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Brain metastases

Abstract

Background. To define efficacy and toxicity of Immunotherapy (IT) with stereotactic radiotherapy (SRT) including
radiosurgery (RS) or hypofractionated SRT (HFSRT) for brain metastases (BM) from non-small cell lung cancer
(NSCLC) in a multicentric retrospective study from AIRO (ltalian Association of Radiotherapy and Clinical Oncology).
Methods. NSCLC patients with BM receiving SRT + IT and treated in 19 ltalian centers were analyzed and com-
pared with a control group of patients treated with exclusive SRT.

Results. One hundred patients treated with SRT + IT and 50 patients treated with SRT-alone were included.
Patients receiving SRT + IT had a longer intracranial Local Progression-Free Survival (iLPFS) (propensity
score-adjusted P=.007). Among patients who, at the diagnosis of BM, received IT and had also extracranial
progression (n = 24), IT administration after SRT was shown to be related to a better overall survival (OS)
{P=.037). A multivariate analysis, non-adenocarcinoma histology, KPS = 70 and use of HFSRT were associ-
ated with a significantly worse survival (P=.019, P=.017 and P =.007 respectively). Time interval between
SRT and IT =7 days (n = 90) was shown to be related to a longer OS if compared to SRTIT interval >7 days
{n=10) (propensity score-adjusted P= .008). The combined treatment was well tolerated. No significant dif-
ference in terms of radionecrosis between SRT + IT patients and SRT-alone patients was observed. The time
interval between SRT and IT had no impact on the toxicity rate.

Conclusions. Combined SRT + IT was a safe approach, associated with a better iLPFS if compared to exclusive SRT.

Immunotherapy ix
radiotherapy for non-small cell lung cancer brain

metastases: results from a multicentric retrospective
study on behalf of AIRO Neuro-Oncology 23(10), 1750-1764, 2021 | doi:10.1093/neuonc/noab129
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Neuro-Oncology

22(8), 10731113, 2020 | doi:10.1093/neuonc/noaal06 | Advance Access date 24 April 2020

Glioblastoma in adults: a Society for Neuro-Oncology
(SNO) and European Society of Neuro-Oncology (EANO)
consensus review on current management and future
directions
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Biology

Glioblastomas are thought to arise from neuroglial stem
or progenitor cells and are characterized by molecular heterogeneity

Neuro-Oncology

22(8), 10731113, 2020 | doi:10.1093/neuonc/noaal06 | Advan

ylation) identified 3 main glioblastoma subgroups, each
enriched for specific somatic alterations. The proneural
gene expression/receptor tyrosine kinase (RTK) I/LGm6
DNA methylation group is marked by cyclin-dependent
;;:\-\?.3"- [CDK-!IEI am:l_ platelet .derived growth f_a::tnr a_lpha
—_ orra) amplifications and is most common in relatively
younger adults. The classical gene expression/classic-like/
RTK Il DNA methylation group shows a high frequency of
EGFR amplifications and homozygous loss of CDKN2A/B.
The mesenchymal/mesenchymal-like subtype is enriched
for tumors with neurofibromatosis type 1 (NF1) loss and
increased tumor infiltration with macrophages. These 3
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Pathology and classification

Consortium to Inform Molecular and
Practical Approaches to CNS Tumor
Taxonomy

The pathologic hallmarks of glioblastoma

are:

- a diffusely infiltrative neoplasm with
astroglial appearance (angulated nuclei
and irregular chromatin),

- microvascular proliferation

- and/or necrosis

Neuro-Oncology

22(8), 10731113, 2020 | doi:10.1093/neuonc/noaal06 | Advance Access date 24 April 2020

Third update of c-IMPACT-NOW
recommend diagnostic criteria for
“diffuse astrocytic gliomas, IDH-wildtype,
with molecular features of glioblastoma,
WHO grade IV.” 2 In the absence of IDH
mutations, either TERT promoter
mutations or EGFR amplification are
now considered sufficient molecular
evidence of glioblastoma with similar
clinical outcome, even when histologic
examination meets only WHO grade Il or
Il criteria.
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Pathology and classification

Conversely, mutations in IDH1/2 in adult
diffuse gliomas allow prediction of extended
patient survival.

Neuro-Oncology

22(8), 10731113, 2020 | d0i:10.1093/neuonc/noaal06 | Advance Access date 24 April 2020

In Reeping with the distinct biology

and clinical behavior of grade IV gliomas
as a function of IDH mutation status, the
cIMPACT-NOW consensus group suggests
that the term “glioblastoma” no longer
apply to IDH-mutant tumors, and
suggests instead the term “astrocytoma,
IDH-mutant, WHO grade IV” for such
tumors, to distinguish them from IDH-wt
glioblastoma
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Pathology and classification 2 2021

In the updated fourth

edition CNS classification WHO CNS5, on the other hand, includes only 3 types:

from 2016, the common 1 - Astrocytoma, IDH-mutant

diffuse gliomas of adults 2 - Oligodendroglioma, IDH-mutant and 1p/19g-codeleted:;
were divided into 15 entities, 3 - Glioblastoma, IDH-wildtype.

largely because different
grades were assigned to

different entities Table1 2021 WHO Classification of Tumors of the Central Nervous System. Provisional Entities are in Italics

World Health Organization Classification of Tumors of the Central Nervous System, fifth edition

.b.GIiDmas, glioneuronal tumors, and neuronal tumors
@-Adult-type diffuse gliomas
" Astrocytoma, IDH-mutant
QOligodendroglioma, IDH-mutant, and 1p/19g-codeleted ¥

Neuro-Oncology

23(8), 12311251, 2021 | doi:10.1093/neuonc/noab106 | Advance Access date 23 June 2021
Glioblastoma, IDH-wildtype
The 2021 WHO Classification of Tumors of the Central -

Nervous System: a summary
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In the current classification all IDH-
mutant diffuse astrocytic tumors are
considered a single type
(Astrocytoma, IDH-mutant) and
are then graded as

CNS WHO grade 2, 3, or 4.

Neuro-Oncology

23(8), 12311251, 2021 | doi:10.1093/neuonc/noab106 | Advance Access date 29 June 2021

The 2021 WHO Classification of Tumors of the Central
Nervous System: a summary

As a result, Glioblastoma, IDH-wildtype should
be diagnosed in the setting of an IDH-wildtype
diffuse and astrocytic glioma in adults if there is
microvascular proliferation or necrosis or TERT
promoter mutation or EGFR gene amplification
or +7/-10 chromosome copy number changes.
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In the current classification all IDH-
mutant diffuse astrocytic tumors are
considered a single type

(Astroci~—--
are tt sion Idtype should
CNS V IDH-wildtype
{ults if there is
osis or TERT
_.. « eulrR gene amplification
oafi ﬁj’ﬁp- ur +7/-10 chromosome copy number changes.

Neuro-Oncology

23(8), 12311251, 2021 | 093/neuonc/noab106 | Advance Access date 28 June 2021

The 2021 WHO Classification of Tumors of the Central
Nervous System: a summary




Primary tumors apparent
diffusion cerebral
Diagnosis and imaging coefficient blood volume
(A[():C) (CB\[I))

Fig. 4 Sixty-four-year-old with a glioblastoma who presented with word finding difficulty. FLAIR (A) and contrast-enhanced T1W (B) images
show a large, necrotic-appearing, enhancing mass with surrounding T2/FLAIR signal abnormality in the periventricular regions. There is evi-
dence of hypercellularity on ADC map (black arrow in C) and elevated blood volume on CBV map (white arrow in D)

Neuro-Oncology

22(8), 10731113, 2020 | doi:10.1093/neuonc/noaal06 | Adv:
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Diagnosis and imaging

Accurate determination of response and progression remains a challenge.

- RANO criteria for highgrade gliomas is the most widely used standard in clinical trials.

- These criteria use 2D tumor measurements and provide guidance on evaluating
pseudoresponse, non-enhancing progression, and pseudoprogression.

- More recently, modifications to the RANO criteria have been suggested using a post-
RT baseline, and confirmation of progression on subsequent scans has been advised,
especially for agents associated with pseudoprogression, to ensure that patients are not
removed from therapies prematurely.

- Reduce the possibility that patients with spontaneously improving pseudoprogression
would be offered salvage options or placed inappropriately on clinical trials for
presumed progressive disease

Neuro-Oncology
aa108 | Advance Access date 24 April 2020

22(8), 1073-1113, 2020 | doi:10.1098/neuonc/no:
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Medical management and supportive care

riicosteroids, preferably dexamethasone (in conjunc-
tion with gastric protection if used at high doses), are given

o reduce symptomatic peritumoral vasogenic edema.®
Dexamethasone iates neurologic deficits and signs_of __
increased intracranial pressure such as headache and drow-

siness. Low doses (eg, 4 mg/day given in 1-2 doses) are ef-
dexamethasone fective in most clin ically symptomatic patients without signs

of herniation.**%Ihere is no need to give dexamet

times a day.®™ Side effects of dexamethasone worsen with

Tncreased dbse and duration of treatment.®'%Ihere is also

growing evidence that corticosteroids may have an adve
~Sect on palient Gulcoms, so Thay SO b2 AVOREd oo

ients aré O Symptomatic. ™ PATIENTS 6 chronic COrtico-
steroids (=20 mg prednisone equivalents daily for 21 month)

hould be considered fo hylaxis for osteoporosis and
stis jerovecii pneu monia.

P | NN e S S . S — - —_ -

Neuro- Oncology

22(8), 1073-1113, 2020 | doi:10.1



H course. While patients with seizures require anti-epileptic

- HELp drugs (AEDs], stidies have not clearly shown a benefit of

Primary tumors proTofged primary AED ProphyIaxis in patients who haye
‘TevarFad & selzare ™ " CyrrenT GUTdeNnas racommend

tapering AEDs 1-2 weeks after surgery and avoiding

Medical management and long-term prophylaxis.'® There is no role for primary
supportive care perioperative prophylaxis
When

AEDs are used, newer agents including levetiracetam

. = ]

and lacosamide are preferred over older drugs be-

Anti-epileptic drugs cause of generally more favorable side effect profiles,
reduced laboratory monitoring requirements, 'ﬁ'ﬂ"l_'a ack

of drug drug_interactions. 0 Emerging data suggestlng

that neurons and glioma cells form synapses via AMPA
(a-affino-3-hydroXy-5-maethyl-4-i§6%azolepropionic acid)
receptors raises the possibility that AEDs that inhibit
these recmm
6T GRIY-TA controlling seizures, but also through pos-
siW glioma activity.™ "2 However, a prior trial with

another glutamate inhibitor, talampanel, was ultimately

interpreted to be negative.” _

Neuro-Oncology
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Medical management and
supportive care

Venous thromboembolism

Neuro-Oncology

22(8), 10731113, 2020 | doi:10.1

( Venous Tﬁromboembollsm—_ﬂTEDisk is high in the peri-

operative period and persists well beyond, with one-year
incidence of approximately 20%, ™ mandating a low
tmeYWic studies.””® Most, &1
though not all,"® studies suggest that the risk of precipitatin
intratumoral hemorrhage with anticoagulants is acceptabl
ferted anticoagulapt is not well studied in brain tumors; in

systemic cancer, low molecular weight heparin (LMWH)
is preferred o arin. Direct oral antico S
(factor Xa and thrombin inhibitors) have been re-

ported to be safe in patients with brain tumors.'?' However,
no randomized data are available for glioma patients and
randomized rials on secofidary prophylaxis of VIE with
‘DOACs “enrolling Gancer patients have gensrally Shown
a similar or slightly higher efficacy than LMWH but with a
slightly higher risk of bleeding.?%'%?

A high incidence of recurrent VTE with inferior vena
cava (IVC) Tilters NMIts TRETTUSE 0 Pationts W Tacent In-.
fracranial surgery, intratumoral hemorrhage, or absolute
mwgophwam
anticoagulation outside of the perioperative setting has
not been definitively studied, as the only trial addressing
this issue was prematurely terminated for slow accrual.’®
A meta-analysis of pooled randomized clinical trial data
indicated no survival benefit from anticoagulation in glio-
blastoma patients, but rather suggested thatVTE should be
reated more in this patient population.'”




Clinical trial

[ O~
Primary tumors & =T
— + concurrent TMZ followed by
methylated 8 cycles of TMZ +/— TTF
Age 18-T0* 6 week HT
AND good functional + 6 cycles of lomustine-TMZ®
status +-TTFE

Standard primary treatm

Clinical trial
= MGMT !
Unmethylated 6 week RT
+ concurrent TMZ followed by
6 cycles of TMZ 4/~ TTF®

Newly Diagnosad GEM
{lulmrg:i:rurml 6 week RT
) + concurrent TMZ followed by

6 cycles of TMZ +~TTF

Hypofractionated (or 6 week) AT
+ concurrent TMZ followed by
6 cycle of TMZ +—TTF

Abls to tolerate
i~
modality therapy

Ay
OR poor func

Neuro-Oncology

22(8), 10731113, 2020 | doi:10.1093/neuonc/noaal06 | Advance Access date 24 April 2020
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E
Radiotherapy target volumes i
Table 2
Glioblastoma radiotherapy target among cooperative groups
ABTC EORTC NCCTG/Alliance RTOG/NRG
One or 2 phase  Two-phase: One-phase Two-phase: Two-phase:
46 Gy — 14 Gy 60 Gy 50Gy — 10 Gy 46 Gy — 14 Gy
Initial CTV T2, T1-CE, T1-CE, T2, T1-CE, cavity T2, T1-CE, cavity + 2 cm
cavity + 5 mm W + 2 cm to block
N — + 2-3 cm edge
Boost CTV T1-CE, cavity N/A T1-CE, cavity T1-CE, cavity + 2 cm
+ 5mm + 2 cm to block
edge
PTV Generally 3-5 mm \ Generally N/A 3-5mm
5-7 mm
t enhancement; CTV, clinical target volume; EORTC, Eu-

: CE, contrgs

Abbreviations: ABTC, adult brain tumor consortif
Gy, Gray; NCCTG, North Central Cancer Treatment Group;

ropean Organisation for Research and Treatment oT Ca r
PTV, planning target volume; RTOG, Radiation Therapy Oncology Group.

Neurosurg Clin N Am 32 (2021) 211—223



Neurosurc

Fig. 1. Glioblastoma RT target volume delineation among different cooperative groups. Postoperative MRI T1
contrast-enhanced (above) and FLAIR (below) sequences. The gross tumor volume (GTV) initial is in yellow
(97.73 cc) and GTV boost is in red (44.12 cc) (A). The ABTC volumes for clinical target volume (CTV) initial in
cyan (46 Gy, 166.26 cc) and CTV boost in green (60 Gy, 81.83 cc) (B). The EORTC volume for the single phase
CTV in green (60 Gy, 237.07 cc) (C). The NCCTG/Alliance volumes for CTV initial in cyan (50 Gy, 367.87 ¢
and CTV boost in green (60 Gy, 237.07 cc) (D). The RTOG/NRG volumes for CTV initial in cyan (46 Gy, 367.87 cc)
and CTV boost in green (60 Gy, 237.07 cc) (E).
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Radiotherapy target volumes — perspective

Identify and perform a model of GB infiltration
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Fig 1. Diagram of GB and protein dynamics. Diagram of the interactions between the proteins involved in GB progression and that give rise to the
mathematical model. A): GB cells produce and release in the extracellular space Matrix Metalloproteases (MMPs), which proteolyze the Extra Cellular
Matrix (ECM) components. B): Magnification of Tumor Microtubes (TMs). Integrins are activated in the GB tumor microtubes upon interaction with
ECM proteins. Active integrins, interacting with Actin filaments and the Talin adaptor protein, activate the Focal Adhesion Kinase (FAK) protein to
promote cytoplasm dynamics.

https://doi.ora/10.1371/ournal pcbi.1008632.0001

PLoS Comput Biol 2021; 17(1): e1008632.

Therefore, any mathematical model that
attempts to predict GB dynamics and
reproduce the formation of these
evolutionary patterns must face these
challenges.



AV VE

Primary tt - The mathematical model is based on a non-linear system of evolution
equations in which the mechanisms leading chemotanxis, haptotaxis, and
Radiotherapyt  front dynamics compete with the movement induced by the saturated
flux in porous media.
Identify and p
- This approach is able to capture the relative influences of the involved
agents and reproduce the formation of patterns, which drive tumor
front evolution.

= - These patterns have the value of providing biomarker information that
is related to the direction of the dynamical evolution of the front and
based on static measures of proteins in several tumor samples.

Fig 1. Diagram of GB and protein dynamics. Diag
mathematical model. A): GB cells produce and rele:

ws o cmpnene BrMmiena = Eyrthermore, we consider in our model biomechanical elements, like

promote cytoplasm dynamics.

i L0107 et 100850 0 the tissue porosity, as indicators of the healthy tissue resistance to tumor
progression
PLoS Comput Biol 2021; 17(1): e1008632.
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Radiotherapy target volumes — perspective

3 different advanced imaging strategies
seeking to redefine target delineation

for glioblastoma:

multiparametric magnetic resonance (MR),
- MR spectroscopy
functional imaging.
A multi-institutional phase Il trial (NCT02805179) - if

multiparametric advanced imaging approach to guide RT (75

Gy/30#) > OS.
- first 12 patients 2 advanced imaging target 2 times smaller than

Different types of imaging

the T1 enhancement volumes and 10 times smaller than the FLAIR
volumes, with only a 57% overlap with the enhancement region on
MRI alone

Neurosurg Clin N Am 32 (2021) 211-223
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Radiotherapy target volumes — perspective

Different types of imaging 3 different advanced imaging strategies
seeking to redefine target delineation

for glioblastoma:

- multiparametric magnetic resonance (MR),
MR spectroscopy

functional imaging

Integration of a dose-escalation (75 Gy/30 #) approach to
sMRI-defined high-risk regions has been successfully tested;
- A phase Il multiinstitutional pilot study using sMRI-

defined target volumes (NCT03137888) is also under way
with co-primary endpoints of feasibility and incidence of
adverse events; data from the first 18 patients have been
promising

Neurosurg Clin N Am 32 (2021) 211-223
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Radiotherapy target volumes — perspective
3 different advanced imaging strategies

Different types of imaging
seeking to redefine target delineation

for glioblastoma:
multiparametric magnetic resonance (MR),

MR spectroscopy
unctional imaging

trials are currently under way to

compare FET-PET with MRI alone in
randomized settings (NCT01252459

Neurosurg Clin N Am 3
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This study quantifies interfraction dynamics
(tumor size, position, and geometry) based on
sequential MR imaging scans obtained during
standard 6-week chemoradiation

Clinical Investigation

MR gadolinium-enhanced T1 (T1c)
and T2/FLAIR axial sequences at
planning (Fx0),

fraction 10 (Fx10),

fraction 20 (Fx20),

and 1 month after the end

Target dynamics were quantified
by absolute volume (), volume
relative to FxO (Vrel), and the
migration distance (dmigrate;
the linear displacement of the
GTV or CTV relative to Fx0).

Quantitating Interfraction Target Dynamics
During Concurrent Chemoradiation for
Glioblastoma: A Prospective Serial Imaging Study Int ) Radiation Oncol Biol Phys, Vol. 109, No. 3, pp. 736e746, 2021
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A B I"Ilrel
L
GTV Fx0 Vi Increases (=1) V.o Increases (=1)
Anigrare Minor (5 mm) dpnigrate Major (=5 mm)
> dmiglate
Amigrate
Via Decreases (<1) Vi Decreases (=1)
d—.. Minor (<5 mm) doigrate Major (=5 mm)
GTV FxX gt

Fig. 1. (A) Schematic illustration of the migration distance (dgrae). The migration distance is the maximum linear
distance (in 3 dimensions) the target—either the gross tumor volume (GTV) or the clinical target volume (CTV)—deviates
from its original radiation therapy planning (Fx0) volume. In the illustration, the GTV at planning (Fx(; unfilled circle) and
the GTV at a later time point (FxX; shaded ellipse) are depicted. (B) Combining minor (dmigrare <3 mm) and major (dmigrate
=>5 mm) migration distances with decreasing (volume relative to Fx0 [V,,;] <1) and increasing (V. >1) relative target
volumes yields 4 distinct combinations, as illustrated.

Clinical Investigation

Quantitating Interfraction Target Dynamics
During Concurrent Chemoradiation for
Glioblastoma: A Prospective Serial Imaging Study Int ) Radiation Oncol Biol Phys, Vol. 109, No. 3, pp. 736e746, 2021
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- The GTV (CTV) migration distances were
greater than 5 mm in 46% (54%) of patients
at Fx10, 50% (58%) of patients at Fx20, and
52% (57%) of patients at P1M.

- with 40% of patients exhibiting a decreased

GTV (Vrel1) with a dmigrate >5 mm during
chemoradiation therapy.

:ol Biol Phys, Vol. 109, No. 3, pp. 736e746, 2021
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Clinical implication

The attention to target volume is guided by = analysis of recurrence

- treatment related toxicity
= peritumoral at risk volume

Extensive margin GTV_CTV (1.5-2 cm) 2 include the majority of intrafraction
tumour dynamic change

Clinical Investigation

Quantitating Interfraction Target Dynamics
During Concurrent Chemoradiation for

Glioblastoma: A Prospective Serial Imaging Study Int ) Radiation Oncol Biol Phys, Vol. 109, No. 3, pp. 736e746, 2021
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Clinical implication

1) 58% and 68% of patients had a Dmigrate >5 mm for the GTV and CTV suggests that with a
trend toward a decrease in the GTV and CTV, an isotropic margin of 3 to 5 mm for PTV is
insufficient to accommodate inter-fraction tumour dynamics

2) GTV and CTV dynamics are correlated, strategies to adapt to changes in GTV morphology
during RT will translate to improved coverage of the CTV. Given that the predominant
pattern of volume change was a reduction in the GTV and CTV and that the majority
experience a decreasing Vrel, the therapeutic impact of adaptive radiation therapy as the
GTV shrinks = reduction in the volume of brain irradiated.

3) the majority of target changes occur between FxO and Fx10; Between Fx0O and Fx10,
absolute Tic GTV changed by a range of 33.2 to 33.2 cm3. Similarly, the GTV and CTV
migration distance was as large as 17.3 and 16.2 mm, respectively.

Clin
Quantitating Interfraction Target Dynamics

During Concurrent Chemoradiation for

Glioblastoma: A Prospective Serial Imaging Study Int ) Radiation Oncol Biol Phys, Vol. 109, No. 3, pp. 736e746, 2021



| GBM patients with GTR/NTR |
. |
prlmary tumors Institution 1 = 22

Patients included (n = 203) 'E',‘,S;%"E’} 129= 28
TCIA=34

Imaging and radiomics and Al —7

‘ Image pre-pr 9 | Tumor Segmentation —| Radiomic features extraction

[ GLISTRboost [
- DICOM to NifTI conversion
- Radiomics characteristics and prediction of survival |G

- Skull stripping

- Z-score normalization

- First order statistics

- Histogram-based features
- Volumetric

- Morphologic

- Textural features

- Lattice-based features

ED = green
NET = red
ET =blue

’ Random split 70/ 30 *-———

Testing cohort (n = 60)

Dimensionality reduction

Spearman rho correlation Performance metrics
l—_v* - -AUC
-CA
Classification Task Survival Analysis i %Isn -
0OS < 6 months - LogRank test
-iAUC

Random Survival Forest

Feature selection | .
InfoGain, GINI, FCBF Feature selection
‘ Variable hunting algorithm

ML-classifiers Hioh I sk
. igh/Low risl

urvival grou
Predicting Short-Term Survival after Gross Total or Near Total PSR =
Resection in Glioblastomas by Machine Learning-Based ——
Radiomic Analysis of Preoperative MRI Cancers 2021, 13, 5047 Validation
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The optimal threshold, according to survival

. Resulted in 13 and 17 features
prlmary tumors ass:ciateclzl with OS and pt::rs differences, yielded 187 and 122 features for
OS and PFS

Radiomic feature extraction and selection

Radiomics score (rad-score) was
calculated as the sum of the
non-zero coefficients multiplied
by the selected radiomics fts

Radiomic feature extraction:
first-order, shape-based
(2D&3D), GLCM, GLRLM,
GLSZM, NGTDM, GLDM

v

Feature selection via
LASSO

lmage preprocessing and segmentatuon

Image acquisition (T2, T1, FLAIR, T1CE)

Prognostication

\ 4

Training set (n=85)
1) clinical, genetic, radiomic
dom stratified 2) clinical+genetic, clinical+radiomic,

E Preprocessing:
: 1) Registration 4 nica

2))SI-<uf(|J stripping ' \ sampling into : ) genetlc+raq|om|c_ ] ;
3) N4 bias correction | E Nor-zero cooliderns: training and : 3) clinical+genetic+radiomic !

4) signal intensity normalization ' \ ' test set (7:3 ratio)

5 1::> ik |:'l>:
; N e e o E N

’ + Time-dependent iAUC :
; Multi-parametric & multi-regional .
segmentations via CNN-based algorhitm ' ' Clinical information: ' ' v
: age, sex, §urgery type, . Test set (n=35)
post-operative trefatment, \ | Validation via prediction error curves !
' ) 4 ; : tumor location : y
Review of segmentations and manual ; ' :
' adjustment : ' s : :
\ ; : Genetic information: :
Radi ’ : IDH & MGMT methylation status '
ingl T N

and genetic prognostic models European Radiology (2021) 31 2084—-2093
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Table3 Multivariate analysis of Cox proportional hazards for overall and recurrence-free survival
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Fig. 5 Predictor error curves of multivanate Cox models for (a) overall survival and (b) progressionfree survival

! Includes age, sex, surgery type, tumor location, and post-operative treatment
? Includes IDH mutation and MGMT methylation status

* Includes weighted rad-score caleulated from selecied radiomic features
Rac ..,
in glioblastoma patients when combined with conventional clinical
and genetic prognostic models European Radiology (2021) 31:2084—2093
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Radiotherapy and doses

Standard dose = 60 Gy in 30#
- 40.05 in 15#

A total of 26 reports (prospective) were
included in the qualitative portion of the
systematic review and 22/26 articles utilized
for quantitative meta-analysis.

Comparison DeRT vs SoC-RT with/out TMZ

both a PFS and OS benefit to patients with
DeRT alone vs SoC-RT alone

neither a PFS nor an OS benefit was found
with DeRT + TMZ vs SoC-RT + RT
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pnmqry tumors Pulsed radiation therapy for the treatment of newly

diagnosed glioblastoma

Pulsed RT (PRT), also referred to as low-dose rate therapy, divides 2-Gy fraction into ten 0.2-
Gy pulses, separated by 3-minute intervals.

PRT may bypass the limitations of SRT and has proven to be efficacious in preclinical studies.
PRT, while enhancing tumor Rill, may also enhance the therapeutic index as it allows more
time for repair of RT-induced damage within non-dividing normal cells compared with SRT

Patients received 60 Gy PRT utilizing VMAT/ single

This is a single-arm, prospective study. | | 9r¢

PRT was delivered in daily 2-Gy fractions, given in
ten 0.2-Gy pulses; separated by 3-minute “beam-
off” intervals 2 40 min daily treatment
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Primary tumors

Pulsed radiation therapy for the treatment of newly
diagnosed glioblastoma

21 patients
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Primary tumors

Pulsed radiation therapy for the treatment of newly

oblastoma
E
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21 patients p=0.042
A
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There was no significant de-
terioration in any of the HVLI-R scores. Additionally, we

Prim

21 patie palculated cha nge in score from each time point to base-
A . line, and HVLT-R scores remained stable throughout the
testing period for all eligible patients. The average change

- 075 | ® 050 --------}--- 20.9 months

: K s :

-2 I Treatment with PRT was well tolerated with a favorable

S oz toxicity profile, Only one patient ex-
. perienced an acute grade 3 RT-related toxicity, which was

o ¢ = & fatigue. No other acute grade 3+ toxicities were noted. The
woans IMOSt common acute grade 2 toxicities included nausea
- = w» 1w « (15%), alopecia (15%), and cognitive disturbance (15%).
There were no chronic grade 3+ RT-related adverse events.
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Primary tumors

Reimagining external beam radiotherapy for
glioblastoma: “old beam, new trick”

injury mitigation is of concern. Because pulsed radiation
therapy as described in this current manuscript does not
require new authorizations or regulatory approvals, the ec-
onomic benefits of this strategy that would make it more
accessible and feasible to a greater population worldwide,
with greater efficiency in speed of availability. While the
potential for increased daily treatment time from pulsed
techniques or from repeated setup verification may deter
busier centers from employing such approaches, the ability
to develop strategies with existing technologies may be
especially appealing to radiation oncologists who have pa-
tient bases willing and appropriate for trials, but lack the ac-
cess to perform research using more expensive therapies.



Primary tumors

Radiotherapy - technique

Fig.9 This figure shows, from left to right, how the transition from 2D RT to 3D RT to intensity modulated radiotherapy to intensity modulated
proton therapy harnesses the potential for sparing normal, uninvolved brain substructures from unnecessary RT dose; whether this produces
meaningful patient clinical benefit is a subject of current clinical trial testing.

Neuro-Oncology

22(8), 10731113, 2020 | doi:10. 2106 | Adva
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Radiotherapy — technique — temptations to increase RT efficacy

Radiosurgery | _ Stereotactic radiosurgery (SRS) allows spatially precise targeted delivery

of high-dose radiation with sub-millimeter accuracy.
- It is commonly used for treatment of small-to-moderate volume discrete
brain lesions residing in deeper and/or functionally eloquent brain regions

. - RTOG 93-05 ® SRS boost delivered
Recurrent GBL Primary GBL - boost upfront of FRT -
- Small volumes - Small volumes - 203 patients u
- Small margin tumor > NEG

-  Small margin

- Limited fractions Higher dose "

- Different retrospective studies >
SRS as sequential boost > POS

Neurosurg Clin N Am 32 (2021) 117-128
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Standard
treatment
at recurrence

e Access date 24 April 2020

surgery [e.g..-'»don?sl
'
Surgery indicated? I -
g o B
status recommended for

symptomatic benefit)

Outside original radiation [l
fekd? ‘

| Foor functionst [ [ra——— n i
status supportive care

A Per local availabilty. May consider bevaizumab for anti-edema benefit in symptomatic patients.
B May consider adding chemotherapy to bevacizumab incuding TMZ or nitrosourea (Class Iib T unmethylated |
recommendation). Data supporting combining bevacizumab with CPT-11, carboplating, or etoposide is . ' ~
very limited and is not recommended.

€ The optimal treatment-free interval prior to pursuing TMZ rechallenge is unknown.

|

J

%%

Clinical trial

Bevacizumab®+/—
chemotherapy®

Nitrosourea

- TMZ rechallenge

Repeat radiation




Primary tumors — recurrence

Temozolomide Rechallenge

Rechallenge with TMZ may be reasonable, especially in
patients with MGMT promoter methylated glioblastoma
that relapses more than a few months after completion
of maintenance TMZ in the first-line setting.** "5 The un-
controlled RESCUE study observed that patients who
lived longest with dose-dense TMZ were those who pro-
gressed after a treatment-free interval.' While MGMT
status was not predictive of outcome in the RESCUE
study, the DIRECTOR trial did demonstrate increased
time to treatment failure withTMZ rechallenge in patients
with MGMT promoter methylated versus unmethylated
tumors.'s0 However, there is no evidence to suggest that
TMZ rechallenge is superior to nitrosoureas in any pa-
tient population.

Neuro-Oncology

22(8), 10731113, 2020 | doi:10.1093/
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Nitrosoureas

Nitrosoureas, including lomustine, carmustine, and
fotemustine, have good blood-brain barrier (BBB) pen-
etration.'®® Fotemustine is available in some European
countries, but has not been approved for use in the

Neuro-Oncology

22(8), 10731113, 2020 | doi:10.1093; Advar

H.. HeLp

United States. Lomustine is generally preferred over
carmustine given its oral formulation, schedule of ad-
ministration, and better safety profile. In several phase
Il randomized trials, the lomustine monotherapy arm
(dosed as 6 wk cycles of 100-130 mg/m? for up to 6 cycles)
was associated with median OS of 7.1-8.6 months and
PFS of 1.5-3 months.'*8'% Data from these trials also

suggest that patients with MGMT-methylated tumors are
more likely to benefit from nitrosoureas than those with
unmethylated MGMT,148.191.192
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Regorafenib

—— Regorafenib
—— Lomustine

HR 0-50, 95% Cl 0-33-0-75; log-rank p=0-0009
75

50+

Overall survival (%)

Number at risk

(number censored)
Regclrafenib 59 (0) 53(0) 36(0) 26 (0) 20(3) 10(9) 5(13) 1(16) 0(17)
Lomustine 60 (0) 52(0) 28(0) 14(0) 8(1) 2(3) 1(3) 0(3) -

Lancet Oncol 2019; 20: 110-119

Progression-free survival (%)

50

25

HR 0-65, 95% Cl 0-45-0-95; log-rank p=0-022

Number at risk
(number censored)
Regorafenib 59 (0)
Lomustine 60 (0)

3 i'!: 9 12 15 18 21 24

Time since randomisation (months)

26 (0) 10(0) 7(0) 5(1) 2(2) 1(2) 1(2) 0(3)
15(0) 5(0) 3(0) 0(1) - - - -



Radiotherapy - reirradiation

H. Hep Target definition

Primary tumors — recurrence GTV - the visible lesion on MRI contrast-
enhanced T1; CTV—> potential suspected

microscopic tumor infiltration and potential

(RI) paths of microscopic spread, is adding a
variable margin of 0-5 mm to the GTV
Relevant clnical questions - PET/CT with radiolabeled aa may help
the appropriate patient selection Brain toxicity
radiation technique - For conventional fractionation (2Gy/#), 5%-10% risk of
optimal dose fractionation symptomatic RN - (BED) of 72 Gy (range, 60-84 Gy) -

reirradiation tolerance of the brain and 20 Gy (range 84-102 Gy)
- — . - SRS, the risk increases rapidly = brain to 12 Gy is >5—10 ml
the risk of radiation necrosis.

- In Rl = consider: dose, fractionation, treated volume,
combined CHT, and interval between radiation
treatments

- No RN if BED EgqD2 cumulative < 96 Gy

- risk 2 0-3% after conventional fractionation at
cumulative EQD2 < 101 Gy; 2> 7-13% after hypoSRT at
cumulative EQD2 of 102-130 Gy; 2 and up to 24.4% after

Current status and recent advances ) SRS cumulative EOD2 of 124-150 G
in reirradiation of glioblastoma Radiat Oncol (2021) 16:36 Q 4



Primary tumors — recurrence %

Radiotherapy - reirradiation (RI)

Survival benefit

SRS 2>

- 15-18 Gy volume 4-10 ml = PFS 4.4-6 mo; OS 7.5-13 mo

- SRS + TMZ - slightly better

- Risk of RN is related to dose and volume (value around
120 Gy risk <10% when volume <10ml)

Hypo =
- 30-45 Gy in 2.5-4Gy/# = 7.5-12.5 mo
- Association with TMZ can improve results

- 36 Gyin18 # - PFS 2.5-5 mo; 05 6.7- O

- RNrrisk is low also in volumes 100 ml o Pqt,‘-.

Current status and recent advances )
in reirradiation of glioblastoma Radiat Oncol (2021) 16:36

- ion has emefged a

t
Conventional - d safe tredtment op

Prognostic factors

- age; KPS; histology are
confirmed as prognostic factors

- salvage surgery before
reirradiation and the time
between radiation courses did
not emerae o« i~ nt

jon for selected

GBM.



Table 2 Clinical trials involving ICB with radiation

Clinical trial identifier ~ Phase Name of trial Primary/recurrent N Cohort(s) Treatment arms Primary endpoint Status/conclusion
. NCTO02617589 (Check- An investigational Primary 550 N/A 1. Nivolumab + radio- Overall survival Recruiting: primary end-
prl MA  Mate498) [61] immuno-therapy therapy (3 years) point not met—overall
study of nivelumab 2. Temozolomide + radi- survival
compared to temo- otherapy
. zolomide, each given

Radiothera with radiation therapy,
for newly-diagnosed
patients with glioblas-
toma (GBM. a malig-
nant brain cancer)
(CheckMate 498)

NCTO2667587 (Check- 1IIT An investigational Primary 693 N/A L. Nivolumab + temozo- 1. Overall survival PFS not met; continual
Mate 548) [62] immuno-therapy study lomide + Radiotherapy (24 months) evaluation of 0§

of temozolomide plus 2. Nivolumab pla- 2. Progression free sur-
radiation therapy with cebo + temozolo- vival (35 months)
nivolumab or placebo, mide + Radiotherapy
for newly diagnosed
patients with glioblas-
toma (GBM. a malig-
nant brain cancer)
(CheckMate348)

NCTO3743662 Nivolumab with radia-  Recurrent 94 1. Patients with 1. Nivolumab followed — Owerall survival Recruiting; primary
tion therapy and beva- recurrent GBM not by re-radiation +beva- (2 years) endpoint not met
cizumab for recurrent undergoing surgical cizumab (if deemed
MGMT methylated debulking as part of beneficial)
glioblastoma their treatment plan 2. Nivolumab followed

2. Patients with recur- by re-resection, then
rent GBM who are re-radiation + beva-
undergoing surgery as cizumab (if deemed
part of their treatment beneficial)

NCTO3661723 Pembrolizumab and Recurrent 60 1. Bevacizumab naive 1. Pembrolizumab+re-  Objective response rate  Recruiting
Reirradiation in 2. Bevacizumab recur- Irradiation (lead-in) (2 years)
bevacizumab naive and rent 2. Pembrolizumab + bev- Owverall survival
bevacizumab resistant acizumab + re-irradia- (12 months)
recurrent glioblastoma tion (lead-in)

3. Pembrolizumab + re-
irradiation

4. Pembrolizumab + bev-
acizumab + re-irradi-
ation

Journal of Neuro-C
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Table 2 (continued)

Clinical trial identifier ~ Phase Name of trial Primary/recurrent N Cohori(s) Treatment arms Primary endpoint Status/conclusion

NCT0O3367715 11 Nivolumab, ipilimumab, Primary 4 NA Single arm: Overall survival (1 year) Not yet recruiting
and short-course Nivolumab + Ipili-
radiotherapy in adults mumab + short-course
with newly diagnosed, radiation
MGMT unmethylated
glioblastoma

NCTO3018288 I Radiation therapy plus ~ Primary 108 N/A 1. Radiotherapy +temo- Owverall survival (1 year) Recruiting
temozolomide and zolomide + pembroli-
pembrolizumab with zumab
and without HSPPC- 2. Radiotherapy + temo-

96 in newly diagnosed zolomide + HSPPC-96
glioblastoma (GBM) vaccine
3. Radiotherapy + temo-
zolomide + placebo

NCTO3174197 1 Atezolizumab in combi- Primary 60  One cohort, Phase I fol- 1. Phase II: concurrent  Phase II: overall sur- Recruiting
nation with temozo- lowed by Phase 11 Atezolizumab + temo- vival (3 years)
lomide and radiation zolomide + radio- Phase I: Dose-limiting
therapy in treating therapy toxicities (10 weeks)
patients with newly 2. Phase I: Adjuvant Phase [ +11: incidence
diagnosed glioblas- atezolizumab + temo- of adverse events
toma zolomide (3 years)

NCTO2052648 [63, 64] 111 Study of the IDO Primary 160 1. Bevacizumab-naive  Phase Ib Phase I: Determine Recruitment completed;
pathway inhibitor, patients Single arm: indoxi- Phase 2 dosing indoximod MTD:
indoximod, and temo- 2. Patients receiving mod (dose escala- Phase II: Efficacy 1200 mg BID
zolomide for pediatric of have received and tion) + temozolomide (18 month)
patients with progres- failed Bevacizumab Phase IT
sive primary malignant 3. Patients who will Single arm:
brain tumors receive slereotactic Indoximod + temao-

radiosurgery zolomide (dosed at
150-200 mg/m2})
cohort 1, 2,3

NCTMTTO6 I Nivolumab, BMS- Primary 30 1.Patients with MGMT 1. Radiation +temo- Incidence of adverse Recruiting
986203, and radia- methylated promoter zolomide +BMS- events (up to 30 days
tion therapy with or 2. Patients with MGMT 986205 (anti- after last dose)
without temozolomide unmethylated pro- IDOT) + nivolumab
in treating patients moter (Cohort I)
with newly diagnosed 2. Radiation + BMS-
glioblastoma 9862035 (anti-

IDO1) + nivolumah
{cohort IT)

ion

imary end-
t—overall

:ontinual
FOS

imary
met
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Clinical trial identifier

Phase MName of trial

Ro

Primary/recurrent N Cohort(s) Treatment arms Primary endpoint Status/conclusion
NCTO3426891 [65] I Pemtgmliz.umab ﬂ.l'._ld Primary 32 Partl: [Z_lnse escalation  Single arm: ) MTD (12 weeks) Recruiting
vorinostat combined of Vorinostat Pembrolizumab + vori- Completed enrollment to
with temozolomide Part 2: Dose Expan- no ozolo- dose level 1
I"n_r nel?vmly diagnosed :Ii-;n_({ill pmigf;nnts mir++ﬁlea$mherapy No dose liming adverse
sleblstoms of Vorimnta, MTD Mot commn s
determined by part 1 event: thrombocytope-
nia and fatigue
NCTO2287428 [17] | Personalized necantigen  Primary 46 8 T . o . md tolerability Active, not recruiting
CAMCET warmim~ - ™ . need for caut|on ‘n S‘mp‘y |I ] "lndividl;a]ized, ]'I'.Il_.'llti—
b - Assuch, there B L ther cancers to s Poaon. s, e o
MGM . ent O ides (2 years)  capable of generat-
newly transposlng treatm : # patiﬁts l:ng systemiﬂ;:eap;m
BM |OF€ pywic  reponesmGEM
> M will require further studies that exp oywitn - paes et g
Tom date o al "
-GB . thers tumors, years)
how it is different from © d
including the relatively |!1crease oared to T
epresentation of myeloid cells co
r .
; mor site
NCTO3197506 n Pembrolizu \ymphOCVtes n the tu single arm: 1. Dose limiting toxici-  Recruiting
standard | Neoadjuvant pembroli- ties (5 years)

treating patients with
glioblastoma

zumab + adjuvant pem- 2. Overall Survival
brolizumab + temozo- (18 months)
lomide +radiotherapy 3. Progression-free
Survival (5 years)
4. Time to progression
(5 years)
5. Time to treatment
failure (5 years)

Journ¢ Compendium of clinical trials that included radiation as part of therapy with checkpoint inhibition. Radiation is thought to have both direct tumoricidal and immunogenic effects

end-
all

1al



Table 1. Key characteristics of current adult gl” "

Glioblastoma Clinical Trials: Current Landscape and
Opportunities for Improvement

: Shnm: n {!:B]

trials. Investigator/foundation, Table 1. Key characteristics of current adult glioblastoma clinical
Indust i !
\ ndustry trials. (Cont'd)
Study centers, n (%) Al 157)
Median time on ClinicalT rials.gov, 2 Single center Characteristic trials (N =
Multicent
statas iy 0 Modior ¢ Requires standard of care with 60-Gy
ian number of cer

Currently recruiting ¥ Disease setting, n (%) radiation and temozolomide

Not yet recruiting T Newly diagnosed glichl  (@s part of regimen for newly
Phase, n (%) Specific for MGMT uni  diagnosed trial, or as prior therapy for

g;:l : glioblastoma recurrent trial), n (%)

| 6 Recurrent glioblastoma Yas B4 (54%)

Vil 5 Bgth newly diagnosed a Mo 45 (29%)

I 5 ﬁfxb‘f;t:m pop Mot specified 25 (16%)

::‘: . i ‘-r'al -n g Yes for new treatment, no for recurrence 2(m)

Not listed 2 No Excludes multifocal disease, n (%) 34 (22%)
Tumor type, n (%) Not specified Includes control arm, m (%) 18 (M)

Glioma-specific k  Allowed for phase |, exclu Internal control arm 14 (9)

Solid tumor trial with glicblastoma armis) I Allows molecular glioblas External control arm 4 ()
Type of therapy, n (%)

Systemic I fr':PﬁﬂT NOW, n (%) Randomized trial, n (%) 28 (18)

Radiotherapy 5

Systemic + radictherapy 3 mt iFiad Abbreviations: IQR, interguartile range; MCI, National Cancer Institute;, MGMT,

Neoadjuvant/window-of-opportunity cohort 3 Not :T;ﬁ;{ame O(6)-methylguanine-DNA methyltransferase; IDH, isocitrate dehydroge-
Intracerebral d.'c'llwe_r"" p nase, C-IMPACT MWOW, Consortium to Informn Molecular and Practical

Tumor-treating fields I:

(Contim  Approaches to CNS Tumeor Taxenomy—Not Officially WHO.



Glioblastoma Clinical Trials: Current Landscape and

Opportunities for Improvement
Table 1. Key characteristics of currentadult gl " sponsor, n (%)

trials. Investi haracter|5t|c5 of current adult glioblastoma clinical

Characteristic

Median time on Clinic Far from the ObleCtlve ‘f.oooo T
Mk day center Requires standard of care with 60-Gy

Median number of cer

Currently recruiting ¥ Disease setting, n (%) radiation and temozolomide

Not yet recruiting T Newly diagnosed glichl  (@s part of regimen for newly
Phasa, A (%) Specific for MGMT uni  diagnosed trial, or as prior therapy for

g::::l 3 mlinklsctrrma rarurrant friall .I'l‘_m"l

| alizable results. In this review, we found that phase II ghublastuma

11

i trials continue to be conducted largely in single-center settings and

I . . . ) } )

1 with single-arm designs, placing the field at risk for continued late

Not listed
Tumor type, n (%) phase trlﬂl failures and helfaguered dn.lg develupmﬁ

Glioma-specific ot ey e e o -
Tv:‘”“;t;m”r t“a'"‘g;;' giioblastoma am(s) ¥ Allows molecular glioblas Externdl contral am 4 (2)

@ of therapy,

Systernic . fr-IHPACT NOW, n (%)  Randomized trial, n (%) 28 (8)

Radiotherapy 5 N‘:

Systemic + radictherapy ] Not iFiad Abbreviations: IOR, interguartile range; NCI, National Cancer Institute;, MGMT,

Neoadjuvant/window-of-opportunity cohort 3 sped O(6 -methylguanine-DNA methyltransferase; IDH, isocitrate dehydroge-
Intracerebral delivery k Mot applicable i :

I . nase; c-IMPACT NOW, Consortium to Inform Molecular and Practical
Tumor-treating fields I:

(Contim  Approaches to CNS Tumeor Taxenomy—Not Officially WHO.



Primary tumors — conclusions — the winning strategy
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Primary tumors

Radiotherapy and doses

Dose-Escalated Photon IMRT or Proton Beam Radiation Therapy Versus Standard-Dose Radiation Therapy and Temozolomide in Treating
Patients With Newly Diagnosed Glioblastoma

The safety and scientific validity of this study is the responsibility of the
study sponsor and investigators. Listing a study does not mean it has been
A evaluated by the U.S. Federal Government. Know the risks and potential

benefits of clinical studies and talk to your health care provider before

participating. Read our disclaimer for details.

Sponsor:
NRG Oncology

Collaborators:
National Cancer Institute (NC
Radiation Therapy Oncology

Study Design

ClinicalTrials.gov Identifier: NCT02179086

Screenshot
Recruitment Status @ : Recruiting

F July 1, 2014

Last Update Posted @ : November 5, 2021

See Contacts and Locations

Go to |Z]

Estimated

Allocation:

Intervention Model:
Masking:

Primary Purpose:
Official Title:

Estimated Primary Completion Date @ :
Estimated Study Completion Date € :

Study Type @ :

Interventional (Clinical Trial)

606 participants

Randomized

Parallel Assignment

None (Open Label)

Treatment

Randomized Phase Il Trial of Hypofractionated Dose-Escalated Photon IMRT or Proton Beam Therapy Versus
Conventional Photon Irradiation With Concomitant and Adjuvant Temozolomide in Patients With Newly Diagnosed
Glioblastoma

October 27, 2014

May 2024

May 2026



