, TN is mostly
indistinguishable from PD on conventional structural MRI.2714
As such, TN commonly occurs in close proximity to the origi-
nal tumor location, usually appearing as a focal (or multiple)
contrast enhancing nodule(s) with associated T2/fluid attenu-
ated inversion recovery signal hyperintensity consistent
with perilesional vasogenic edema'?7 (Fig. 2). While thought
to occur most commonly at the site of maximum radiation
exposure (ie, adjacent to the tumor or surgical resection cav-
ity),”*'7 a detailed correlative analysis of the spatial pattern
of TN with the radiation field has, to our knowledge, not yet
been carried out. Interestingly, solitary or multiple de novo
necrotic lesions can also occur more remotely, on ipsilateral
or even contralateral cerebral hemispheres.”

The periventricular white matter is considered a predi-
lection site for TN, likely due to its high susceptibility to
radiation-induced microvascular injury.”'43¢ Some have
observed a high frequency of corpus callosum involve-
ment and subependymal expansion with TN as opposed
to PD,'%%7 although the opposite was observed by others.38
Further distinct MRI features of radionecrotic lesions, such
as a “Swiss cheese” or “soap bubble” -like interior enhance-
ment,” a “spreading wavefront” pattern of the lesion,® or
a radiographic lesion quotient,®® have been put forward.
Despite these efforts, authoritative diagnosis of the condi-
tion based solely on conventional MRI has remained largely
elusive.” Lastly, the frequent presence of “mixed” brain
lesions, consisting of both TN and residual and/or recurrent
(necrotic) tumor,”383° causes additional ambiguity on con-
ventional MRI, making it a poor diagnostic tool for TN.

The temporal manifestation pattern of TN is highly vari-
able.> While late-delayed radiation injury—predominantly
manifesting as TN—frequently occurs within 12 months
post-RT,>"740 TN may develop months to many years after
treatment, occasionally occurring up to a decade later.34'
Recent findings point to an increasing appearance of “early
necrosis” developing within the first 6 months post-RT in
those patients with glioma who receive standard chemo-RT,
suggesting that concurrentTMZ may act as a radiosensitizing
agent.”® In this context, it has been hypothesized that (early)
TN manifestation might serve as a predictive biomarker
for a more durable treatment response.'®'7 This assump-
tion should be interpreted with caution, as survival analy-
ses carried out in patients with treatment-related effects are
inherently reflective of a selected patient population with an
implicit time bias, which needs to be accounted for.3¢

Finally, the distinction between different types of
treatment-related effects is the subject of active clin-
ical debate. Apart from TN, other less severe and
usually more transient types of treatment-related
effects include acute and early-delayed radiation in-
jury, 3841 as well as pseudoprogression (PP)."'* While
these entities are primarily distinguished by differ-
ences in temporal and clinical patterns, they are
somewhat arbitrarily defined and may occasionally
overlap, creating diagnostic ambiguities (Fig. 3).°
In particular, the delineation between PP and TN has
been complicated by semantic inconsistencies regarding
the meaning of the term “pseudoprogression.” PP likely
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Clinical factors Identified core issues

Risk factor profile « Insufficient characterization; likely complex dynamic
interplay between unknown predisposing intrinsic factors
(patient clinical status, inherent genetic susceptibility,
tumor entity & molecular-genetic factors) and partly
identified extrinsic factors (treatment regimen).

Complex pathomechanisms

Incomplete understanding of causal sequence of events
and key targetable pathways/molecules driving &
sustaining TN.89

Spa'tio-temporal Incoherent terminology /arbitrary temporal distinction
radiographic pattern between pseudoprogression (PP), vs early-delayed
radiation injury vs “early necrosis” vs TN.

Lack of spatial analyses correlating anatomical location
of TN lesions with therapeutic radiation dose distribution
and respective Rx dose exposure.

Mixed lesions * Frequent manifestation of lesions containing both TN
and residual or recurrent tumor and/or tumor necrosis.”%®
Inability to distinguish between mixed entities on
conventional MRI — pitfall for identifying correct

biopsy targets, affecting diagnostic yield.

Diagnostic ambiguity
Radiographic

Inability to distinguish TN from PD on conventional MRI
— no optimal advanced imaging modality — lack of robust
imaging biomarkers — no consensus on preferred non-
invasive diagnostic algorithm.257

Concomitant treatment with glucocorticoids, anti-
angiogenics, or immune/targeted therapies may further
complicate image interpretation with conventional
MR|_10,2|.42

Clinical The clinical picture of TN frequently mimics that of PD.%

Histopathological

No established histopathological classification criteria for
TN or PP — final pathologic diagnosis largely depends on
pathologist’s experience and subjective impression.
Radiation induced cellular atypia in non-neoplastic cells
may mimic intra-lesional infiltration by scattered tumor
cells and these can be virtually indistinguishable.®
Heterogenous, difficult to predict.

Symptomatic cases may further progress or deteriorate
despite medical intervention, occasionally requiring
surgeryto prevent fatal outcome.?®

» Lack of level | or Il clinical evidence for currently available
treatment options.

Systemic factors Identified core issues

Prospective biopsy-controlled studies « There is a paucity of both prospective and biopsy-controlled
studies that assess the predictive value of advanced
diagnostic imaging methods for TN.'®

Conversely, routine biopsy of diagnostically ambiguous
casescarries surgical risk, may curtail patients’ quality of
life (QoL), and is associated with increased costs.
Focused randomized controlled clinical trials (RCTs) ~ « Lack of RCTs with endpoints devoted to characterizing
treatment effects.

Potential “treatment effect confounders” are insufficiently
controlled for in past and ongoing clinical trials — pitfall to
interpretation of efficacy of experimental anti-neoplastic
agents. 132122

Functional imaging performance assessment « Poor inter-study comparability of diagnostic performance of

functional imaging modalities due to associated image-
acquisition/processing standardization issues.'®

Clinical course

Clinical feasibility of functional imaging

No comprehensive availability of advanced imaging
modalities in standard medical care facilities.'?

Increased operating cost of scanners/equipment, lack of
insurance coverage for advanced diagnostic procedures.’?
Frequent diagnostic need to combine different modalities —
increased cost and time

Response assessment criteria

Insufficiency of current criteria in accounting for potential
radiographic correlates of treatment effects in follow-up
treatment response monitoring

Risk of over-emphasis on radiologic findings — pitfall of
excluding potentially important risk factors, antecedent
events and clinical aspects that may corroborate or
challenge a Dx of TN.

Current diagnostic approach

Fig. 1 Overview of clinical and systemic factors challenging the study and better understanding of TN. Dx = diagnosis; QoL = quality of life;

Rx = radiation.
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represents a unique, transient scenario in patients with
high-grade glioma within the first 3 months of com-
bined TMZ-based chemo-RT." Recently, van West et al
employed this term to describe late enhancing, treat-
ment-related lesions (median onset 12 mo post-RT) they
observed and characterized in patients with low-grade
glioma.®® Concluding that the delayed onset for these
lesions differed clearly from the earlier timeframe for
PP in patients with high-grade gliomas, the authors sug-
gest that these lesions “could be small areas of radiation
necrosis.”36

Diagnostic Considerations

Defining a reliable diagnostic algorithm for accurate de-
tection of TN has been hampered by its radiographic
similarity to PD on conventional MRI>’ and frequent
manifestation as a mixed pathology with recurrent or re-
sidual tumor.”®® Moreover, complex radiographic findings
seen after combinatorial anti-angiogenic, cytotoxic, and
immunotherapy regimens?'#243 compromise adequate
MRI-based follow-up monitoring and characterization of
treatment response with Macdonald and revised Response

Fig.2 Progressive treatment necrosis (A—C; T1-weighted gadolinium-enhanced axial MRI sequences). (A) A 35-year-old male with right frontal
low-grade astrocytoma (World Health Organization grade Il) underwent surgical resection followed by TMZ-based chemo-RT treatment. Eight
months post-RT completion he developed headaches of increased frequency and was found to have a new nodular focus of enhancement in
the right frontal lobe subjacent to the resection cavity, with periventricular and corpus callosum involvement, a biopsy of which revealed TN. (B)
Sequential TMZ was resumed and completed over the next 6 months; however, the patient experienced worsening of his symptoms as the region of
enhancement continued to expand. (C) Despite initiation of corticosteroid and bevacizumab treatment, he developed progressive left-sided hemi-
paresis and cognitive decline over the following 2 years, prompting a second biopsy of the continually enhancing lesion, which again confirmed TN.
Therapeutic management of symptomatic TN was continued; however, the patient deteriorated further, necessitating a transfer to hospice care,
where he eventuallv passed awav 2 vears after the second biopsv.

Manifestation of cancer treatment-related effects in patients with glioma

Completion of
(Chemo-) RT

Adjuvant Chemotherapy (e.g. monthly TMZ x12 cycles)

days-weeks weeks—-months >6 months-years 10+ years

Acute Early-Delayed Radiation

- Radiation p el Injury Tm—
Injury Iy N . Treatment-induced Necrosis
‘4” €croslS  (Radiation is) / Late-delayed Radiation Inj
I Pseudoprogression L ———

Fig. 3 Timeline schematic illustrating the temporal manifestation pattern and clinical course of cancer treatment-related effects. Acute and
early-delayed types of radiation injury represent transient, reversible neurotoxic phenomena observed within days to weeks, and weeks to sev-
eral months following chemo-RT.4" By contrast, TN typically constitutes a late-delayed type of radiation injury observed >6 months post-RT with
a frequently irreversible and progressive course'; however, concurrent TMZ-based chemo-RT may contribute to increasing incidences of “early
necrosis.”' Pseudoprogression (PP) likely represents a unique, transient, predominantly radiographic phenomenon encountered in patients with
high-grade glioma within the first 3 months of combined TMZ-based chemo-RT." Differentiation between these entities remains a clinical challenge.
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Assessment in Neuro-Oncology (RANO) criteria.**-46 While
existing RANO criteria limit clinical trial enrollment to
patients with radiographic PD in whom contrast enhancing
lesions appear at or beyond 12 weeks post-RT,*6 treatment-
related effects (especially TN) frequently manifest beyond
this cutoff point (Fig. 3). Misdiagnosis of tumor progres-
sion could result in premature first-line treatment discon-
tinuation and administration of a salvage treatment (which
should have been withheld until true PD) or may delay a
necessary treatment change in cases where treatment
effects, such as PP or TN, are mistakenly assumed.?0:2244
Furthermore, erroneous inclusion of misdiagnosed
patients into clinical trials condones misinterpretation of
the efficacy of any investigational agent.'321.2

Beyond efforts to revise currently employed radiographic
treatment response assessment criteria,'®?' attempts to
identify more accurate, clinically feasible diagnostic imag-
ing biomarkers and, ultimately, enable a “virtual biopsy”
of TN'121740 have included the assessment of diffusion
weighted?’” and diffusion tensor*® MRI, MRI perfusion stud-
ies, 45" CT perfusion (CTP) studies,2 MR spectroscopy
(MRS),%3-%5 positron emission tomography (PET),6-%° sin-
gle photon emission computed tomography (SPECT),® or
combinations thereof.5%6162 Notwithstanding, histopatho-
logical evaluation remains the diagnostic gold standard,®"
albeit many of the aforementioned non-invasive technolo-
gies hold substantial additive value in complementing con-
ventional MRI findings and improving diagnostic certainty
in cases of suspected TN and when a surgical tissue biopsy
is too risky or otherwise not feasible.'121719.2040 Fyrther
advantages include guidance for stereotactic biopsy pro-
cedures and more tailored, less neurotoxic radiation field
mapping for radiotherapeutic interventions’® (eg, via quan-
titative TN versus PD distinction within mixed lesions),
identification of tumor “hot spots,” and characterization
of the degree of tumor infiltration into perilesional brain
parenchyma. Techniques such as MRI-localized biopsies
and radiographic-histopathological correlations (eg, via
MR signal intensity to cell density correlation maps)®® have
addressed the challenges of tumor sampling resulting
from the high degree of intratumoral heterogeneity and
frequent presence of mixed pathology following anti-neo-
plastic treatment.

Several reviews have evaluated the growing body of
literature on the role of advanced imaging in TN diag-
nosis.'216.19.204064  Concluding that a preferred non-
invasive diagnostic gold standard for TN is still lacking,
several reports identify distinct strengths and weak-
nesses of various imaging modalities, and provide valu-
able recommendations for clinical practice and research
design (Table 1). Methodological problems involve the
lack of randomized controlled clinical trials, absence
of histopathological verification of lesions identified
by imaging, poorly matched patient groups, high vari-
ability in clinical practices at time of radiographic dis-
ease progression, and potential operator dependency
in radiographic assessment.'?920.64 Moreover, most
studies investigate a single imaging modality, whereas
combined use of multiple functional imaging modalities
has become a common clinical reality with improved
diagnostic accuracy.'2205562 Qther difficulties relate to
producing methodologically accurate meta-analyses of

published data due to inconsistencies in defining TN4°
and unresolved standardization in image acquisition
and processing.'®

Most reviews emphasize a critical necessity for pro-
spective, biopsy-controlled studies to improve the current
body of evidence.'2192064 Moreover, widespread adoption
of advanced imaging is difficult to achieve in clinical prac-
tice due to limited availability, high operational costs, and
common lack of insurance coverage for such procedures."?
Low spatial resolution of most techniques and limited
utility for accurate longitudinal monitoring (due to stand-
ardization issues) are additional concerns.'®

Recommendations on diagnostic imaging for TN
versus PD distinction vary. Several groups endorse
multivoxel MRS, 92065 PET with novel amino acid based
radiotracers,' (technetium-99) SPECT,2040 and CTP.16:40
Conversely, routine diagnostic use of fluorodeoxyglu-
cose ('8F-FDG) PET is discouraged due to its low spec-
ificity and poor signal-to-noise ratio.?%4 Nevertheless,
virtually all neuroimaging techniques were found to bear
some specific disadvantages (see Table 1). Others have
therefore advocated a multimodal diagnostic approach
through the combined use of several techniques,'? such
as MRS with diffusion-weighted imaging (DWI),% or
MRI combined with fluoro-ethyl-tyrosine (FET) PET and
MRS.%2 The advent of hybrid PET-MRI®*¢ may facilitate
such combinatorial approaches in becoming more clini-
cally feasible and less time-consuming.'® An interesting
novel approach includes the use of delayed-contrast
MRI to construct treatment response assessment maps
(TRAMSs) for differentiation of PD from treatment effects
based on delayed contrast accumulation (nontumor tis-
sues) versus contrast clearance (representing active
tumor).%8 Histological validation demonstrated 100%
sensitivity and 92% positive predictive value to active
tumor of this approach, including adequate representa-
tion of tumor burden by TRAMs.

Blood-based biomarkers are increasingly explored for
diagnosis and treatment response in neuro-oncology, in-
cluding efforts to achieve liquid biopsy-based differentia-
tion of treatment effects from PD, with technical limitations
mainly pertaining to sensitivity issues.’’” One recent study
investigated expression profile differences of myeloid-
derived suppressor cells (MDSCs) as a potential biomarker
for predicting recurrent GBM and differentiating it from
TN.%8 While early results of this approach have been en-
couraging, potential diagnostic feasibility of the MDSC
biomarker for lower-grade gliomas—where TN would be
expected to occur even more frequently—remains to be es-
tablished. The predictive value of this approach in the set-
ting of “mixed lesions” remains unclear, as only TN lesions
with <6% of active tumor were included.®® Other previous
efforts have investigated blood-derived microvesicles as a
potential diagnostic biomarker for PD versus TN/PP differ-
entiation in chemo-RT treated GBM patients with equivocal
imaging findings.%®

Finally, histopathological diagnosis and classification
of biopsied lesions raises several challenges. Currently,
no specific guidelines for histopathological characteriza-
tion of treatment-induced brain tissue necrosis or other
treatment-related effects exist; the final pathological di-
agnosis depends largely on the pathologist’s professional
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Table 1

Overall Recommendations
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= single-photon emission computed tomography; Tc-99

sion tomography; PP

without
@ Grading of evidence levels in this study was carried out according to “a three-tiered system for assessing studies addressing diagnostic testing as approved by the American Association of Neurological Surgeons (AANS)/Congress of

Neurological Surgeons (CNS) Joint Committee on Guidelines criteria.”

w/o =

experience and personal judgment. As the histopatholog-
ical distinction between TN and PP remains challenging,
findings are often summarized under the umbrella term
“treatment effect” Moreover, analyzed lesions frequently
reveal “mixed results,” consisting of necrosis with differ-
ing quantities of scattered atypical tumor cells and/or foci
of solid tumor (representing PD), thus making re-initiation
of anti-neoplastic treatment a judgment call. Occasionally,
lesions may contain inflammatory components, such as
lymphocytic infiltrates, rather than plain necrosis. While
rare atypical cells are found in most TN specimens, radi-
ation-induced cellular atypia in non-neoplastic cells is a
known phenomenon that may cause further diagnostic
ambiguity.®

Establishing treatment effect-specific quantitative
and qualitative measures for (i) more accurate histo-
pathological differentiation between distinct types of
TN or other treatment-induced phenomena like PP,
and (ii) precise determination of the amount of tumor
versus treatment-related pathology within the specimen
would improve diagnostic accuracy and aid further pa-
tient management decisions and prognostication. Such
measures may be more conceivable for specimens
resected in toto, as tissue samples obtained by stere-
otactic needle biopsy—depending on the amount of
available tissue—carry a higher risk of sampling error
and non-diagnostic yield.”®

Therapeutic Considerations

The clinical course of patients diagnosed with TN is
highly variable. Necrotic lesions may develop entirely
without symptoms (identified by neuroimaging only),
but approximately 42%3 to 54%'5 of patients will demon-
strate progressive cognitive decline, diffuse and/or focal
neurological deficits, signs of increased intracranial pres-
sure, and/or seizures’' (ie, frequently mimicking the clin-
ical picture of PD) (Fig. 1). While clinical symptoms may
resolve gradually, some patients will get progressively
worse, requiring medical and/or surgical therapeutic in-
tervention to halt further neurological decline or, rarely,
to prevent a fatal outcome.”?The rather ill-defined hetero-
geneous clinical picture of TN along with aforementioned
radiological difficulties pose a management challenge,’
as therapeutic strategies for TN differ sharply from those
for PD.7?

No SOC treatment protocol for TN presently exists and
the pathophysiology of the condition remains poorly un-
derstood. Histopathological correlates of TN commonly
include thrombosis, hemorrhage, parenchymal necrosis,
histiocytic infiltrates, gliosis, fibrinous exudates, and vas-
cular abnormalities.® While thought to be driven by a com-
bination of treatment-induced vascular endothelial injury,
glial cell injury, hypoxic injury/vascular endothelial growth
factor (VEGF) overexpression and (auto)immune-medi-
ated responses,®8%17 the exact sequence of pathomecha-
nisms and key targetable molecular drivers of TN remain
uncertain.

Among numerous therapeutic strategies put forward
for TN (see Supplementary Table 1 for a comprehensive




III. Selected Publications

67

Pl Winter et al. Role of treatment-induced necrosis in neuro-oncology
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Management

Standardized Definitions

« Reach clear consensus definitions for TN and PP, based on
identification of specific clinical, imaging, and histopathological criteria.

« Avoid arbitrary definitions and imprecise terminologies, like “treatment
effect”.

Optimal Diagnostic Procedure

« Prospectively-designed, biopsy-controlled comparative performance
assessment of most promising diagnostic imaging modalities.

 Integrate TN risk stratification score into diagnostic procedure +
develop standardized diagnostic imaging protocol for TN.

* Establish specific & qualitati criteria
for 1) TN vs PD differentiation 2) tumor burden characterization
(mixed lesions)

Evidence based Therapy

. in high- d. multi-

] ter RCTs o i and verify
proposed efficacy of conventional and novel treatment strategies for
™.

* Potential for individualized targeted therapy based on TN
characteristics and/or patient subgroup, i.e. risk factors, clinical status,
pattern of lesion, tumor specifics?

Fig. 4 Schematic illustrating 6 eminent, interdependent research pillars paramount to mapping the field of treatment necrosis management in
neuro-oncology. Key research topics and unanswered questions are highlighted.

overview of relevant published studies), no causal
therapy is presently available as existing interventions
are mostly limited to management of TN-associated
symptoms.® As such, vasogenic edema and associated
mass effect, thought to be caused by radiation-induced
blood-brain barrier disruption and inflammatory cyto-
kine release,®’* are commonly managed with corticoste-
roids.”® More recently, the VEGF-A monoclonal antibody
bevacizumab (Avastin) has shown some promise in
reversing neurological symptoms and radiographic
changes in patients with TN.?”76-80 However, the long-
term therapeutic feasibility of both medications is lim-
ited by their side effect profiles®' as well as treatment
costs (in the case of bevacizumab).”® Single case reports
of patients with TN experiencing paradoxical neurolog-
ical worsening under bevacizumab treatment® or de-
veloping acquired resistance to the drug® have been
documented. Anti-coagulant/anti-platelet drugs with
vitamin E,%-8 hyperbaric oxygen therapy (HBOT),87-8
intramuscular nerve growth factor,®® and antibiotic
applications®' constitute other experimental strategies,
although response rates have been mixed and associ-
ated studies were generally of insufficient levels of clin-
ical evidence.>'® Minimally invasive techniques, such as
laser interstitial thermal therapy (LITT),%2°* are being
increasingly explored to treat TN or PD lesions that are
surgically inaccessible®% and/or located in eloquent
brain regions,® or when open surgical procedures are
contraindicated. Evidence from 2 biopsy-controlled ret-
rospective studies®®® and 1 multicenter prospective
study has suggested clinical and radiographic improve-
ment from LITT with minimal morbidity in patients with
previously symptomatic TN lesions.®® Finally, surgical
resection carries an implicit advantage of yielding diag-
nostic histopathological information that may guide fu-
ture patient management. While potentially a life-saving

intervention in the management of acutely sympto-
matic, mass-effect producing TN lesions, surgical in-
tervention may bear the risk of procedure-related
complications and worse neurological outcome.”?
Delayed timing of surgery (usually after all conservative
therapy has failed) may propel surgical risk, whereas
more aggressive, early surgical intervention could po-
tentially improve clinical outcome.”?

Taken together, existing therapeutic options for patients
with TN are limited. Most available treatment strate-
gies lack sufficient clinical evidence to draw depend-
able conclusions on their possible therapeutic efficacy.
Bevacizumab appears to have the most evidence to sug-
gest favorable effects on both clinical and radiographic
improvement as well as reducing steroid dependency, al-
though the side effect profile and high treatment cost may
preclude its long-term therapeutic feasibility.2?777980 |ntra-
arterial anti-VEGF therapy might potentially reduce beva-
cizumab-associated side effects?%1°0; however, its efficacy
remains to be shown in glioma patients affected by TN.
Intramuscular nerve growth factor treatment has shown
some early promise in reversing cognitive deficits and
radiographic findings without significant adverse effects
in patients with temporal lobe necrosis, warranting fur-
ther investigation.?® Finally, the use of LITT to treat surgi-
cally inaccessible symptomatic TN lesions bears promise
in alleviating neurological symptoms and reducing the
need for steroids without the risk of conventional surgical
approaches.9:9798

Future Perspectives: Mapping the Field

Improvement in the management of TN faces a number
of clinical and systemic challenges (Fig. 1 and Fig. 2).
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While an array of advanced diagnostic imaging modali-
ties and therapeutic strategies have been developed
(Table 1 and Supplementary Table 1), no diagnostic or
therapeutic consensus for TN presently exists. High-
powered, prospective, and biopsy-controlled clinical
studies may help to improve performance assessment
of diagnostic neuroimaging and provide the basis to es-
tablish dependable, treatment-effect specific imaging
criteria to supplement existing modified RANO crite-
ria.*> Moreover, sufficient availability of biopsy material
would facilitate research to advance histopathological
characterization for different types of treatment effects
(Fig. 3).

In addition to defining an evidence-based diagnostic
and therapeutic SOC, future work should address pre-
vention strategies and improved patient monitoring (Fig.
4). The former will necessitate assessment of putative
risk factors for TN and, optimally, the construction of a
clinically employable risk stratification tool to identify
“high risk patients” Adjustment of cancer therapy regi-
mens and use of potential neuroprotective strategies,
such as ketogenic metabolic therapy,'”' high-dose anti-
oxidants,® or HBOT,® during and after chemo-RT treat-
ment are possible areas of investigation. Here, clinical
evaluation should ideally include a non-inferiority de-
sign, to ensure that tumor response is not adversely
affected. Additional challenges to clinical trial design re-
late to patient selection criteria, that is, whether strat-
ification of patients with TN based on the underlying
condition (malignant glioma, brain metastases, or na-
sopharyngeal carcinoma) would be reasonable. Finally,
greater emphasis on comprehensive evaluation of treat-
ment-related effects across the entire neuro-oncological
care trajectory would permit more integrated analysis of
collected clinical data.

Conclusion

Progress in this complex field of TN is limited by several
clinical and systemic factors. Critical questions pertaining
to the true incidence and presentation of TN, risk factors,
histopathological correlates, radiographic patterns, and
the role of advanced functional imaging modalities re-
main to be addressed. Deriving conclusive answers from
the current body of literature is chiefly precluded by the
paucity of biopsy-controlled studies. A greater research
focus on treatment-related effects through rigorous col-
lection of clinical data and inclusion of relevant param-
eters as primary or secondary endpoints in multicenter
randomized controlled trials would be of tremendous
benefit to improve prevention, diagnosis, treatment re-
sponse assessment, and therapeutic management of af-
fected patients.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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2. Publication 2 — Winter et al., 2020, Oncologist (selected Top-Journal
Publication)

Winter, S.F., Vaios, E.J., Muzikansky, A., Martinez-Lage, M., Bussiére, M.R., Shih, H.A.,
Loeffler, J., Karschnia, P., Loebel, F., Vajkoczy, P. and Dietrich, J. Defining Treatment-Related
Adverse Effects in Patients with Glioma: Distinctive Features of Pseudoprogression and
Treatment-Induced Necrosis. The Oncologist, 2020; 25(8): e1221-e1232.

Impact factor 2020: 5.260
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Journal Data Filtered By: Selected JCR Year: 2018 Selected Editions: SCIE,SSCI
Selected Categories: “ONCOLOGY” Selected Category Scheme: WoS
Gesamtanzahl: 229 Journale

Rank Full Journal Title Total Cites Jourlr:1al Impact Eigenfactor Score
actor
1 A R AR 32,410 223.679 0.077370
2 NATURE R(I:E,A\\/I\lj%;véFS{ 50,529 51.848 0.074080
3 LANCET ONCOLOGY 48,822 35.386 0.146770
4 Nature Re"ie""gncc'ci)rl‘ci)‘;a; 9,626 34.106 0.031890
5 JOURNAL OF CINEAY 154,029 28.245 0.281750
6 Cancer Discovery 13,715 26.370 0.064810
7 CANCER CELL 36,056 23.916 0.091050
8 JAMA Oncology 9,488 22.416 0.048340
9 ANNALS OF ONCOLOGY 40,751 14.196 0.103620
10 Journal of Thoracic Oncology 16,601 12.460 0.038810
1 Molecular Cancer 11,626 10.679 0.021350
12 JNC"Jouma'C‘;fnT:r 'l\'na;t'lct’gfg 36,790 10.211 0.051650
13 NEURO-ONCOLOGY 11,858 10.091 0.029150
14 LEUKEMIA 24,555 9.944 0.054750
15 SEMINARS N 6,992 9.658 0.010730
16 CLINICAL CANCER 78,171 8.911 0.134870
17 Trends in Cancer 1,420 8.884 0.006040
18 Journal of Hemgtr?'c‘;?ggi 5,366 8.731 0.013620
19 Journal for ImmunoTherapy 2716 8.676 0.011350
of Cancer
20 Cancer Immunology 5,420 8.619 0.025380
Research
21 CANCER RESEARCH 130,932 8.378 0.123870
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Rank Full Journal Title Total Cites Journal Impact Eigenfactor Score
Factor
CANCER TREATMENT
22 REVIEWS 8,419 8.332 0.016930
23 Blood Cancer Journal 2,247 7.895 0.009060
Journal of the National
24 Comprehensive Cancer 5,746 7.570 0.019940
Network
BIOCHIMICA ET
25 BIOPHYSICA ACTA- 5,226 6.887 0.008260
REVIEWS ON CANCER
EUROPEAN JOURNAL OF
26 CANCER 30,731 6.680 0.055220
CANCER AND METASTASIS
27 REVIEWS 6,011 6.667 0.006220
28 ONCOGENE 63,249 6.634 0.074600
29 CANCER LETTERS 30,146 6.508 0.043780
INTERNATIONAL JOURNAL
30 OF RADIATION ONCOLOGY 45,833 6.203 0.046810
BIOLOGY PHYSICS
31 Cancers 5,196 6.162 0.011780
32 CANCER 67,408 6.102 0.071820
33 Oncogenesis 2,016 5.995 0.006360
34 Molecular Oncology 5,016 5.962 0.013590
35 Liver Cancer 769 5.944 0.002210
36 JOURNAL OF PATHOLOGY 15,994 5.942 0.021030
37 Molecular Therapy-Oncolytics 486 5.710 0.001990
BREAST CANCER
38 RESEARCH 10,943 5.676 0.017310
39 Therapeutic Advances in 1,377 5.670 0.003110
Medical Oncology
JOURNAL OF
EXPERIMENTAL &
40 CLINICAL CANCER 6,309 5.646 0.010260
RESEARCH
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ﬁBSTRACT

Background. Pseudoprogression (PP) and treatment-induced
brain tissue necrosis (TN) are challenging cancer treatment—
related effects. Both phenomena remain insufficiently defined;
differentiation from recurrent disease frequently necessitates
tissue biopsy. We here characterize distinctive features of PP
and TN to facilitate noninvasive diagnosis and clinical
management.

Materials and Methods. Patients with glioma and confirmed
PP (defined as appearance <5 months after radiotherapy
[RT] completion) or TN (>5 months after RT) were retrospec-
tively compared using clinical, radiographic, and histopatho-
logical data. Each imaging event/lesion (region of interest
[ROI]) diagnosed as PP or TN was longitudinally evaluated by
serial imaging.

Results. We identified 64 cases of mostly (80%) biopsy-
confirmed PP (n =27) and TN (n = 37), comprising 137 ROIs
in total. Median time of onset for PP and TN was 1 and
11 months after RT, respectively. Clinically, PP occurred more

frequently during active antineoplastic treatment, necessi-
tated more steroid-based interventions, and was associated
with glioblastoma (81 vs. 40%), fewer IDH1 mutations, and
shorter median overall survival. Radiographically, TN lesions
often initially manifested periventricularly (n = 22/37; 60%),
were more numerous (median, 2 vs. 1 ROIs), and contained
fewer malignant elements upon biopsy. By contrast, PP pre-
dominantly developed around the tumor resection cavity as
a non-nodular, ring-like enhancing structure. Both PP and TN
lesions almost exclusively developed in the main prior radia-
tion field. Presence of either condition appeared to be asso-
ciated with above-average overall survival.

Conclusion. PP and TN occur in clinically distinct patient
populations and exhibit differences in spatial radiographic
pattern. Increased familiarity with both conditions and their
unique features will improve patient management and may
avoid unnecessary surgical procedures. The Oncologist
2020;25:1-12

Implications for Practice: Pseudoprogression (PP) and treatment-induced brain tissue necrosis (TN) are challenging
treatment-related effects mimicking tumor progression in patients with brain cancer. Affected patients frequently require
surgery to guide management. PP and TN remain arbitrarily defined and insufficiently characterized. Lack of clear diagnostic
criteria compromises treatment and may adversely affect outcome interpretation in clinical trials. The present findings in a
cohort of patients with glioma with PP/TN suggest that both phenomena exhibit unique clinical and imaging characteristics,
manifest in different patient populations, and should be classified as distinct clinical conditions. Increased familiarity with
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PP and TN key features may guide clinicians toward timely noninvasive diagnosis, circumvent potentially unnecessary surgi-
cal procedures, and improve response assessment in neuro-oncology.

INTRODUCTION

Cancer treatment-related adverse effects on the brain are a
major diagnostic and therapeutic challenge in neuro-
oncology [1-3]. Pseudoprogression (PP) [4] and treatment-
induced brain tissue necrosis (TN) [1] remain insufficiently
characterized conditions increasingly encountered in patients
with malignant glioma after standard-of-care chemoradiation
(chemo-RT) treatment [4, 5]. Because PP and TN are fre-
quently indistinguishable from recurrent disease on conven-
tional imaging [6-9], many patients require tissue biopsy to
guide further management, resulting in potentially unneces-
sary surgical interventions in a significant number of patients.
Moreover, patients with treatment-related changes mis-
classified as progressive disease present a major challenge
for appropriate clinical trial enroliment and can adversely
affect outcome interpretation, especially in cases that mani-
fest >12 weeks after radiotherapy (RT), that is, beyond the
cutoff point currently stipulated in the Response Assessment
in Neuro-Oncology (RANO) criteria [1, 10].

The pathology of PP and TN remains incompletely under-
stood [11]. PP likely represents a unique clinical scenario
encountered in patients with high-grade gliomas (HGGs; World
Health Organization [WHO] grades IlI-IV) within the first few
months of chemo-RT initiation [4, 12-14]. Conversely, TN com-
monly occurs 6 months to several years—sometimes up to a
decade—after initiation of (chemo-)RT, may be irreversible and
progressive, and can be associated with significant patient mor-
bidity and mortality [1, 2, 5, 15, 16]. As both conditions are pri-
marily distinguished based on their temporal manifestation,
they are often arbitrarily defined and used interchangeably in
the literature [17]. Reports of “early necrosis” (TN onset
<5 months from RT completion) after temozolomide (TMZ)-
based chemo-RT add further diagnostic ambiguity to this classi-
fication system in the absence of biopsy-proven features to
accurately guide clinical diagnosis and management [18,
19]. Because histopathological criteria specific to each condi-
tion have not been established, histopathological findings are
commonly summarized as “treatment effect” Efforts to
improve noninvasive differentiation of both conditions from
recurrent disease have focused on advanced functional imaging
[20, 21]. Although positron emission tomography (PET) with
novel amino acid tracers (e.g., fluoro-ethyl-tyrosine—PET), com-
puted tomography perfusion studies, multivoxel magnetic reso-
nance (MR) spectroscopy, and combined MR-PET have shown
promise in augmenting diagnostic certainty, tissue biopsy
remains the diagnostic gold standard [1, 11, 20]. Symptoms
associated with PP and TN are commonly managed with ste-
roids or surgical resection [4]. In addition, bevacizumab, antico-
agulant drugs, and hyperbaric oxygen therapy have shown
some benefit in select patients [1, 5]. Progress in the field has
been limited because of a paucity of biopsy-controlled studies,
the lack of high-powered prospective randomized controlled
trials, and poor standardization across diagnostic imaging
modalities used in studies [20, 22]. We here aim to character-
ize the key clinical and imaging features of PP and TN in

© 2020 The Authors.
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patients with malignant glioma in an attempt to improve the
current understanding of these conditions, facilitate noninva-
sive diagnosis of treatment-related adverse effects, and
improve response assessment in neuro-oncology.

MATERIALS AND METHODS

We conducted a retrospective analysis of demographic, clin-
ical, radiographic, and histopathological data from
60 patients with brain tumors diagnosed with PP or TN after
glioma therapy at the Massachusetts General Hospital
(MGH) between 1997 and 2015. Patient data were obtained
from an MGH institutional database. This study received
institutional review board approval for all activities.

Eligibility

All 60 patients were treated at MGH and met the following
eligibility criteria: (a) tissue-based diagnosis of glioma (WHO
grades I-1V) between December 1997 and November 2015,
(b) antineoplastic treatment (radiation with or without che-
motherapy), and (c) biopsy-proven or clinico-radiographically
established diagnosis of treatment-related effects based on
serial imaging.

Classification of Treatment Effects

Individual treatment-related effects were primarily character-
ized based on the time of radiographic appearance of each
lesion (hereinafter referred to as region of interest [ROI]) after
RT. ROI appearance <5 months after completion of RT was
defined as PP, whereas appearance 25 months was defined as
TN, based on current consensus [1, 2, 5, 15, 16]. For compara-
tive statistical analysis, patients were categorized accordingly
and allocated to either PP or TN groups. Notably, 2 of
60 patients presented with lesions classified as “early TN”
before the 5-month cutoff [18, 19]. Moreover, 4 of 60 patients
presented with both biopsy-proven early PP and later TN and
were therefore included in both groups. Accordingly, a total of
64 cases of treatment-related effects were identified and ana-
lyzed this cohort of 60 patients.

Variables
We collected demographic, clinical, therapeutic, and out-
come parameters for each patient. Variables specific to the
initial manifestation of treatment-related effects (first ROI)
included characteristics of radiographic onset (time interval
from RT completion; onset during active therapy vs. during
surveillance), presence of new neurologic symptoms, type of
treatment for PP/TN (if any), advanced diagnostic imaging
results (if any), histopathological features (if biopsied), and
overall number of ROIs developed throughout the condition.
Variables of interest collected for each individual ROI
included time of onset after RT completion, duration until
complete radiographic resolution (whenever traceable),
anatomical aspects (lobar vs. deep-seated [corpus callosum,
cingulate gyrus, basal ganglia, thalamus, brainstem,

Onologist
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Table 1. Summary of patient characteristics, treatment specifics, and clinical outcome

Patient characteristics Total cohort PP group TN group p value®

Demographics

Sex ratio (m/f), % 56/44 67/33 49/51 .29456
Median age at diagnosis, years 53 55 47 .08752
Tumor specifics
Tumor burden, % .33091
Single lesion 75 67 81
Multifocal disease 25 33 19
Intercranial location, % .05799
Left 42 59 30
Central 50 41 57
Mixed 8 0 13
WHO grade, % (n) .02750
[ 1.5 (1) 0(0) 2.7 (1)
I 10.9 (7) 0(0) 18.9 (7)
I 29.7 (19) 18.5 (5) 37.8 (14)
v 57.8 (37) 81.5 (22) 40.5 (15)
Molecular-genetic profile, % (n)
IDH1 mutated 41.5 (17/41) 11.1 (2/18) 65.2 (15/23) .00548
MGMT methylated 58.8 (20/34) 52.6 (10/19) 66.6 (10/15) .61115
Clinical status, %
With cardiovascular comorbidities 64.1 70.4 59.5 .56611
Earliest KPS (median) after initial surgery 90 90 90 .87992
Treatment specifics
Extent of surgical resection, n .64589
GTR 18 8 10
NTR 11 6 5
STR 20 9 11
PR 4
Biopsy only 0
Regimen
Proton/photon RT, n 5/59 1/26 4/33 —
With (modified) TMZ-based standard 68.8 88.9 54.1 .01534
chemo-RT, % (n)
With concurrent Ctx, % (n) 76.6 92.6 64.9 .04579
Steroid use, % (n) 70.1 (44/62) 81.5 (22/27) 62.9 (22/35) .24848
Bevacizumab use, % (n) 58.1(36/62) 63 (17/27) 54.3 (19/35) 67511
Clinical outcome
0S, median (95% Cl), years 6.25 (0.94-11.56) 3.0 (2.08-3.92) Not reached® <.0001
With recurrence, % (n) 59.6 (34/57) 83.3 (20/24) 42.4 (14/33) .03062

For difference between groups; false discovery rate—adjusted for multiple hypothesis testing.

PLast observation censored at 24.9 years (OS estimate at 62%).

Abbreviations: chemo-RT, chemoradiation; Cl, confidence interval; Ctx, chemotherapy; f, female; GTR, gross-total resection; KPS, Karnofsky per-
formance status; m, male; NTR, near-total resection; OS, overall survival; PP, pseudoprogression; PR, partial resection; RT, radiotherapy; TMZ,
temozolomide; TN, treatment-induced brain tissue necrosis; STR, subtotal resection; WHO, World Health Organization.

cerebellum, and all periventricular locations] location; per-  treatment effect with rare atypical cells, or mostly treat-
iventricular involvement; non-nodular enhancement within ment effect mixed with foci of solid tumor).

or around the resection cavity margins), maximum size,

shortest distance from the tumor resection cavity margin,  Radiographic Analysis

degree of radiation dose exposure, and histopathological Radiographic analysis of T1-weighted gadolinium enhanced
characteristics (distinction between pure treatment effect, MR imaging (MRI) sequences was carried out with each

www.TheOncologist.com © 2020 The Authors.
The Oncologist published by Wiley Periodicals LLC on behalf of AlphaMed Press.
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Figure 1. Kaplan-Meier survival analysis depicting PP and TN groups. PP group (red line): 16 progression events; 11 censored.
Median overall survival was 3.25 years (95% confidence interval, 2.16-4.9). TN group (blue line): 10 progression events; 27 cen-
sored. Median overall survival was not reached. Last observation was censored at 24.5 years, with an overall survival estimate of

62%. For comparison, p < .0001.

Abbreviations: PP, pseudoprogression; TN, treatment-induced brain tissue necrosis.

patient using standard clinical imaging software. The date
of appearance of diagnosed treatment-related effects was
determined retrospectively and defined as the date of the
first MRI demonstrating de novo contrast enhancement
(T1-gadolinium sequence) in the respective anatomical loca-
tion of the ROI.

Depending on sufficient availability of follow-up MRI
scans, the spatiotemporal pattern of each ROl was traced
longitudinally over time. Radiographic measurements of ROI
area were carried out for each available MRI scan. ROIs dis-
playing a non-nodular, circumferential enhancement pattern
around the tumor resection cavity margin were excluded
from size measurements.

The radiographic duration of treatment-related effects
was defined for each ROI as the time of first radiographic
appearance on MRI until complete radiographic resolution
or last available MRI. Reasons for discontinuation of mea-
surements included treatment (surgical resection of ROI or
systemic treatment with bevacizumab) or tumor recurrence
at the same ROI. The shortest ROI-to-resection cavity mar-
gin distance (mm) was measured in axial, coronal, or sagit-
tal planes using the MRI of first radiographic appearance
for each ROI. Whenever available, the patient’s RT dose dis-
tribution was correlated to the anatomical location of each
ROI as a proxy for the extent of radiation dose exposure
(below, at, or above maximal therapeutic target value; in
Gy) received. Diagnostic results from MR perfusion (MRP)
and diffusion weighted imaging (DWI) studies, if available,
were interpreted with respect to the patients’ ROIs and
included in the analysis.

Statistical Analysis
Descriptive statistics were used to analyze clinical and
radiographic features for both groups. For associations

© 2020 The Authors.
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between groups, p values were determined using chi-
square and Fisher’s exact tests for categorical variables
and a Wilcoxon rank-sum test for continuous variables. All
reported p values were adjusted for multiple hypothesis
testing by false discovery rate; statistical significance was
considered as p < .05. The Kaplan-Meier (KM) method was
used to calculate median overall survival (OS); median
follow-up time was calculated based on the reverse KM
estimator approach.

In order to statistically compare radiographic and histo-
pathological features of individual ROIs between patient
groups, a logistic regression analysis using a univariate gener-
alized estimating equation (GEE) model, predicting affiliation
with TN group as the function of the tested variable and
adjusting for repeated observations within a patient, was
used. GEE-based analysis was purposefully limited to eight
preselected variables of interest and statistical significance
was reported using p values and parameter estimates for
directionality.

REsuLTS

A total of 64 cases of treatment-related effects, classified as
either PP (n =27) or TN (n = 37), were identified and ana-
lyzed. Diagnosis of treatment-related effects was mostly
secured by tissue biopsy; the remainder of cases (20%) were
confirmed through longitudinal clinico-radiographic follow-
up. All patients had previously undergone RT (most with con-
current and sequential chemotherapy), predominantly for
HGG diagnosis (87.5%). Baseline patient performance status
at time of diagnosis was generally high (median Karnofsky
performance status [KPS] after initial surgery, 90/100); car-
diovascular comorbidities were present in almost two-thirds
of patients. Incidence of recurrence was 60%, and median
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Table 2. Characteristics of first ROl identified as treatment effect

Characteristics of first ROI Total cohort PP group TN group p value®
Spatiotemporal radiographic features
Onset after RT completion, median (range), months 6.5 (0-239) 1.0 (0-4) 11.0 (3-239) <.00001
Periventricular location, % 48.4 33.3 59.5 .09098
Ring-like enhancement around RC, % 37.5 70.4 13.5 .00009
Functional imaging features, % (n)
With functional imaging 77.4 (48/62) 92.0 (23/25) 67.6 (25/37) .07587
Elevated rCBV in MRP 75.0 (30/40) 88.8 (16/18) 63.6 (14/22) .19976
Restricted diffusion in DWI 54.1 (20/37) 57.7 (8/14) 52.2 (12/23) .75603
Clinical features
Onset during active treatment, % 54.7 85.2 324 .00044
Amount of Ctx received prior to onset, median (IQR), 3.0 (1-9) 1.0 (1-3) 7.5 (2-12) .00574
months
With concurrent new symptoms, % (n) 65.6 (40/61) 69.2 (18/26) 62.9 (22/35) .82835
Symptoms related to ROI, % (n) 60.0 (24/40) 59.1 (13/22) 61.1 (11/18) 61115
Receiving any treatment for ROI, % 78.1 88.9 70.2 .20967
Receiving steroids, % 54.7 74.1 40.5 .03592
Receiving bevacizumab, % 18.8 11.1 24.3 .29698
Receiving surgical debulking, % 35.9 51.9 243 .07991
Histopathological features, % (n) .03592
Treatment effect only 16.0 (8/50) 0.0 (0/24) 30.8 (8/26)
Treatment effect with rare atypical cells 62.0 (31/50) 70.8 (17/24) 53.8 (14/26)
Treatment effect with foci of solid tumor 22.0 (11/50) 29.2 (7/24) 15.4 (4/26)

?For difference between groups; false discovery rate—adjusted for multiple hypothesis testing.

Abbreviations: Ctx, chemotherapy; DWI, diffusion weighted imaging; IQR, interquartile range; MRP, magnetic resonance perfusion; PP,
pseudoprogression; RC, resection cavity; rCBV, relative cerebral blood volume; ROI, region of interest; RT, radiotherapy; TN, treatment-induced
brain tissue necrosis.
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Figure 2. Spatiotemporal radiographic pattern of PP and TN lesions. (A): Temporal distribution of first region of interest (ROI) mani-
festation on magnetic resonance imaging (MRI) after RT completion. (B): Temporal distribution of overall ROI manifestation on MRI
after RT completion. (C): Spatial distribution of ROIs relative to the tumor resection cavity (RC), illustrating shortest ROI-to-RC dis-
tances for each ROI. (D): Cumulative frequency of TN group ROI onset latency from RT completion.

Abbreviations: PP, pseudoprogression; RT, radiotherapy; TN, treatment-induced brain tissue necrosis.

0OS was 6.25 (95% confidence interval, 0.94-11.56) years  treatment-related effects, an in-depth comparative analysis
(Table 1). To characterize putative differences in clinical and between patients with PP versus those with TN was
spatiotemporal radiographic features between both types of  carried out.

www.TheOncologist.com © 2020 The Authors.
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Differences in Patient Characteristics, Treatment
Specifics, and Clinical Outcome

Age, gender, and KPS did not significantly differ between
patients with PP and TN, although the former group was older
(median age at time of diagnosis, 55 vs. 47 years) and had a
slightly higher incidence of cardiovascular comorbidities (70.4
vs. 59.5%). The PP group had a significantly larger proportion of
glioblastoma cases (81.5 vs. 40.5%; p < .002), with a higher frac-
tion of tumors localized to left cerebral hemispheres that
trended toward significance (59 vs. 30%; p = .058). Analysis of
associated tumor molecular-genetic profiles in this group rev-
ealed considerably fewer IDHI mutations (11.1 vs. 65.2%;
p < .006) and a slightly lower incidence of MGMT promoter
methylation (52.6 vs. 66.6%), as compared with the TN group
(Table 1).

Most cases in both groups were treated with open surgical
resection followed by standard chemo-RT treatment. In line
with the high incidence of glioblastoma multiforme (GBM;
81.5%) observed in patients with PP, concurrent chemother-
apy (p < .05) and TMZ-based standard chemo-RT regimens
(p = .015) were more frequently administered in this group. In
addition, steroid-based interventions and bevacizumab use
were slightly more pronounced. Median follow-up times for
PP and TN groups were 5.6 and 10.7 years, respectively. Com-
pared with the TN group, the rate of disease recurrence in
patients with PP was nearly twice as high (p = .03; Table 1).
The median OS on Kaplan-Meier survival analysis was
3.25 years for patients with PP. Patients in the TN group sur-
vived substantially longer (median OS not reached; 62% sur-
vival estimate, last observation censored at 24.5 years;
p < .0001; Fig. 1). The 5-year survival rates for PP and TN
groups were 26% and 82%, respectively.

Differences in Initial Clinico-Radiographic
Presentation

Analysis of both spatiotemporal radiographic pattern and
biopsy features of patients’ first appearing lesion (“first
ROI”) revealed significant differences between PP and TN
groups (Table 2).

Although group allocation per se was based on temporal
stratification (5-month cutoff point), both PP and TN were
found to exhibit specific temporal incidence peaks. As such,
most PP lesions developed within weeks after RT comple-
tion (median onset, 1 month), thus more often manifesting
during active antineoplastic treatment (85 vs. 32%;
p < .0005). Conversely, TN incidence peaked between 7 and
12 (median, 11) months after RT, mostly in periods of imaging
surveillance. In several patients (n = 6), TN first manifested in
a late-delayed manner at >5 years, including two cases at 11.9
and 19.9 years, after RT (Fig. 2A).

Radiographically and anatomically, PP predominantly devel-
oped around the tumor resection cavity (RC) as a single, non-
nodular, ring-like enhancing structure (704 vs. 13.5%;
p < .0001; Fig. 3D-F), whereas TN typically first presented as
one or multiple small nodular lesions located at a distance
from the RC (Fig. 3A—C) and with greater preference for the
periventricular white matter (59.5 vs. 33.3%; p = .09; Table 2).
Although approximately 60% of patients in both groups devel-
oped new ROl-associated neurological symptoms, patients with
PP were significantly more likely to receive steroid-based treat-
ment (74.1 vs. 40.5%; p < .04) and underwent therapeutic sur-
gical debulking twice as often (51.9 vs. 24.3%). In addition, this
group was more likely to receive advanced diagnostic imaging,
including MRP and DWI (92.0 vs. 67.6%) to assess radiographi-
cally suspicious ROls, prior to biopsy. Interestingly, in both
groups, results from advanced imaging were often suggestive
of disease progression rather than treatment-related effects
(Table 2). Histopathological analysis of initial ROIs revealed that
PP specimens were significantly more likely to contain malig-
nant elements (i.e., treatment effect mixed “with rare atypical
cells” or “with foci of solid tumor”) than biopsied TN lesions
(b < .04; Table 2).

Differences in Spatiotemporal Radiographic Lesion
Pattern

Longitudinal radiographic evaluation of the 64 PP and TN
cases identified a total of 137 individual ROIs (n =62
biopsied; n = 75 clinico-radiographic diagnosis). Intergroup

Figure 3. Radiographic evolution of TN and PP over time. T1+ contrast axial magnetic resonance imaging scans from representative
patients with TN (A—C) and PP (D-F) depicting radiographic evolution of treatment-related changes over time. (A): Woman aged
37 years with anaplastic oligoastrocytoma status post (s/p) chemoradiation. Onset of biopsy-confirmed TN at 13 months after
radiotherapy (RT), presenting as multiple contrast-enhancing lesions (seven total) associated with new neurological symptoms.
Gradual regression of lesions under bevacizumab treatment. (B): Man aged 64 years with anaplastic astrocytoma s/p RT. At
28 months after RT, onset of multiple periventricularly located, contrast-enhancing lesions (four total) was noted. Follow-up by
imaging surveillance showed near total radiographic resolution of all lesions within 1 year of onset without treatment. The domi-
nant left periventricular enhancing lesion is highlighted in the serial scans. (C): Woman aged 43 years with anaplastic astrocytoma
s/p chemoradiation. Onset of biopsy-confirmed TN at 11 months after chemoradiation (chemo-RT), presenting as multiple contrast-
enhancing lesions (nine total) associated with new neurological symptoms, managed with steroids. Eight of nine lesions radiograph-
ically resolved within 6 to 26 months of onset. The dominant right periventricular lesion is shown. (D): Man aged 39 years with glio-
blastoma multiforme (GBM) s/p chemoradiation. Increased contrast enhancement around the resection cavity (RC) noted at
3 months after chemo-RT during active antineoplastic treatment. The lesion was associated with new neurological symptoms and
was managed with steroids and surgical debulking at 7 months after onset, revealing extensive tissue necrosis. (E): Woman aged
65 years with GBM s/p chemoradiation. Increased contrast enhancement around the RC noted at 1 month after chemo-RT during
active antineoplastic treatment. The lesion was associated with new neurological symptoms, managed with steroids, partially
debulked (4 months after onset), and resolved at 9 months after onset. Histopathology revealed predominant tissue necrosis with
few and scattered residual tumor cells. (F): Man aged 66 years with GBM s/p chemoradiation. Increased contrast enhancement
around the RC noted at 1 month after chemo-RT during active antineoplastic treatment. The lesion was associated with new neuro-
logical symptoms, managed with steroids, and fully resected at 4 months after onset, revealing extensive tissue necrosis.
Abbreviations: PP, pseudoprogression; TN, treatment-induced brain tissue necrosis.

© 2020 The Authors.
The Oncologist published by Wiley Periodicals LLC on behalf of AlphaMed Press.
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Table 3. ROI spatiotemporal radiographic and histopathological characteristics

p value
ROI characteristics Total cohort PP group TN group (estimate)®
ROI characteristics
Analyzed ROIs, n 137 30 107
Biopsied, n 62 26 36
Type of biopsy, % .3580 (—0.7338)
Needle biopsy 40.3 19.2 55.6
Open resection 53.2 80.8 333
Autopsy 7.7 0.0 11.1
Not biopsied, but spatiotemporal 45 1 a4
radiographic pattern similar to a
biopsied ROI in same patient, n
Clinico-radiographic diagnosis only, n 30 3 27
Spatiotemporal radiographic features
Onset after RT completion, median (IQR), 11 (5-28) 0(0-2) 16 (10-36) .0010 (2.4756)
months
Locations, % .0001 (—1.4993)
Deep-seated 33.6 6.7 41.1
Lobar 57.7 73.3 533
Both 8.8 20.0 5.6
Periventricular location, % 40.2 30.0 43.0 .2600 (0.5651)
Ring-like enhancement around RC, % 18.3 63.3 5.6 <.0001 (—3.3699)
Max. size, median (IQR), cm? 0.99 3.70 0.55 .1672 (—0.0341)
(0.16-4.42) (1.08-7.50) (0.15-3.36)
Shortest distance from RC, median (IQR), mm 16.5 (0.0-27.0) 0.0 (0.0-12.0) 21.5 .0011 (0.0902)
(10.0-31.0)
Correlation to RT dose distribution, %
Located in main radiation field 98.9 (87/88) 100 (25/25) 98.4 (62/63)
Radiation dose received, %
Less than max. therapeutic dose 11.5 8.3 13.0
Equal to max. therapeutic dose 423 29.2 48.1
More than max. therapeutic dose 46.2 62.5 38.9
Histopathological features, % (n) .0084 (—1.4779)
Treatment effect only 24.2 (15/62) 0.0 (0/26) 41.7 (15/36)
Treatment effect with rare atypical cells 56.5 (35/62) 73.1(19/26) 44.4 (16/36)
Treatment effect with foci of solid tumor 19.4 (12/62) 26.9 (7/26) 13.9 (5/36)

“Based on a generalized estimating equation model, adjusted for multiple observations per patient, and applied to eight preselected variables of

interest.

Abbreviations: IQR, interquartile range; PP, pseudoprogression; RC, resection cavity; ROI, region of interest; RT, radiotherapy; TN, treatment-

induced brain tissue necrosis.

comparison at the level of individual ROIls (Table 3) revealed
significant differences in both spatial and temporal radio-
graphic lesion pattern. ROIs in the PP group (n = 30) pre-
dominantly appeared as unifocal lesions (81.4%), exhibiting
a non-nodular, ring-like enhancement pattern at the tumor
RC margin with greater frequency than ROIls in patients
with TN (63.3 vs. 5.6%; p < .0001; Fig. 2C). By contrast, TN-
related ROIs (n = 107) were typically nodular, located in
deep-seated brain regions (p = .0001) at a variable distance
from the tumor RC (median, 21.5 mm; range, 0-78 mm;
Fig. 2C), and more numerous (median, 2 vs. 1 ROIs; p = .01;
Table 3). Accordingly, most patients with TN developed mul-
tiple nodular ROIs over time (interquartile range, 1-4; max,

© 2020 The Authors.
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12), with approximately one-fourth of ROIs manifesting
beyond 3 years after RT completion (Fig. 2B, D).

Whenever possible, individual ROIs were traced longitudi-
nally from time of onset until full radiographic resolution or
last available MRI scan (as shown in Fig. 3). For PP-related
ROIs, this measurement was mostly precluded as 80%
(n =24/30) of PP lesions were removed surgically and/or
treated with antiangiogenics after a median of 4 months after
lesion onset. By comparison, only 35% (n = 35/100) of ROIs in
the TN group received treatment, after a median of 8 months.
The remainder either fully resolved radiographically (36%;
median interval, 11.5 months) or persisted until the last avail-
able MRI scan (29%; median interval, 15 months).
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Figure 4. Typical observed radiographic features of treatment-induced brain tissue necrosis (TN) and pseudoprogression (PP). (A):
Axial T1+ contrast magnetic resonance imaging (MRI) (left) showing a non-nodular focus of enhancement around the tumor re-
section cavity (RC) in the right frontal lobe, first manifesting at 3 months after radiotherapy (RT), consistent with PP. Corresponding
radiotherapy dose distribution overlay on axial computed tomography (right) demonstrates the main radiation field encompassing
the RC and surrounding brain parenchyma (60 Gy; green line). (B): T1+ contrast MRI (left) showing multiple small nodular foci of
enhancement located medially to the RC in the right frontal region with involvement of the periventricular white matter, man-
ifesting at 11 months after RT, consistent with TN. RT dose distribution overlay on axial computed tomography (right) demonstrates
prior exposure of these regions of interest to the main radiation field (59.4 Gy; green line).

A correlative analysis between ROI anatomical location
and available RT dose distribution curves (as shown in Fig. 4)
revealed that 98.9% (n = 87/88) of ROIs were located within
the main radiation field, with 46% of ROIs correlating spa-
tially to areas of supratherapeutic radiation maxima
(Table 3). Finally, among biopsied ROIs (PP, n =26; TN,
n = 36), TN lesions were found to contain fewer malignant
elements (p = .008). Moreover, over one-third of patients
with TN underwent a secondary biopsy of the same or a dif-
ferent ROI at a later time point, reconfirming treatment
effects.

Discussion

Therapeutic management of patients with brain tumors is
frequently complicated by PP and TN. However, diagnostic
imaging criteria (including RANO) and clinical guidelines for
adequate management remain insufficient. Long-term

www.TheOncologist.com

outcome data represent another area of uncertainty. With
this study, we characterize 60 patients with glioma who
developed PP or TN as a consequence of brain tumor ther-
apy. Consistent with the clinical literature, we found that
treatment-related effects occurred predominantly in
patients with HGG after treatment with (TMZ-based)
chemo-RT [4, 18, 23]; presented with either early or late
radiographic onset (classified here as PP and TN) [2, 15, 16];
were frequently associated with new neurological symp-
toms [24, 25]; and were treated primarily with steroids, sur-
gical debulking, and/or antiangiogenics [1, 26—28]. Nearly
two-thirds of patients had underlying cardiovascular com-
orbidities, a potential risk factor for treatment-related
effects [1]. Presence of either PP or TN appeared to be
associated with above-average overall survival.

Comparative analysis by temporal stratification of
treatment-related effects suggests that PP and TN are dis-
tinct conditions with unique features. Accordingly, we

© 2020 The Authors.

The Oncologist published by Wiley Periodicals LLC on behalf of AlphaMed Press.



II1. Selected Publications

91

10

Defining Pseudoprogression & Treatment-Induced Necrosis

found that both conditions exhibit significant differences in
clinical course and spatiotemporal radiographic pattern and
appear to affect distinct patient populations. As such, PP
predominantly occurred in patients with GBM, during active
antineoplastic treatment in the weeks to few months after
chemo-RT, and typically presented on MRI as a unifocal,
non-nodular, contrast-enhancing lesion around the RC mar-
gin. Affected patients frequently required steroids and sur-
gical debulking and had a worse clinical outcome compared
with those with TN. These findings corroborate previous
descriptions of PP [4, 14] and support the notion that,
rather than merely denoting a radiographic phenomenon,
PP should be classified as a distinct clinical condition in
neuro-oncology that requires timely diagnosis and appropri-
ate clinical management [2]. Although PP is reportedly
enriched in patients with MGMT promoter methylated
tumors [29, 30], we found that MGMT promoter methyla-
tion was present in just over half of analyzed tumors in the
PP group. Both presence of PP and MGMT promoter meth-
ylation have been proposed as potential prognostic markers
for improved clinical outcome [12, 14, 29, 31, 32]. The
observed median OS of 3.25 years in the PP group (81.5%
GBM fraction) compares favorably with that historically
reported for patients with GBM (approximately 15 months
after surgery and chemoradiation) [33], which may support
this assumption. Whether and how /IDH1 mutational status
affects incidence of PP has been discussed controversially,
with some reports suggesting that presence of IHD1 muta-
tion could serve as a possible biomarker for PP [34, 35]. In
our cohort, only 11% of patients with PP were found to
have IDH1-mutated tumors. Our observations are in line
with a recent study by Mohammadi et al., who found lower
absolute rates of PP expression in patients with GBM with
IDH1-mutated tumors [36].

Characteristically, TN was enriched in patients with
grade Il and IV gliomas (mostly /IDH1 mutated and MGMT
promoter methylated), typically with onset between 7 and
12 months after RT [1], that is, during periods of imaging
surveillance. We found that a number of patients presented
with either “early necrosis” (n = 2; onset <5 months after
RT) [18] or late-delayed TN (n = 6; onset >5 years after RT)
[15, 16]. Although the former is most likely a consequence
of the increased use of TMZ-based chemo-RT regimens and
their radiosensitizing properties [18], the latter may repre-
sent a separate form of TN, with distinct pathophysiology,
encountered in long-term survivors [1]. Some studies sug-
gest that early TN may predict more durable treatment
response and thus potentially improve clinical outcome [18,
21, 37]. We found that the majority of patients with TN
were long-term survivors. The comparatively better clinical
outcome in this group might be attributed to significant dif-
ferences in primary diagnosis (GBM fraction 40.5%
vs. 81.5%) and incidence rates of tumor /IDH1 mutational
status (65 vs. 11%). Moreover, an implicit time bias from
including a number of long-term survivors who presented
with late-delayed TN is likely a contributing factor, although
the vast majority (86%) of TN cases developed relatively
early, that is, within 3 years after RT. Although IDH1 muta-
tion has been identified as an independent positive prognos-
tic biomarker for survival in patients with glioma [38, 39], the

© 2020 The Authors.
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relationship between IDH1 mutational status and develop-
ment of TN, as with PP, remains understudied. Whether
presence of IDH1 mutation constitutes a direct causal risk
factor for TN development or, rather, indirectly increases the
probability for TN development by contributing to prolonged
OS is unclear.

Radiographically, the manifestation of TN differed from
that of PP. TN characteristically presented as multiple small
nodular contrast-enhancing lesions, frequently located in
the periventricular white matter and/or in other deep-
seated brain regions at varying distances from the RC. This
corroborates the hypothesis that the delicately vascularized
periventricular white matter may serve as a predilection
site for TN [4, 6, 37]. Our longitudinal analysis at the level
of individual ROIls suggests that some TN lesions persist in a
progressive, potentially irreversible manner that may
require therapeutic intervention, whereas other lesions are
transient and could be sufficiently managed by imaging sur-
veillance. Our findings are in line with recent observations
by Van West et al. [37], who analyzed treatment-related
effects in patients with low-grade glioma (LGG). In this
study, onset of what the authors referred to as
“pseudoprogression” occurred in 20% of patients with LGG
and after a median of 12 months after RT, presented as
asymptomatic, small nodular lesions with frequent location
in the ventricle wall, with an average duration of 6 months
until radiographic resolution [37]. Concluding that this
clinico-radiographic picture differs from what has been
described for early pseudoprogression in patients with
HGG, the authors reasonably speculated that the observed
lesions “could be small areas of radiation necrosis” [37].

Our correlative spatial analysis using RT dose distribu-
tion curves revealed that PP and TN lesions almost exclu-
sively developed in the main prior radiation field, that is,
those areas previously exposed to therapeutic radiation
maxima (42.3%) or supratherapeutic radiation “hot spots”
(46.2%). This finding underscores the diagnostic utility of RT
dose distribution curves in guiding management of patients
with glioma with suspicious, newly enhancing lesions on
MRI. It also confirms the central role of RT in the develop-
ment of treatment-related effects and highlights a clear
need for improved protective strategies directed at sparing
healthy brain parenchyma from radiation-induced
neurotoxicity.

Of note, analysis of TN and PP lesions by MRP and DWI
was frequently suggestive of disease progression. Although
this finding may highlight the limitations of current
advanced imaging modalities in reliably differentiating
these conditions from recurrent disease [1, 20], we used a
rather conservative binary approach to interpret MRP and
DWI imaging reports in this study. Accordingly, evidence of
elevated relative cerebral blood volume (or restricted DWI)
at individual ROls—whether mild or substantial—was classi-
fied as suggestive of progressive disease. Nonetheless, most
patients in our cohort eventually underwent tissue biopsy
in order to resolve diagnostic ambiguities on functional
imaging. Of note, 25% of biopsy-confirmed PP lesions con-
tained ROIs with “mixed pathology,” defined as treatment-
related changes with small foci of residual tumor on
histopathological analysis [1, 21]. This comparatively higher
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incidence of residual malignant elements in PP lesions is
likely the result of (a) their direct proximity to the tumor RC
margin and (b) their earlier manifestation, that is, during
ongoing antineoplastic treatment.

One limitation of this study is that histopathological
findings from biopsied lesions were commonly summarized
as “treatment effect.” Histopathological diagnosis and clas-
sification have been limited because of a lack of standard-
ized criteria or guidelines to qualitatively assess and
describe different types of treatment-related -effects
[1]. The distinct clinico-radiographic features of PP and TN
strongly suggest that these entities differ in their underlying
pathophysiology. For instance, local tissue inflammation
and vascular changes produced by surgery-related paren-
chymal injury could be implicated as plausible mechanisms
that drive frequent PP development around the RC margin.
Additionally, treatment-induced apoptosis of seeded resid-
ual, nonenhancing tumor foci around the RC may fuel the
inflammatory environment (with secondary edema and
abnormal vessel permeability) thought to contribute to the
development of PP [4]. By contrast, the mechanisms driving
TN development and their dynamics are likely quite differ-
ent, as TN lesions mostly occurred during periods of surveil-
lance and in areas previously considered healthy brain
parenchyma. The proposed pathological changes implicated
in TN—parenchymal necrosis, gliosis, cellular infiltrates, vas-
cular abnormalities, and fibrinous exudates—develop over
longer periods of time and are likely more permanent
[11]. Robust characterization of putative histopathological
differences (e.g., tissue architecture, vascular pathology, cel-
lular inflammatory profile, presence of malignant elements)
between PP and TN is warranted and could yield new
insights about the pathomechanisms of either condition,
with potentially important therapeutic implications.

Our study has several strengths and limitations. Patient
selection and data collection were carried out retrospec-
tively, with a focus on patients with glioma with biopsy-
confirmed treatment-related effects. Based on the typical
manifestation ranges described for both conditions [1, 2, 4,
5, 15, 16], a temporal cutoff point was defined and used as
a proxy for patient stratification into PP and TN diagnosis
groups. Although we cannot rule out the possibility of diag-
nostic inaccuracies caused by this strategy, the diagnosis
allocated to each patient was carefully reviewed, contextu-
alized with available clinical and radiographic information,
and corrected in two instances classified as “early necrosis.”
Despite the fact that tissue biopsy remains the diagnostic
gold standard for PP and TN, there remains a lack of biopsy-
confirmed studies in which patients were radiographically
diagnosed with treatment-related effects [1]. To our knowl-
edge, our study is the first in which a majority (80%) of
cases of treatment-related effects were confirmed by tissue
biopsy. Thus, the observed unique characteristics of PP and
TN offer insight into their typical clinical course and radio-
graphic spatiotemporal pattern in affected neuro-
oncological patients. Moreover, our finding that both condi-
tions preferentially occur in distinct patient populations
(i.e., in specific clinical settings) may improve clinician
awareness of these distinct conditions and guide patient
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management. Additionally, our findings suggest that RT
dose distribution curves, which correlate with PP and TN,
can serve as an important diagnostic tool for the interpreta-
tion of suspicious, newly enhancing lesions. Finally, our sur-
vival data may support previous studies suggesting that
development of treatment-related effects could indicate a
more durable treatment response and improved clinical
outcome. A comparative analysis with matched controls is
warranted to assess whether presence of PP or early TN
could indeed serve as an independent positive prognostic
biomarker in patients with glioma.

CONCLUSION

PP and TN appear to occur in clinically distinct patient
populations that differ in tumor characteristics, treatment
regimen, and clinical outcome. Both conditions exhibit
unique features with respect to both clinical course and
spatiotemporal radiographic pattern. Use of RT dose distri-
bution curves for delineation of the prior radiation field
may serve as an important diagnostic tool to differentiate
these conditions from recurrent disease. In line with previ-
ous reports, the presence of either PP or TN may be associ-
ated with improved overall survival. Increased clinician
familiarity with these distinct brain cancer treatment-—
related conditions and their unique features will improve
early detection and diagnosis as well as patient manage-
ment and thus may circumvent unnecessary surgical
procedures.
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Introduction

Stroke-like migraine attacks after radiation therapy (SMART) syndrome represents a rare but
serious condition manifesting years after cranial radiation therapy (RT).! Characterized by
migraine-type headaches, stroke-like deficits, seizures and MR imaging abnormalities, including
cortical gyriform enhancement in irradiated brain regions, SMART remains diagnostically and
therapeutically challenging 2% Distinction from tumor progression is difficult and treatment
options are limited Although frequently reversible . SMART episodes can recur’ and effectuate

persistent neurologic and/or imaging sequelae.3



II1. Selected Publications

99

Methods

This retrospective multicenter study presents 7 patients diagnosed with SMART at MGH, BWH,
and DFCI between 2013-20. Patient data were obtained from institutional databases and include
portions of two previously published cases.’ Institutional review board approval was granted.
Clinico-radiographic features, treatment strategies, and potential pathomechanisms of SMART

are discussed.

Data Availability

Anonymized data are shared upon request from any qualified investigator.
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Case series

All 7 patients (6 males, 1 female, aged 49 — 68 [mean, 58] years) had received partial (71%) or
whole-brain RT (29%) for different indications, including primary (n=4) and secondary (n=2)
intracranial malignancies and small-cell lung cancer (n=1). Relevant comorbidities included
vascular risk factors (57%) and migraine (29%). SMART onset post-RT ranged between 1.5 — 28
(mean, 11.8) years. Most (57%) patients experienced multiple (range, 2 — 4) ipsilateral SMART
episodes. In one case, episodes alternated between hemispheres, given bihemispheric radiation
exposure. All patients presented with either migraine headaches (71%), seizures (57%), or both
(29%), frequently accompanied by aphasia (71%) and/or confusion (43%). Data available from

Dryad (Table 1): https://doi.org/10.5061/dryad.sn02v6x3;.

MR imaging universally demonstrated pathognomonic cortical gyriform enhancement with
corresponding T2/FLAIR hyperintensity (86%) and inconsistent diffusion restriction (43%)
(figure). Identified abnormalities were strictly unilateral, unconfined to cerebrovascular
territories and affected previously irradiated, predominantly left parieto-occipital brain regions.
In 2 patients, repeat MRI after 3 days demonstrated full cortical hemispheric expansion of
abnormalities (figure, E & F). All available MR perfusion studies revealed regional
hyperperfusion (n=3/3), with elevated cerebral blood flow (CBF) and/or -volume (CBV)
indicating abnormal vascular reactivity (figure, E). Radiographic resolution occurred over 1 — 10
months (figure, A — D, F & G), except for Patient 4, where fluctuating imaging changes
persisted over 5 years. Data available from Dryad (Table 2):

https://doi.org/10.5061/dryad.sn02v6x3j.

All patients received supportive therapy, under which 71% had a full clinical recovery, in
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alignment with radiographic improvement. Patients 5 and 7 (figure, H), who both had a complex
migraine history (onset 7 years pre-RT and 4 years post-RT, respectively), experienced a

protracted clinical course with incomplete neurologic recovery.
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Discussion

Our findings support previous reportsz"5 and offer several new insights. Interestingly, left
hemispheres were universally affected. Whether right-hemispheric involvement is clinically less
pronounced remains unknown. While SMART typically occurs many years to decades post-
RT.** two of our patients who received proton RT presented relatively early (within 4 years and
14 months, respectively) post-RT. Beyond radiation dose,’ specific radiation modalities, like
proton RT, may constitute unique risk factors of SMART. Both radiation-induced vascular
dysfunction and neuronal hyperexcitability are implicated in SMART pathogenesis.*®” Many
(57%) of our patients experienced clinical seizures and most (86%) received antiepileptics for
seizure control and/or prophylaxis. Notably, Patient 3 (figure, E) was EEG-monitored from
admission, but only developed seizures at hospital day 4, suggesting that seizure activity is an
epiphenomenon rather than the cause of cortical signal abnormalities.® Instead, vascular
dysfunction with resultant regional hyperperfusion (observed by us and others)®” may effectuate
the pathognomonic MR findings in SMART and provide a rationale for co-treatment with anti-
platelet agents, verapamil, and anti-migraine medications.’ Additionally, MR perfusion may
offer diagnostic clues when SMART is suspected, including differentiation from conditions with
overlapping radiographic spectra but presumably inverse perfusion patterns, like posterior
reversible encephalopathy syndrome (PRES).®

It remains unclear why some SMART patients develop persistent neurologic deficits.** The
imaging abnormalities we observed in two patients with “complicated SMART” did not differ
from those identified in fully reversible SMART. Interestingly, seizure activity was not a feature

of complicated SMART. Instead, headache and aphasia were cardinal symptoms in the setting of
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a prior migraine history, raising the question whether migraine and/or underlying vascular
abnormalities may predispose to complicated SMART.

This study is limited by its descriptive and retrospective nature. Because SMART is a diagnosis
of exclusion and tissue biopsy is not required nor recommended,’” excluding differentials like
tumor progression, leptomeningeal disease, infection, and ischemic events is paramount. As
SMART is mostly transient, allocating sufficient time for observation prior to considering
aggressive antineoplastic treatment is advisable. Finally, greater familiarity with the clinico-
radiographic presentation of SMART, routine use of MR perfusion imaging, and identification of

unique risk factors are essential for improved management of affected patients.
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Figure. Examples of imaging characteristics identified in patients with SMART syndrome.
(A & B) Patient 1. Brain MRI, taken on hospital day 6 shortly after an episode of non-convulsive
status epilepticus, in a patient who presented with aphasia, confusion, and headache 16 years
post-WBRT. Findings demonstrate new cortical gyriform enhancement in the left temporo-
parieto-occipital region with associated T2/FLAIR signal hyperintensity, in addition to extensive
post-radiation white matter changes which are unchanged from previous scans (A). Follow-up
MRI from 3 weeks later shows interval resolution of cortical enhancement with persistent but
decreased T2 hyperintense gyral swelling (B).

(C & D) Patient 2. Brain MRI on admission, in a patient who presented with progressive
headaches, right visual oscillations, and abnormal awake EEG 14 months after proton RT
(59.4Gy), suggestive of early onset SMART syndrome. There is pachymeningeal and nodular
leptomeningeal enhancement within the area of prior radiation, including the left occipital and to
a lesser extent the parietal region with associated T2/FLAIR signal hyperintensity, gyral
expansion, and foci of restricted diffusion (C). Follow-up MRI from 10 months later
demonstrates near-total resolution of abnormal imaging findings within the left occipital region
(D).

(E) Patient 3. Brain MRI, taken on hospital day 4 following seizure development in a patient
who presented with sudden right hemiparesis and aphasia 28 years after prophylactic WBRT
(36Gy). MRI findings demonstrate extensive cortical gyriform enhancement with associated
diffuse T2/FLAIR signal hyperintensity involving large portions of the left cerebral hemisphere;
there are corresponding regional elevations in cerebral blood volume (CBV) and -flow (CBF) on
perfusion MRI.

(F & G) Patient 6. Brain MRI, taken on hospital day 5 following seizure development in a
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patient who presented with aphasia, right facial droop, right-sided weakness, and fever (but
negative infectious work-up) 10 years after chemo-RT. MRI findings demonstrate extensive
cortical edema and enhancement involving the entirety of the left cerebral hemisphere, without
associated T2/FLAIR signal hyperintensity. Extensive periventricular white matter abnormalities
appear unchanged from prior scans (F). Follow-up MRI from 4 weeks later demonstrates full
resolution of abnormal cortical enhancement (G).

(H) Patient 7. Brain MRI on admission, in a patient with recurrent episodes of migraine
headaches and aphasia over a period of 6 months, 9 years after RT (60Gy). There is extensive
cortical gyriform enhancement and edema with associated T2/FLAIR signal hyperintensity and

low diffusivity (DWI & ADC) within the area of prior radiation in the left parieto-occipital lobe.
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T2/FLAIR

T2/FLAIR

Copyright © 2021 American Academy of Neurology. Unauthorized reproduction of this article is prohibited

Figure.
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