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Purpose: The central nervous system World Health Organization (WHO) grade 4 adult-type diffuse glioma represents one of the most
aggressive and challenging primary brain tumors. This guideline aims to provide evidence-based recommendations for the multidisci-
plinary management of these tumors, focusing on diagnosis, initial treatment, reirradiation, and health disparities, while acknowledging
that present literature primarily represents historical histologic grade 4 glioblastoma.

Methods: The American Society for Radiation Oncology convened a task force to address 4 key questions focused on indications for
radiation therapy (RT) and/or adjunctive therapies (eg, systemic therapy, alternating electric field therapy), appropriate regimens for
external beam RT after initial biopsy/resection including variables such as pretreatment characteristics, target volumes, technique,
dose, reirradiation indications and techniques, and health disparities. Recommendations are based on a systematic literature review
and created using a predefined consensus-building methodology and system for grading evidence quality and recommendation
strength.

Results: Following maximum safe resection, molecular and pathologic diagnosis, and prognostic stratification of WHO grade 4 adult-
type diffuse glioma, concurrent RT with temozolomide followed by adjuvant temozolomide is recommended for eligible patients and
incorporation of alternating electric field therapy is conditionally recommended. In elderly patients, hypofractionated RT with concur-
rent and adjuvant temozolomide is conditionally recommended. In frail patients, supportive and palliative care is conditionally recom-
mended following multidisciplinary, patient-centered discussion. Appropriate reirradiation techniques, with or without additional
systemic therapies, can be considered and are conditionally recommended in patients following pathologic or advanced imaging confir-
mation of WHO grade 4 diffuse glioma recurrence. Health disparities exist in patients with WHO grade 4 adult-type diffuse glioma and
attention is necessary to improve outcomes and increase clinical trial enrollment for underserved populations.

Conclusions: These evidence-based recommendations and current practice adoption patterns inform best clinical practices on the
management of WHO grade 4 adult-type diffuse glioma. Future advancements in personalized medicine, biomarker discovery, and
novel therapies are essential to improving outcomes. The integration of multidisciplinary care and participation in future clinical trials,
especially in underserved populations, is crucial in addressing the poor outcomes among WHO grade 4 adult-type diffuse glioma.

© 2025 American Society for Radiation Oncology. Published by Elsevier Inc. All rights are reserved, including those for text and data
mining, Al training, and similar technologies.

Preamble

As a leading organization in radiation oncology, the
American Society for Radiation Oncology (ASTRO) is ded-
icated to improving quality of care and patient outcomes. A
cornerstone of this goal is the development and dissemina-
tion of clinical practice guidelines based on systematic
methods to evaluate and classify evidence, combined with
a focus on patient-centric care and shared decision-mak-
ing. ASTRO develops and publishes guidelines without
commercial support, and members volunteer their time.

Disclosure Policy—ASTRO has detailed policies and
procedures related to disclosure and management of
industry relationships to avoid actual, potential, or per-
ceived conflicts of interest. All task force members are
required to disclose industry relationships and personal
interests from 12 months before the initiation of the writ-
ing effort. Disclosures for the chair and vice chair go
through a review process with final approval by ASTRO’s
Conflict of Interest Review Committee. For the purposes
of full transparency, task force members’ comprehensive
disclosure information is included in this publication.
Peer reviewer disclosures are also reviewed and included
(Supplementary Materials, Appendix E1). The complete
disclosure policy for Formal Papers is online.

Selection of Task Force Members—ASTRO strives to
avoid bias and is committed to creating a task force that
includes a diverse and inclusive multidisciplinary group of
experts considering race, ethnicity, sex, experience, practice
setting, and geographic location. Representatives from
organizations and professional societies with related inter-
ests and expertise are also invited to serve on the task force.

Methodology—ASTRO’s task force uses evidence-
based methodologies to develop guideline recommenda-
tions in accordance with the National Academy of Medi-
cine standards."” The evidence identified from key
questions (KQs) is assessed using the Population, Inter-
vention, Comparator, Outcome, Timing, Setting
(PICOTS) framework. A systematic review of the KQs is
completed, which includes creation of evidence tables that
summarize the evidence base task force members use to
formulate recommendations. Table 1 describes ASTRO’s
recommendation grading system. See Appendix E2 in
Supplementary Materials for a list of abbreviations used
in the guideline.

Consensus Development—Consensus is evaluated
using a modified Delphi approach. Task force members
confidentially indicate their level of agreement on each rec-
ommendation based on a 5-point Likert scale, from
“strongly agree” to “strongly disagree.” A prespecified
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Table 1

ASTRO recommendation grading classification system

ASTRO’s recommendations are based on evaluation of multiple factors including the QoE and panel consensus, which, among other
considerations, inform the strength of recommendation. QoE is based on the body of evidence available for a particular key question
and includes consideration of number of studies, study design, adequacy of sample sizes, consistency of findings across studies, and

generalizability of samples, settings, and treatments.

Expert Opinion*

Strength of Definition Overall QoE Recommendation
Recommendation Grade Wording

® Benefits clearly outweigh risks and burden, or

risks and burden clearly outweigh benefits. .Any “Recommend/
Strong o All or almost all informed people would make (usually high, n'lo-derate, Should”

the recommended choice. or expert opinion)

® Benefits are finely balanced with risks and
burden, or appreciable uncertainty exists about
the magnitude of benefits and risks.

® Most informed people would choose the Any B »

Conditional recommended course of action, but a substantial (usually moderate, low, or Condltlonall’?r

number would not. expert opinion) Recommend

® A shared decision-making approach regarding
patient values and preferences is particularly
important.

Overall QoE Grade Type/Quality of Study Evidence Interpretation
® 2 or more well-conducted and highly The true effect is very likely to lie close to the
High generalizable RCTs or well-conducted meta- estimate of the effect based on the body

analyses of such randomized trials. of evidence.

® 1 well-conducted and highly generalizable RCT
or a meta-analysis including such a trial OR The true effect is likely to be close to the

Moderate ® 2 or more RCTs with some weaknesses of estimate of the effect based on the body of

procedure or generalizability OR evidence, but it is possible that it is

® 2 or more strong observational studies with substantially different.
consistent findings.

® ] RCT with some weaknesses of procedure or
generalizability OR

® 1 or more RCTs with serious deficiencies of The true effect may be substantially different from the

Low procedure or generalizability or extremely small estimate of the effect. There is a risk that future

sample sizes OR

® 2 or more observational studies with inconsistent
findings, small sample sizes, or other problems
that potentially confound interpretation of data.

® Consensus of the panel based on clinical
judgment and experience, because of absence
of evidence or limitations in evidence.

research may significantly alter the estimate of the
effect size or the interpretation of the results.

Strong consensus (>90%) of the panel guides the rec-
ommendation despite insufficient evidence to discern
the true magnitude and direction of the net effect.
Further research may better inform the topic.

its risks and burden.

Abbreviations: ASTRO = American Society for Radiation Oncology; QoE = quality of evidence; RCT's = randomized controlled trials.
"A lower QoE, including expert opinion, does not imply that the recommendation is conditional. Many important clinical questions addressed in
guidelines do not lend themselves to clinical trials, but there still may be consensus that the benefits of a treatment or diagnostic test clearly outweigh

ASTRO’s methodology allows for use of implementation remarks meant to convey clinically practical information that may enhance the interpreta-
tion and application of the recommendation. Although each recommendation is graded according to recommendation strength and QoE, these
grades should not be assumed to extend to the implementation remarks.

threshold of >75% (>90% for expert opinion recommen-
dations) of raters who select “strongly agree” or “agree”
indicates consensus is achieved. Recommendation(s) that
do not meet this threshold are removed or revised. Recom-
mendations edited in response to task force or reviewer
comments are resurveyed before submitting for approval.

Annual Evaluation and Updates—Guidelines are
evaluated annually beginning 2 years after publication for
new, potentially practice-changing studies that could
result in a guideline update. In addition, ASTRO’s Guide-
line Subcommittee will commission a replacement or
reaffirmation within 5 years of publication.
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Introduction

Glioblastoma (GBM), now classified as central ner-
vous system (CNS) World Health Organization (WHO)
grade 4 adult-type diffuse glioma (histologic GBM), is
the most aggressive and common primary malignant
brain tumor in adults (Fig. 1). Even with optimal treat-
ment, including advances in surgical techniques, radia-
tion therapy (RT), and systemic therapy options, the
prognosis remains poor, with a median survival of 15 to
17 months and a 5-year survival rate of <10%.” The
highly infiltrative nature of WHO grade 4 diffuse glioma,
coupled with its genetic and molecular heterogeneity,
presents significant challenges in its management. Inter-
pretation of the evidence has been further complicated
by study cohorts defined by heterogeneous histologic
classifications until recent years when molecular markers
became both more available and allowed for more accu-
racy in diagnosis and prognosis. The characterization of
high-grade glioma, and specifically histologic GBM being
defined as WHO grade 4 diffuse glioma, is an evolution
of the WHO Classification of Tumors of the Central Ner-
vous System.” Similarly, median outcomes of patients

with high-grade glioma have improved in clinical trials
because the conventional treatment of RT to 6000 cGy
with concurrent and adjuvant temozolomide (TMZ) was
established in 2006.”° This guideline replaces the 2016
ASTRO Guideline on Radiation Therapy for Glioblas-
toma’ to reflect changes from the past decade, particu-
larly in the context of the 2021 WHO Classification of
Tumors of the Central Nervous System entities.*” Addi-
tionally, health equity and disparities literature within
WHO grade 4 diffuse glioma management was reviewed
with the purpose of creating opportunities for future
research.

As the understanding of the biology and molecular
genetics of malignant glioma has evolved, so has the nomen-
clature of the 2021 CNS WHO dlassification system."® It is
now recognized that diffuse glioma in adults are biologically
and genetically distinct from their pediatric counterparts.”
Therefore, the discussion is limited to adult-type diffuse gli-
oma. The emergence of biomarkers affects the subtyping of
diffuse glioma and how they are graded. Diffuse glioma
grading is no longer based on histology alone and now
incorporates additional molecular information.”” Whereas
the presence of vascular proliferation and/or necrosis

WHO 2021 Classification:
Adult-type Diffuse Glioma
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WHO 2021 classification: adult-type diffuse glioma.

Abbreviations: CDKN2A/B = cyclin-dependent kinase inhibitor 2A/B; Chr = chromosome; EGFR = epidermal growth factor receptor; GBM = glioblas-
toma; IDH =isocitrate dehydrogenase; NEC =not elsewhere classified; NOS =not otherwise specified; TERT = telomerase reverse transcriptase;

WHO = World Health Organization.
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historically characterized grade 4 diffuse glioma, the defini-
tion has now been expanded to incorporate entities previ-
ously regarded as lower-grade. Specific molecular alterations
within previously characterized histologic WHO grade 2 or
3 tumors now define these entities as molecular GBM,
which is out of scope for this guideline. These include isoci-
trate dehydrogenase (IDH)-wildtype astrocytoma harboring
(1) epidermal growth factor receptor amplification, (2) con-
current gain of whole chromosome 7 and loss of whole
chromosome 10, or (3) telomerase reverse transcriptase pro-
moter mutation. Homozygous deletion of CDKN2A/B also
indicates a WHO grade 4 distinction in IDH-mutant diffuse
glioma.” "' IDH-mutant, WHO grade 4 astrocytoma are no
longer classified as GBM with the latter designation exclu-
sively reserved for IDH-wildtype diffuse glioma.” While this
guideline is intended for adult-type WHO grade 4 diffuse
glioma as defined in the 2021 CNS WHO classification,” the
task force recognizes and acknowledges that most available
literature cited in developing the guideline pertains to what
is regarded today as histologic GBM, IDH-wildtype, WHO
grade 4 tumors.

Methods

Task force composition

The task force consisted of a multidisciplinary team of
radiation, medical, and neurosurgical oncologists; a neu-
ropathologist; a radiation oncology resident; a medical
physicist; and a patient representative. This guideline was
developed in collaboration with the American Association
of Neurological Surgeons/Congress of Neurological Sur-
geons, American Association of Neuropathologists,
American Society of Clinical Oncology, and Society for
Neuro-Oncology, who provided representatives and peer
reviewers.

Document review and approval

The guideline was reviewed by 23 official peer
reviewers (Appendix El) and revised accordingly. The
modified guideline was posted on the ASTRO website for
public comment from December 2024 to January 2025.
The final guideline was approved by the ASTRO Board of
Directors and endorsed by the European Society for
Radiotherapy and Oncology, the Royal Australian and
New Zealand College of Radiologists, and the Society for
Neuro-Oncology.

Evidence review

KQs were developed by the ASTRO guideline subcom-
mittee in conjunction with the guideline chairs and then

reviewed by the full task force. Using the PICOTS frame-
work (Table 2), a systematic search of human participant
studies retrieved from the Ovid MEDLINE database was
conducted for English-language publications between
March 2014 through December 7, 2023. The population
of interest was adults (age >18 years) diagnosed with
grade 4 adult-type diffuse glioma. Allowable publication
types comprised prospective studies including random-
ized controlled trials (RCTs), meta-analyses, and retro-
spective studies. The following requirements for study
size were applied: (1) >50 patients for RCTs; (2) >75
patients for prospective studies; (3) >300 patients for
meta-analyses (for KQ3 and KQ4 only); (4) >100 patients
for retrospective studies except for KQ1 which excluded
retrospective studies; and (5) >200 patients for studies on
health disparities. RCTs from ASTRO’s 2016 Radiation
Therapy for Glioblastoma guideline evidence review were
used to continue to support recommendations where
appropriate.”

Universal exclusion criteria included preclinical and
nonhuman studies; publication types including abstract
only, review articles, comments, or editorials; and study
types such as health economics/cost analyses or large reg-
istry/database studies (except for studies related to health
disparities). Treatment of patients with grade 1, IDH-
mutant grade 2 and grade 3 tumors, metastatic or dissem-
inated disease was also excluded. For specific subquestions
where limited data were available, expert opinion was
relied on to support recommendations. Full-text articles
were assessed by the task force to determine the final
included study list resulting in 105 studies (see the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses [PRISMA] flow diagram showing the number of
articles screened and included/excluded in the evidence
review) and Appendix E3 in Supplementary Materials for
the literature search strategy, which include the evidence
search parameters.

The data used by the task force to formulate recom-
mendations are summarized in evidence tables available
in Supplementary Materials, Appendix E4. References
selected and published in this document are representa-
tive and not all-inclusive. Additional ancillary articles not
in the evidence tables are included in the text; these were
not used to support the evidence-based recommendations
but may have informed expert opinion.

Scope of the guideline

The scope of this guideline is to provide updated rec-
ommendations on RT for patients with WHO grade 4
adult-type diffuse glioma, previously histologic GBM. It
will address specific recommendations for diagnosis and
treatment, acknowledging the integration of molecular
markers, advanced imaging techniques, and novel thera-
peutics.
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Table2 KQs in PICO format

KQ Population Intervention Comparator Outcomes

1  What are the indications for RT and/or adjuvant therapies (eg, systemic therapies, alternating electric fields) in patients
with newly diagnosed WHO grade 4 adult-type diffuse glioma?

® Adults with high-grade ~ ® Surgery ® Biopsy alone ® Local control
glioma/astrocytomas, ® RT ® Surgery alone ® Local failure
IDH-wildtype glioma, = ® Chemo ® RT alone ® Local progression
glioblastoma, WHO ® Alternating electric field therapy (tumor ® Chemo alone ® Progression-free survival
grade 4 diffuse glioma, treating fields) ® Surgery + postop ® Overall survival
WHO grade 4 IDH- ® Monotherapies and/or combination RT alone ® Toxicity/morbidity
mutant diffuse glioma/ systemic therapies ® Surgery + postop ® Quality of life
astrocytoma chemoRT alone

2 What are appropriate dose-fractionation regimens for RT after biopsy/resection in patients with WHO grade 4 adult-type
diffuse glioma, and how might treatment vary based on pretreatment characteristics (eg, age or performance status)?

® Same as KQ1 ® Dose-escalated RT ® Lower total doses of @ Same as KQ1
® Hypofractionation RT
® Hyperfractionation ® Conventional
® Accelerated fractionation fractionation
® Stereotactic radiosurgery ® Hypofractionation
® Chemo: alone or concurrent/adjuvant ® Brachytherapy
® Brachytherapy ® Best supportive care
¢ Temporally-modulated pulsed RT
(pLDR)
3  What are the appropriate target volumes and techniques for RT in patients with WHO grade 4 adult-type diffuse glioma?
® Same as KQ1 e IMRT e 3-D CRT ® Same as KQ1
® Proton therapy ® Larger CTV
® Smaller CTV expansions expansions
® Smaller GTV (enhancing lesion([s]/ ® Larger GTV (T2/
postop bed only) FLAIR extent +
® 2-volume (primary + boost) and single- enhancing lesion([s]/
volume treatment plans postop bed)

® Dose painting, SIB, sequential boost ® Use of MRI vs CT
® Dose-fractionation: conventional,
hypofractionation, hyperfractionation

® Imaging: MRI, CT, T1, T2, FLAIR

4  What are the indications and appropriate techniques for reirradiation in patients with WHO grade 4 adult-type diffuse
glioma whose disease recurs following completion of standard first-line therapy?

® Same as KQI ® RT (3-D CRT, IMRT, including VMAT, e Systemic therapy ® Same as KQI
+/- systemic therapy) alone
® SRT/SRS ® Surgery

® Particle therapy (proton, carbon, boron
neutron capture therapy)

® Brachytherapy

® Temporally-modulated pulsed RT
(pLDR)

® Alternating electric field therapy

® Best supportive care

Abbreviations: 3-D CRT = 3-dimensional conformal radiation therapy; chemo = chemotherapy; chemoRT = chemoradiation; CT = computed
tomography; CTV = clinical target volume; FLAIR = fluid-attenuated inversion recovery; GTV = gross tumor volume; IDH = isocitrate dehydroge-
nase; IMRT = intensity modulated radiation therapy; KQ = key question; PICO = Population, Intervention, Comparator, Outcome; pLDR = pulsed
low-dose radiation therapy; postop = postoperative; MRI = magnetic resonance imaging; postop = postoperative; RT = radiation therapy; SIB =
simultaneous integrated boost; SRS = stereotactic radiosurgery; SRT = stereotactic radiation therapy; VMAT = volumetric modulated arc therapy;
WHO = World Health Organization.

This guideline addresses only the subjects specified in
the KQs (Table 2). There are several important questions
in the management of high-grade glioma that are outside
the scope of this guideline, including surgical approaches,

systemic therapy alone regimens, the role of systemic
therapy in the recurrent setting, multifocal/multicentric
or disseminated WHO grade 4 diffuse glioma, and man-
agement of molecular GBM. The key outcomes of interest
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are local control (successful prevention of tumor growth
at the original site of a cancer), local failure (cancer has
recurred or progressed at the primary tumor site), local
progression (tumor is actively growing and spreading
within the original area where it first developed), progres-
sion-free survival (PFS), overall survival (OS), and toxic-
ity/morbidity.

Health disparities were searched separately for data
specifically including RT for WHO grade 4 diffuse glioma.
The literature search included a broad range of considera-
tions including, but not limited to, socioeconomic status
(SES), access to care, rural location, volume practice pat-
terns, age, language disparities, sex, race, and ethnicity.
Studies describing generalized patterns of care were
potentially excluded if the focus was not to address a dis-
parity or equity hypothesis.

This guideline aims to provide a comprehensive and
up-to-date set of recommendations on the management
of WHO grade 4 diffuse glioma, encompassing some
components of advanced imaging, molecular updates to
diagnosis, RT, emerging therapeutics, and when relevant
to the role of RT, the sequence of surgical intervention,
and systemic therapy.

The most recent research findings and expert insights
from clinical practice have been incorporated to address
the current challenges and opportunities in WHO grade 4
diffuse glioma management. The goal is to provide clini-
cians with a clear, evidence-based framework for deci-
sion-making, while also highlighting areas where further
research is needed.

KQs and Recommendations

KQ1: Indications for RT and/or adjuvant
therapies (Table 3)

See evidence tables in Supplementary Materials,
Appendix E4, for the data supporting the recommenda-
tions for KQ1 and Fig. 2.

What are the indications for RT and/or adjuvant
therapies (eg, systemic therapy, alternating electric field
therapy) in patients with newly diagnosed WHO grade
4 adult-type diffuse glioma?

For patients with WHO grade 4 diffuse glioma who
have undergone biopsy or resection, conventional treat-
ment is adjuvant fractionated RT based on numerous
RCTs performed primarily in the 1970s and 1980s that
showed a significant benefit in OS after RT compared
with chemotherapy or supportive care alone."™' """ Tt is
noteworthy that these studies enrolled a heterogeneous
patient population with high-grade glioma, including
both grade 4 and grade 3 diffuse glioma. Furthermore,

most of these studies used older RT techniques including
whole brain RT, which has more potential side effects
including greater cognitive sequelae compared with more
conformal approaches used in modern radiation oncology
practices. Additionally, these studies were performed
before magnetic resonance imaging (MRI) was incorpo-
rated into RT treatment planning. Nonetheless, given the
clear benefit of RT in these historical studies, re-evalua-
tion of modern RT techniques versus no RT is not neces-
sary. There is 1 phase 3 RCT in patients age >70 years
performed in the last 20 years using more modern treat-
ment planning approaches which confirmed a benefit in
OS compared with supportive care alone."’

Although there are no RCTs specifically evaluating
optimal timing of RT initiation after surgery, task force
expert opinion suggests that approximately 3 to 6 weeks
after surgery may be most appropriate to allow adequate
time for healing but minimize the risk of symptomatic
progression in the interval period. Some data have identi-
fied improvements in outcomes for treatment initiated <4
weeks from surgery; however, a meta-analysis did not
find a benefit to this time range.”’ Unfortunately, different
factors may confound the interpretation of OS outcomes
with the association of later initiation of adjuvant RT in
studies that identify worse prognosis’"** with delayed
therapy versus those that do not”” in population-based
studies. For example, while being of a specific racial group
was associated with longer delay in RT initiation
>30 days from surgery, so were clinical factors such as
receipt of gross tumor resection and treatment at an aca-
demic facility.”” Ongoing clinical trials (eg, BN0OO1) may
allow a window up to 7 weeks from surgery or biopsy
depending on the extent of initial resection. In patients
receiving needle biopsy only, it is preferred that treatment
start be expedited to <3 weeks from final pathology being
available given the aggressive nature of the disease and
that needle biopsy alone is most often performed in
patients with tumors in eloquent and unresectable loca-
tions of the brain. A treatment planning or diagnostic
MRI performed within <3 weeks of initiation of RT is
preferred given the risk of progression over a short time
interval.

The conventional treatment for WHO grade 4 diffuse
glioma after biopsy or resection is partial brain RT with
concurrent and adjuvant TMZ based on a large RCT led by
the European Organization for Research and Treatment of
Cancer (EORTC) and the National Cancer Institute of
Canada (NCIC) which found that adding concurrent (75
mg/m?) and adjuvant (150-200 mg/m®) TMZ to fraction-
ated partial brain RT to a total dose of 6000 cGy in 30 frac-
tions was associated with a significant benefit in OS.>*”
This study enrolled adults age 18 to 70 years with a WHO
performance status (PS) 0 to 2. In a second RCT, patients
age >65 years or with a Karnofsky performance status
(KPS) <60 were randomized to either hypofractionated RT
with a dose of 4005 cGy in 15 fractions alone or the same
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Table 3 Indications for RT and/or adjuvant therapies
. Strength of Quality of
KQI Recommendations Recommendation Evidence (Refs)
1. For patients with WHO grade 4 diffuse glioma, fractionated RT after biopsy or resection is High
Strong 1234
recommended.
2. For patients with WHO grade 4 diffuse glioma who have undergone biopsy or resection,
concurrent TMZ with RT followed by adjuvant TMZ is recommended.
High
Implementation remarks: Strong 3§
e Concurrent dosage is 75 mg/m?, 7 days per week during RT.
o Adjuvant dosage is 150-200 mg/m?, 5 days per week of each 28-day cycle for 6 cycles.
3. For patients with supratentorial WHO grade 4 diffuse glioma who have undergone biopsy d
or resection and concurrent chemoradiation with TMZ, alternating electric field therapy Conditional Mo Ser il
for >18 hours per day starting during adjuvant TMZ is conditionally recommended.
Abbreviations: KQ = key question; RT = radiation therapy; TMZ = temozolomide; WHO = World Health Organization.

RT regimen with concurrent and adjuvant TMZ, resulting
in a significant benefit of TMZ once again."” Of note, the
OS of both groups in this study was poorer than in the pre-
ceding study using 6000 cGy of RT. Two RCT's using 2 dif-
ferent RT fractionation regimens identified a benefit in
using concurrent and adjuvant TMZ supporting the high
quality of evidence. The nuances of the fractionation deci-
sions and population-specific guidance are discussed in
KQ2 (Table 4).

Two additional smaller RCTs have similarly shown an
OS benefit with the addition of TMZ to adjuvant RT.***
Importantly, a meta-analysis demonstrated that adding
concurrent and adjuvant TMZ to RT is associated with a
significant OS benefit in this patient population.”® The
EORTC study driving the use of TMZ delivered 6 cycles
of TMZ after concurrent RT plus TMZ.>** Up to 12
cycles may be an option, although this may not improve
outcomes and there is concern that this regimen may
increase the risk of hematologic toxicity which could limit
salvage options.””**

The role of unmethylated O6-methylguanine-DNA
methyltransferase (MGMT) status on the use of TMZ for
patients with WHO grade 4 diffuse glioma is an ongoing
area of discussion. Although there are data suggesting
patients with unmethylated MGMT may derive less bene-
fit from TMZ, the use of concurrent chemoradiation and
adjuvant TMZ is presently the conventional treatment for
patients with unmethylated MGMT" as we await further
clinical trials to indicate otherwise. Patients with unme-
thylated MGMT tumors had a 1-month higher median
OS that did not reach statistical significance, and 11% of
patients with unmethylated MGMT tumors lived 3 years
with use of concurrent chemoradiation and adjuvant
TMZ compared with no living patients at 3 years without
combined therapy.’

Clinical trials exploring adjuvant bevacizumab in
newly diagnosed WHO grade 4 diffuse glioma failed to
show a statistically significant benefit in 0S.”>"" The use
of immunotherapy has also been evaluated. Nivolumab

versus placebo in combination with concomitant TMZ
with RT did not show a benefit over chemoradiation with
TMZ alone.”*” In addition, nivolumab was associated
with significantly higher rates of nausea, headache, and
dysgeusia when compared with the placebo arm. Both
arms demonstrated similar rates of serious adverse events
including tumor flare, pancytopenia, and thrombocytope-
nia.”” Lomustine-TMZ has also been explored and dem-
onstrated increased hematologic toxicity compared with
the TMZ alone arm and increased reports of brain edema
and neurologic symptoms.” In patients with MGMT
methylated tumors, there may be an improved OS though
the results should be interpreted with caution because of
the small sample size,” and thus warrant further clinical
trial evaluation.

Other adjuvant therapies have been considered at the
time of surgery, specifically, carmustine wafer implanta-
tion”” and brachytherapy.”* Both may interfere with clini-
cal trial eligibility and are therefore sometimes reserved
for the recurrent setting. Similarly, there is weak evidence
supporting survival benefit of intraoperative RT for WHO
grade 4 diffuse glioma management.” The overall effect
of intraoperative RT remains inconclusive because of the
small number of patients and heterogeneous reporting of
data. Additional clinical trials are needed to better under-
stand the optimal implementation of these measures into
routine clinical practice.

One RCT demonstrated a significant benefit in PFS
(6.7 vs 4 months) and OS (20.9 vs 16 months) with the
addition of alternating electric field therapy to adjuvant
RT plus TMZ in patients with supratentorial WHO grade
4 diffuse glioma after resection or biopsy.”® Alternating
electric field therapy was well tolerated with an associated
improvement in health-related quality of life (QoL) at 3
and 6 months,”” but this did not persist at later time
points because of increased dermatologic toxicity. In the
study, the device was intended to be worn for at least
18 hours per day starting with adjuvant TMZ for a maxi-
mum of 24 months.”
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In support of this impressive international RCT, the
recommendation according to ASTRO’s Guideline meth-
odology is conditional with a moderate quality of evi-
dence because there is presently 1 well-conducted RCT
and currently variable consensus with adoption in
national practices, reflecting that while most informed
clinicians would choose alternating electric field therapy,
a substantial minority may not (Table 1). Future studies
might allow a better understanding of pathways associ-
ated with resistance to the device, thereby helping opti-
mize patient selection. Although it would not be expected
to impact the benefit of alternating electric field therapy
in both arms, randomization was performed at a median
of 3.8 months from diagnosis such that patients with
more aggressive tumors may not have been included,
potentially resulting in a study population having a better
prognosis than studies that enroll patients at earlier time
points. Lastly, the impact of additional supportive person-
nel for patients receiving alternating electric field therapy
is unknown. Longer-term observational studies will also
be beneficial as will data on the device in combination
with hypofractionated RT regimens. Additional prospec-
tive studies may be important to assist in appropriately
increasing adoption.

Despite intensive management, most patients with
WHO grade 4 diffuse glioma will ultimately succumb to
their disease. As such, providers should consider the
patient’s QoL and address areas of physical and psycho-
logical distress. Early engagement of palliative interven-
tions and symptom management services is encouraged
in patients to holistically address the challenges faced by
patients and their families.”® It is important to be aware
that certain palliative care services are distinct from hos-
pice and may be used cohesively with chemoradiation.

In frail patients or those with poor PS, hospice or sup-
portive care alone may be a more appropriate alternative
to intensive management. Patients and their families
should be counseled that chemoradiation is likely to
extend life but is unlikely to improve a patient’s baseline
functional status. Therefore, if patients do not find their
current health-related QoL acceptable, they may prefer to
forego intensive management and focus on symptom
management alone and minimize time spent undergoing
treatment. The clinician’s role is to facilitate decision
making and present patients and their families with
appropriate management options, so they can make fully
informed decisions consistent with patients’ goals of care.

KQ2: Appropriate dose-fractionation regimens
for RT after biopsy/resection (Table 4)

See evidence tables in Supplementary Materials,
Appendix E4, for the data supporting the recommenda-
tions for KQ2.

What are appropriate dose-fractionation regimens
for RT after biopsy/resection in patients with WHO
grade 4 adult-type diffuse glioma, and how might treat-
ment vary based on pretreatment characteristics (eg,
age or PS)?

Historically, trials using RT alone demonstrated pro-
longation of median OS, which provided evidence of the
beneficial effects of sufficient tumoricidal doses of RT.
However, the durability of tumor control was suboptimal
in most patients.”’ The demonstration of improved OS
with the addition of concurrent TMZ to 6000 cGy of RT
followed by adjuvant TMZ in the landmark EORTC-
NCIC trial*® serves as the basis for the incorporation of
this regimen as the standard arm in contemporary clinical
trials.””**** For patients age 18 to 70 years and KPS >60,
this regimen has remained the standard dose-fraction-
ation for patients with newly diagnosed WHO grade 4 dif-
fuse glioma. In fact, most patients receiving this regimen
may likely have higher PS, given 87% of patients in the
original clinical trial receiving chemoradiation had an
Eastern Cooperative Oncology Group PS 0 to 1.’

Randomized studies evaluating dose-escalated RT
strategies including hypofractionation, hyperfractiona-
tion, stereotactic radiosurgery and sequential/integrated
boost, with or without older systemic therapies, have not
demonstrated an improvement in OS in patients with
newly diagnosed WHO grade 4 diffuse glioma.”™* " An
RCT evaluating dose-escalated RT using integrated boost
and TMZ demonstrated no initial improvement in OS.”
These studies are based on conventional MRI including
T1-weighted gadolinium-enhanced and T2-weighted
fluid-attenuated inversion recovery (FLAIR) images.
Investigational approaches evaluating dose-escalation
strategies using advanced imaging techniques (amino acid
positron emission tomography [PET], advanced MRI
techniques) are ongoing and will require validation.””>””

Age and PS are important factors to consider when
making therapeutic decisions. Analyses of prospective
data have strongly associated older age and/or poor PS
with limited life expectancy.”™”” However, an RCT from
France demonstrated that even among patients age
>70 years with KPS >70, RT improved median survival
compared with supportive care alone (29.1 weeks vs 16.9
weeks)."?

Whether older patients should receive the same dose-
fractionation regimen as younger patients remains unclear
following publication of the French RCT."” EORTC/NCIC
26981—22981 established 6 weeks of RT plus TMZ for
patients age <70 years with good PS, but patients age
>70 years or with poor PS were excluded from the study.”
Two other phase 3 RCTs compared conventionally frac-
tionated RT (6000 cGy in 30 fractions over 6 weeks) with
moderately hypofractionated RT in older patients.*>*” A
Canadian trial randomized patients >60 years old with
KPS >50 to conventionally fractionated RT versus 4005
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Table 4 Appropriate dose-fractionation regimens for RT after biopsy/resection

KQ2 Recommendations

1. For patients age <70 years and KPS >60 with WHO grade 4 diffuse glioma who have

undergone biopsy or resection, partial brain irradiation with 6000 cGy in 30 fractions with
concurrent and adjuvant TMZ is recommended.

. For patients age >70 years and KPS >50 with WHO grade 4 diffuse glioma who have
undergone biopsy or resection, partial brain irradiation with 4005 cGy in 15 fractions with
concurrent and adjuvant TMZ is conditionally recommended.

. For patients with WHO grade 4 diffuse glioma who are frail and have undergone biopsy
or resection, partial brain irradiation alone using 3400 cGy in 10 fractions or 2500 cGy in

5 fractions is conditionally recommended.

increased vulnerability to adverse health outcomes.

Implementation remark: Frailty is characterized by reduced physiologic reserve and

4. For patients with WHO grade 4 diffuse glioma who are very frail or with KPS <40,
supportive care in lieu of RT and/or systemic therapy is conditionally recommended.

Strength of Quality of
Recommendation Evidence (Refs)
High
Strong 3,39%40
Conditional ngfﬁm
Conditional {ff IN
Conditional EX.P?rt
Opinion

Organization.

Abbreviations: KPS = Karnofsky performance status; KQ =key question; RT =radiation therapy; TMZ = temozolomide; WHO = World Health

cGy in 15 fractions over 3 weeks. Results showed no differ-
ence in median survival, but patients receiving conven-
tional fractionation required more corticosteroids.*” The
Nordic trial randomized patients age >60 years with a
WHO PS 0 to 2 to conventionally fractionated RT versus
3400 cGy in 10 fractions over 2 weeks versus TMZ alone.
No survival difference was shown between the RT groups
as a whole or among patients 60 to 70 years old, but in
patients age >70 years, hypofractionated RT resulted in sig-
nificantly better survival."”

The Canadian®” and Nordic*’ trials provide the only
randomized data directly comparing hypofractionation
with conventional fractionation among older patients
with fair to good PS, and both support moderate hypo-
fractionation. However, neither included concurrent or
adjuvant TMZ in any of the treatment arms. Although
RCTs comparing conventionally fractionated with hypo-
fractionated regimens in the setting of concurrent and
adjuvant TMZ are lacking, 2 propensity-matched analyses
performed this comparison among patients with WHO
grade 4 diffuse glioma age >65 years.""* An analysis
from Harvard found similar median OS and PFS times
between conventionally fractionated and moderately
hypofractionated chemoradiation.”’ Another propensity-
matched analysis from Italy also found no difference in
OS or PES between conventionally fractionated and mod-
erately hypofractionated chemoradiation, but found that
conventional fractionation was associated with increased
grade 2 to 3 neurologic toxicity, worse PS, and higher cor-
ticosteroid requirements.”’ In the Harvard study, >70%
had a KPS >70 and >90% had a KPS >50, while in the
Italian study all patients had a KPS >60.""*’ Additionally,
NCIC 26052, a phase 3 RCT, demonstrated that among
patients age >65 years with an Eastern Cooperative
Oncology Group PS 0 to 2, adding concurrent and

adjuvant TMZ to RT (4005 cGy in 15 fractions over 3
weeks) improves survival compared with RT alone."”
Based on these propensity-matched analyses*"* and
RCTs,">** 4005 cGy in 15 fractions with concurrent and
adjuvant TMZ is conditionally recommended for patients
age >70 years with a KPS >50, acknowledging that some
clinicians may choose other approaches for older patients
with excellent KPS.

Less data are available to guide decisions on dose-frac-
tionation among patients with poor PS or frailty, the latter
characterized by reduced physiologic reserve and
increased vulnerability to adverse health outcomes.”® A
recognized gap in the recommendations is the population
of patients age <70 years with KPS <60 or with degrees of
frailty. Various hypofractionated regimens (eg, 4005 cGy
in 15 fractions, 3400 c¢Gy in 10 fractions, 2500 cGy in 5
fractions) may be appropriate in this population although
in select cases some might consider conventional fraction-
ation (Fig. 2). Independent from KPS and age is frailty,
defined either as a clinical syndrome because of altered
metabolism and abnormal stress responses or as a state of
accumulated health-related deficits.”® " Frailty is espe-
cially prevalent among older patients with cancer, and
heightens the risk of complications from intensive cancer
treatments like RT or systemic therapy because of reduced
physiologic reserve and increased vulnerability to adverse
health outcomes. Assessing frailty allows oncologists to
customize treatments to optimize patient-centered care.
Various instruments are available to measure frailty, from
brief screening tools to comprehensive multidomain geri-
atric assessments, and those tailored for specific treatment
populations to inform decision-making. Resources for
selecting an appropriate frailty assessment tool and elec-
tronic calculators for common instruments are accessible
at eFrailty.org.”
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Management of WHO grade 4 adult-type diffuse glioma.

Abbreviations: fx = fraction(s), GBM = glioblastoma; KPS = Karnofsky performance status, RT = radiation therapy, TMZ = temozolomide, WHO = World

Health Organization. *Frailty is characterized by reduced physiologic reserve and increased vulnerability to adverse health outcomes.

58-60,65

"May be an

option based on consensus of the task force though not reflective of a specific recommendation because patients age <70 years with a KPS of 50 were poorly
represented in trials. i[Concurr‘ent TMZ dosage is 75 mg/m?, 7 days per week during RT; adjuvant TMZ dosage is 150 to 200 mg/m?, 5 days per week of
each 28-day cycle for 6 cycles. *Consider for patients with supratentorial WHO grade 4 diffuse glioma.

The International Atomic Energy Agency (IAEA)
completed a phase 3 RCT** comparing ultrahypofractio-
nation (2500 cGy in 5 fractions over 1 week) with moder-
ate hypofractionation (4005 cGy in 15 fractions over 3
weeks) without use of chemotherapy in either arm in
patients deemed “frail” (>50 years old with KPS 50%-
70%), “elderly” (>65 years old with KPS 80%-100%), or
“elderly and frail” (>65 years old with KPS 50%-70%).
These definitions were specific to that trial, though the
general definition for frailty assessments in the literature
encompasses a broader definition independent of KPS or
age.”>”” Ultrahypofractionation was found to be noninfe-
rior to moderate hypofractionation, demonstrating no
intergroup difference in OS, PFS, or health-related QoL.**
The task force extrapolated from the TAEA™* and Nor-
dic*” RCTs to conditionally recommend 2500 cGy in 5
fractions or 3400 cGy in 10 fractions for patients with
frailty, noting that for patients with a short life expec-
tancy, truncating the RT course may have even greater

importance. Evidence in support of the recommendation
was limited because only 1 RCT supported each fraction-
ation regimen (2500 cGy in 5 fractions or 3400 cGy in 10
fractions), there is minor variation in the definition of
frailty, and the Nordic trial also included patients with
fair to good PS.***

There are smaller phase 1 and 2 single-arm protocols
with <30 patients evaluating the use of stereotactic RT of
2500 to 3500 cGy in 5 fractions or 5250 cGy in 15
fractions.”"**” However, given the smaller sample size and
lack of RCTs, the task force deferred making a recommen-
dation as we await further data.

TMZ as a single modality may be considered for older
patients with MGMT methylated tumors who are not can-
didates for a combined modality approach or RT alone
because of poor PS or significant comorbidities. In this
patient population, TMZ may also be an alternative to RT
based on the results of the NOA-08 trial “** and the Nor-
dic trial.*’ Regarding MGMT status in older patients
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eligible for RT, 2 other RCTs™'® included older patients
with unmethylated MGMT tumors supporting the present
concurrent use of TMZ, though additional trials on the
risk/benefit for unmethylated MGMT may be needed in
the future.> >

KQ3: Appropriate target volumes and
techniques for RT (Table 5)

See evidence tables in Supplementary Materials,
Appendix E4, for the data supporting the recommenda-
tions for KQ3.

What are the appropriate target volumes and techni-
ques for RT in patients with WHO grade 4 adult-type
diffuse glioma?

RT treatment techniques for patients with WHO
grade 4 diffuse glioma include 3-dimensional conformal
radiation therapy (3-D CRT), intensity modulated radia-
tion therapy (IMRT), volumetric modulated arc therapy
(VMAT), proton RT, and more experimental forms
including carbon ion therapy.®®*%7>7>7°

IMRT (including VMAT), when compared with 3-D
CRT, improves target conformity and dosimetric

Table 5

Appropriate target volumes and techniques for RT

indices especially to the uninvolved brain. These dosi-
metric differences result in significantly reduced rates of
acute grade 1 and 2 neurologic toxicities, most notably
cerebral edema and impaired neurocognition, compared
with 3-D CRT.°>®” Of note, IMRT (including VMAT)
can slightly increase the low-dose radiation exposure to
organs at-risk adjacent to the targeted tumor compared
with 3-D CRT, but toxicity can be mitigated by using
the dose limitations recommended in Quantitative
Analyses of Normal Tissue Effects in the Clinic.””” The
data comparing IMRT (including VMAT) with 3-D
CRT have been mixed with respect to OS, with some
analyses showing improved OS with IMRT (including
VMAT), and others noting no differences.”>*” Based on
the evidence of improved RT dosimetry and decreased
toxicity, IMRT (including VMAT) is recommended
over 3-D CRT.

In prospective clinical trials and retrospective series,
proton RT has been shown to reduce doses to normal tis-
sues when compared with IMRT including the normal
brain, cochlea, and optic pathway.”>”*’ In an RCT com-
paring proton RT with IMRT for patients with WHO
grade 4 diffuse glioma, patients who received treatment
with proton RT had significantly fewer grade 2+ toxicities
compared with those treated with IMRT.”” There have
been no consistent differences found between proton RT

KQ3 Recommendations

over 3-D CRT to reduce toxicity.

MRI are recommended if cone-down/boost is desired:

T2/FLAIR changes (non-enhancing tumor)

tumor spread (bone, dura, etc.)
® PTV1/2=CTV1/2 + 3-5 mm expansion.

MRI are recommended if no cone-down/boost is desired:

to tumor spread (bone, dura, etc.)
® PTV =CTV + 3-5 mm expansion.

recommended to facilitate reduced CTV to PTV expansions.

1. For patients with WHO grade 4 diffuse glioma, IMRT (including VMAT) is recommended

2. For patients with WHO grade 4 diffuse glioma, the following target volumes defined by
® GTV1 =resection cavity, residual enhancement on postoperative T1 postcontrast, and

® GTV2 =resection cavity and residual enhancement on postoperative T1 postcontrast
® CTV1/2=GTV1/2 + 10-20 mm expansion, modified to respect natural barriers to

3. For patients with WHO grade 4 diffuse glioma, the following target volumes defined by

® GTV =resection cavity and residual enhancement on T1 postcontrast
® CTV =GTYV + 10-20 mm expansion with additional expansion as needed to include
T2/FLAIR signal changes (non-enhancing tumor) modified to respect natural barriers

4. For patients with WHO grade 4 diffuse glioma, a volumetric brain MRI with and without
contrast preferably <14 days before starting RT is recommended for treatment planning.

5. For patients with WHO grade 4 diffuse glioma receiving RT, daily image guidance is

Strength of Quality of
Recommendation Evidence (Refs)
Moderate
Strong 66,67
Low
Strong 53,66,68-73
Low
Strong 15,66,67,74,75
E
Strong x.pe‘rt
Opinion
E
Strong x.pe‘rt
Opinion

Abbreviations: 3-D CRT = 3-dimensional conformal radiation therapy; CTV = clinical target volume; FLAIR = fluid-attenuated inversion recovery;
GTV = gross tumor volume; IMRT = intensity modulated radiation therapy; KQ = key question; MRI = magnetic resonance imaging; PTV = planning
target volume; RT = radiation therapy; VMAT = volumetric modulated arc therapy; WHO = World Health Organization.
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and IMRT with respect to PFS or cognitive failure in
WHO grade 4 diffuse glioma,”” however, and given the
limited availability of proton RT, there is no consensus to
recommend using proton RT over IMRT in this patient
population.

Partial brain RT is generally used for treating WHO
grade 4 diffuse glioma. This allows for more focused tar-
geting of those areas at highest risk for tumor recurrence
and sparing of uninvolved brain.” A recent RCT demon-
strated no difference in PES or OS, and no difference in
treatment-related adverse events among patients with
grade 3 or 4 glioma (including IDH-wildtype GBM)
treated with a 1-phase versus 2-phase technique.”® Use of
either a 1-phase technique with single set of targets or a
2-phase technique including a “cone-down” or “boost”
targets is considered acceptable RT strategies.” Regardless
of the treatment strategy used, there remains a wide vari-
ety of target volume definitions described for gross tumor
volume (GTV), clinical target volume (CTV), and plan-
ning target volume (PTV) in the published literature for
this patient cohort. These include several prospective
studies with the GTV and CTV based on clinical concern
of tumor involvement, and the PTV dependent on patient
set-up variability based on immobilization and type of
image guidance used.'™*7>007>7%°82

For WHO grade 4 diffuse glioma RT planning, there is
consensus that a brain MRI should be used for target
delineation; however, the details on optimal timing of
MRI scans are often not reported.'>**°%%"-70727>7 When
timing has been reported, the time range for the scan has
varied widely from <48 hours after surgery to within 14
to 30 days of the start of treatment.”*”’>*" Although all
reports that describe MRI scans for RT target delineation
detail using T2-weighted, FLAIR and postcontrast T1-
weighted imaging sequences, only 2 studies specify acqui-
sition of thin-cut, volumetric postcontrast T1-weighted
images to facilitate treatment target contouring.””"' None
of these studies discuss the need for distortion correction
when fusing MRI scans to CT scans obtained during sim-
ulation. Given the paucity of evidence regarding optimal
timing and sequences of MRI to be obtained for RT plan-
ning, a volumetric brain MRI with and without contrast
within 14 days of starting RT for treatment planning is
preferable based on expert opinion.

The 1-phase approach for target delineation uses a sin-
gle dose target based on a CTV expansion from the GTV
to cover the adjacent at-risk tissue, and this volume is
treated with the full planned dose to treat the WHO grade
4 diffuse glioma, as has been espoused by the EORTC and
is still variably employed in studies from institutions out-
side the United States."”*>*”*”> For this technique, the
GTV is commonly accepted to be the surgical cavity plus
residual tumor identified on postcontrast T1-weighted
MRI images, and the CTV to be a 10 to 20 mm expansion
from the GTV, then adjusted to include abnormal FLAIR/

T2-weighted imaging changes (non-enhancing tumor),
and finally modified to respect anatomic barriers of tumor
spread.

An alternative approach to treating WHO grade 4 dif-
fuse glioma with RT involves the use of a cone-down or
boost target volume to allow for dose intensification of
the contrast-enhancing area accepted to correspond to
the most aggressive tumor and a reduced dose delivered
to the adjacent non-enhancing, potentially lower-grade,
abnormal tissue. The original 2-phase technique used by
the Radiation Therapy Oncology Group includes an ini-
tial large-field target covering the abnormal T2/FLAIR
areas with additional margin for microscopic tumor
spread followed by a sequential cone-down to the tumor
bed and residual tumor with additional margin.’**°
How the 2-phase approach has been implemented, how-
ever, varies widely from the Radiation Therapy Oncol-
ogy Group and from center to center, including how the
targets are defined (eg, 1 GTV®* "’ vs 2 GTVs’'), and the
doses delivered to the initial (4000-5000 cGy in 20-25
fractions) and boost (1000-2000 c¢Gy in 5-10 fractions)
volumes.”®”"*"  Further, with wider use of IMRT
(including VMAT), more institutions have transitioned
away from sequential boosting to a simultaneous inte-
grated boost technique,””**°>7"7*7%% with no differ-
ence in survival outcomes noted when these approaches
were compared with 2 retrospective series.”>”" The ini-
tial GTV (“GTV1”) used in the 2-phase approach
includes the resection cavity and residual enhancement
on postoperative T1 postcontrast MRI and T2/FLAIR
changes (non-enhancing tumor) and the cone-down
GTV (“GTV2”) is limited to the resection cavity and
residual enhancement on postoperative T1 postcontrast
MRI. The initial and boost CTVs (“CTV1” and “CTV2,”
respectively) comprise a 10 to 20 mm expansion on the
corresponding GTV, adapted to respect anatomic bar-
riers.

Regardless of the RT approach, various PTV expan-
sions have been employed, ranging from 1% to
10 mm,***" with many studies using a 3 to 5 mm
expansion.'””°”">”> With improved immobilization and
daily image guidance, variability in daily patient set-up
can be reduced, allowing for smaller PTV expansions to
ensure adequate dose coverage of the CTV.***” The deter-
mination of CTV to PTV expansion needs to be individu-
alized based on the immobilization techniques and image
guidance available at each practice. Reduction in PTV size
translates to less normal tissue being irradiated, which by
extrapolation from the studies comparing 3-D CRT with
IMRT targets, may result in less acute RT-related
toxicity.”>®” Therefore, the use of daily image guidance to
enable an appropriate reduction in the CTV to PTV
expansion when treating patients with WHO grade 4 dif-
fuse glioma with RT is recommended based on the expert
opinion of the task force.
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KQ4: Indications and appropriate techniques
for reirradiation with recurrent disease after
first-line therapy (Table 6)

See evidence tables in Supplementary Materials,
Appendix E4, for the data supporting the recommenda-
tions for KQ4.

What are the indications and appropriate techniques
for reirradiation in patients with WHO grade 4 adult-
type diffuse glioma whose disease recurs after comple-
tion of standard first-line therapy?

The prognosis for patients with recurrent WHO grade
4 diffuse glioma remains limited, with few effective sal-
vage therapies. For patients with WHO grade 4 diffuse gli-
oma with suspected recurrence, a biopsy/resection or
advanced imaging (ie, MR perfusion, MR spectroscopy,
or PET) is conditionally recommended before reirradia-
tion to rule out treatment effect from recurrence.”®’
Reirradiation is a treatment option for patients with
recurrent WHO grade 4 diffuse glioma®*>'%%; however,
most data are retrospective with considerable variance in
approaches.””*>**1%° Acknowledging that the majority of
patients at first recurrence of WHO grade 4 diffuse glioma
receive second-line systemic therapy, reirradiation for
patients with recurrent WHO grade 4 diffuse glioma is
conditionally recommended after a multidisciplinary,
patient-centered discussion. Physicians are encouraged to
enroll patients in clinical trials or prospective, multi-

Table 6

institutional registries. Appropriate patient selection for
reirradiation includes good PS, longer interval from initial
RT and/or smaller tumor size.**”"

Modern RT techniques deliver highly conformal RT and
have improved the safety of reirradiation.””***>'°%!%7 In
patients with recurrent WHO grade 4 diffuse glioma who
are candidates for and elect reirradiation, recommended
RT techniques include conventionally fractionated RT
(3600-5400 cGy in 180-200 cGy fractions), hypofractio-
nated RT (3500 cGy in 10 fractions), stereotactic radiosur-
gery (2500-3500 cGy in 5 fractions or 1200-2000 cGy in a
single fraction), pulsed low-dose RT (temporally-modu-
lated pulsed RT) or brachytherapy.®*%% 19019719 Condi-
tionally recommended target volumes for reirradiation
include the GTV defined residual contrast-enhancing
tumor identified on postcontrast T1-weighted MRI images,
non-enhancing tumor, and/or the resection cavity.*>*>">">
101192 An optional CTV expansion of the GTV of 3 to
5 mm is used for conventional or hypofractionated RT
techniques and then modified to respect anatomic barriers
of tumor spread (bone, dura, etc.). PTV expansions of
<3 mm using improved immobilization and daily image
guidance will translate to less normal tissue being reirradi-
ated. Smaller PTV margins of <2 mm are used when ste-
reotactic radiosurgery techniques are used.'””

The role of systemic therapy in combination with
reirradiation in recurrent WHO grade 4 diffuse glioma
has been investigated in an RCT®" and several retrospec-
tive studies suggest that the combination improves
local control.”*'?*"'% The addition of bevacizumab is

Indications and techniques for reirradiation with recurrent disease after first-line therapy

KQ4 Recommendations

conditionally recommended.

registries is encouraged.

brachytherapy.

based on MRI is conditionally recommended.

1. For patients with suspected recurrent WHO grade 4 diffuse glioma, establishing the
diagnosis by pathology or advanced imaging (eg, MR perfusion, spectroscopy, or PET) is

2. For patients with recurrent WHO grade 4 diffuse glioma with a KPS >70, in-field RT
interval of >6 months and/or focal tumor maximum diameter of <6 cm, reirradiation is
conditionally recommended following a multidisciplinary, patient-centered discussion.

Implementation remark: Patient enrollment in clinical trials or multi-institutional
3. For patients with recurrent WHO grade 4 diffuse glioma who elect reirradiation, the

following treatment options are conditionally recommended: conventionally fractionated
RT, hypofractionated RT, stereotactic radiosurgery, fractionated stereotactic RT, or

4. For patients with recurrent WHO grade 4 diffuse glioma who elect reirradiation, using a
GTYV defined as contrast-enhancing tumor, non-enhancing tumor, and/or resection cavity

5. For patients receiving reirradiation for recurrent WHO grade 4 diffuse glioma,
concomitant bevacizumab is conditionally recommended to reduce toxicity.

Strength of Quality of
Recommendation Evidence (Refs)

. Low
Conditional 84-87

. Moderate
Conditional 85,86,88-91

. Moderate
Conditional 85-101

. Moderate
Conditional $5,86,92,99,101,102

. Moderate
Conditional 84,86,103-105

Abbreviations: CTV = clinical target volume; GTV = gross target volume; IGRT = image-guided radiation therapy; KPS = Karnofsky performance
status; KQ = key question; MR = magnetic resonance; PET = positron emission tomography; PTV = planning target volume; RT = radiation therapy;
WHO = World Health Organization.
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conditionally recommended because it appears to reduce
the risk of radiation necrosis and to improve the safety
of reirradiation.

Health Disparities

ASTRO has noted the importance of addressing health
disparities where literature is available. However, given
the lack of phase 3 RCTs with specific health disparities
primary endpoints, no formal recommendations could be
made, though it highlights a call to action included in
future directions. Health disparities encompass a wide
range of factors impacting access to care (eg, therapy tim-
ing, type of therapies offered, impact of geography, SES,
and race/ethnicity). The retrospective nature of health dis-
parities literature in WHO grade 4 diffuse glioma has
inherent limitations, with national database reviews lack-
ing nuanced specificity on clinical characteristics,''” while
smaller institution series with more specific data often
lack the cohort numbers for broader application.

With regard to therapy delays, patients with lower SES
and patients with US-based Medicaid may be at greater
risk of initiating RT >42 days or beyond 6 weeks from
surgery.''' Unfortunately, insurance, geographic distribu-
tion, type of hospital facility, and trial eligibility can nota-
bly impact health care disparities systemically. Based on
multiple large retrospective analyses, including the
National Cancer Database and the Surveillance, Epidemi-
ology, and End Results Program patient data, males, Black
and Hispanic patients are more likely to be “underin-
sured” with Medicaid or no insurance.''' "' These factors
may lead to larger tumors at diagnosis and triple-modality
therapy (eg, surgery, RT, and chemotherapy) not being
offered.""” Issues of health care access can also be
impacted by geographic access to neurosurgeons or safety
net hospitals, which have been associated with disparities
in care.'' """

Appropriately quantifying the full impact on outcomes
is challenging because of limitations in retrospective, pop-
ulation-based, or registry data. For instance, some series
identified no difference in outcomes'*’ or even higher OS
among Latino populations.'”’ Black and Asian/Pacific
Islander patients had lower WHO grade 4 diffuse glioma-
specific mortality, though Black patients had higher non-
WHO grade 4 diffuse glioma mortality overall."** In mul-
tivariable models, Black, Hispanic, and Asian patients had
lower rates of death, but when stratifying for delay in
receiving RT by race, the hazard ratio of death was instead
higher in these patients. Thus, findings identifying no cor-
relation between receipt of treatment and survival suggest
there may be additional factors not adequately captured
retrospectively in population-based models that confound
the interpretation of survival analysis. Adoption of newer
technologies such as alternating electric field therapy may

also be disparate among populations,'*’ along with clini-
cal trial participation. Clinical trial eligibility often reflects
inherently healthier populations and is more likely to be
younger and male.'** Although some data suggest similar
outcomes when evaluating SES as a reflection of a zip
code area and when adjusting for factors including insur-
ance status, employment status, PS, comorbidities, and
presence of multifocal disease,'”” several studies show
that lower SES is associated with worse OS.'**'*%'*
These findings highlight the importance of having pro-
spective data that better adjust for social determinants of
health which may be tied to geographic and insurance
access in addition to racial/ethnic and biological factors to
address the impact on survival outcomes. Importantly,
these disparities might be mitigated by upstream factors,
such as equitable trial enrollment, broadening of enroll-
ment criteria, increasing provider diversity, and attention
to social factors limiting access.'””"”!

Conclusions and Future Directions

WHO grade 4 diffuse glioma remains one of the most
challenging malignancies to treat, with a complex clinical
course and limited survival despite advancements in care.
This guideline underscores the critical importance of a
multidisciplinary approach, combining advanced surgical
techniques, RT, systemic therapy, alternating electric field
therapy, and supportive care. Additionally, the impor-
tance of molecularly guided diagnoses, individualized,
image-guided radiation treatment planning and delivery,
and patient-specific factors such as age and PS guiding
treatment recommendations is highlighted.

Emphasis on molecular and genetic discoveries also
points to the growing potential of precision medicine,
where therapies are tailored to specific tumor characteris-
tics, potentially improving outcomes and reducing toxic-
ity. For instance, tailored management of IDH-mutant
WHO grade 4 tumors and other molecular WHO grade 4
diffuse glioma was beyond the scope of the guideline, as
the field awaits future clinical trials to differentiate it from
conventional therapy. Furthermore, the use of circulating
tumor DNA is emerging to better inform treatment and
surveillance.'”* Enrolling eligible patients in clinical trials,
particularly minority populations, focused on novel thera-
pies (drug and device) and experimental RT techniques,
remains crucial, as these trials drive the discovery of novel
therapeutics and further refine existing strategies. There
are emerging data on using smaller margin expansions for
RT treatment planning; however, the data are not mature
enough to include in this guideline."”” Ongoing trials may
address the use of protons versus photons (NCT02179086),
management of molecular GBM (NCT04623931), manage-
ment of MGMT methylated GBM (NCT05095376) versus
unmethylated GBM (RT sensitizers) (NCT03970447,
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NCT04555577), and adaptive RT (NCT06108206,
NCT04075305, NCT04574856), will likely inform future
practice beyond the publication of this guideline.'**"**

Pertinent goals for the future of health disparities gli-
oma research include improving outcomes in a multifac-
torial approach. Primary hypothesis-based literature on
health disparities and funding is warranted and would
increase the rigor of the analyses to investigate glioma
health disparities specifically. An emphasis on interven-
tion-based or community-based research strategies for
mitigating health disparities instead of reporting existing,
known disparities is crucial. Clinical trial data can also
improve the literature on disparate outcomes in glioma
by consistently reporting adjusted ethnicity/race, SES, and
geographic patterns in the primary findings to better
inform the likelihood of application in a real-world set-
ting. Lastly, factors may differ across countries because of
the difference in health care structures, financing, and
overall population health, so increased research in health
disparities is encouraged to equitably provide optimal
care.

Ultimately, the goal of this guideline is to provide a
robust framework for optimizing WHO grade 4 diffuse

glioma care. However, the complexity of this disease
requires ongoing research, adaptability in clinical practice,
and a commitment to compassionate care. As the field
evolves, future iterations of this guideline will integrate
new findings to ensure that patients benefit from the latest
advancements. Through continued innovation, interdisci-
plinary collaboration, and dedication to quality care, we
can strive to improve outcomes and QoL for those
affected by WHO grade 4 diffuse glioma.

Disclosures

All task force members’ disclosure statements were
reviewed before being invited and were shared with other
task force members throughout the guideline’s develop-
ment. Those disclosures are published within this guide-
line. Where potential conflicts were detected, remedial
measures to address them were taken.

Joseph Bovi (chair): Imaging Biometrics (consul-
tant); Steven Braunstein: Advances in Radiation Oncol-
ogy (senior editor), Elekta (research-site principal



Practical Radiation Oncology: September/October 2025

RT for WHO grade 4 adult-type diffuse glioma 467

investigator [PI]), GT Medical Tech (consultant), Icotec
Medical (honoraria, travel expenses), International Jour-
nal of Radiation Oncology, Biology, and Physics (associ-
ate editor); Alvin Cabrera (Guideline Subcommittee
representative): Alcon Research Institute and Violet
Sees (family member, research-site PI); ASTRO (guide-
lines subcommittee, immediate past chair); Evanthia
Galanis (American Society of Clinical Oncology repre-
sentative): Boehringer Ingelheim (consultant-ended
2/2024), Boston Scientific (data safety monitoring board
[DSMB]-ended 10/2023), Denovo Biopharma (research-
site PI-ended 5/2024), Modifi Biosciences (consultant-
ended 5/2024), Servier (advisory board-ended 5/2024,
education/meeting faculty, research-site PI); Eyas
Hattab (American Association of Neuropathologists
representative [AANP]): AANP (professional affairs
vice president), Association of Pathology Chairs (gradu-
ate medical committee chair), College of American Path-
ologists (travel expenses), International Academy of
Pathology (treasurer, travel expenses), Marker Access
Transformation (honoraria-ended 5/2023), Techspert
(consultant-ended 3/2025), United States and Canadian
Academy of Pathology (finance committee chair);
Dwight Heron: American College Of Radiation Oncol-
ogy (ACRO) (president); Jiayi Huang: Baptist Hospital
of Miami (speaker’s Bureau-ended 12/2023), Cantex
Pharm and Pfizer (research); Michelle Kim: Blue Earth
Diagnostics (research-site PI), International Journal of
Radiation Oncology, Biology, and Physics (section edi-
tor), Neuro-Oncology (editorial board member),
National Institutes of Health (NIH) (research), Peerview
(honoraria-ended 11/2023), Stanford U54 MedNet
(advisory board, research); John Kirkpatrick: BioMime-
tix JV (research-PI), ClearSight RT (owner), LaderRx
(research-site PI), Monteris Medical (consultant-ended
12/2023); Jonathan Knisely: Journal of Clinical Oncol-
ogy (JCO) (associate editor), Neurosurgery (assistant edi-
tor), Precision Cancer Oncology Journal (editorial
board); Shearwood McClelland III: ASTRO (health
equity education committee vice chair, early career liai-
son subcommittee chair), Bristol Meyers Squibb Foun-
dation (research), Gilead Science (research), Gilmartin
Capital (consultant-ended 5/2024), GT Medical Tech
(travel expenses-ended 2/2023), JCO Oncology Advances
(editorial board), JCO Oncology Practice (editorial
board), National Medical Association (research commit-
tee chair), NIH (research), NRG Oncology (health care
access committee chair), Radiation Oncology Institute
(research), Susan G. Komen Foundation (research);
Michael Milano: American Radium Society (brain
tumor guideline committee chair), International Journal
of Radiation Oncology, Biology, and Physics (associate
section editor-ended 10/2023), Wolters Kluwer (hono-
raria); Jennifer Moliterno (American Association of
Neurological Surgeons/Congress of Neurological Sur-
geons [ANS/CNS] representative): BK Medical and

Stryker (consultant); Alyx Porter (Society for Neuro-
Oncology [SNO] representative): American Brain
Foundation (board of directors); Kristin Redmond:
Accuray (research-site PI, travel expenses), BioMimetix
(DSMB), Canon (research-site PI), Camp Kesem (board
member), GT Medical Tech (research-site PI), Icotec
Medical (consultant); Daniel Trifiletti: AFX Medical
(advisory board), Blue Earth Diagnostics (research-PI),
Boston Scientific (consultant-ended 10/2023), Interna-
tional Journal of Radiation Oncology, Biology, and Physics
(section editor-ended 10/2024), International Stereotactic
Radiosurgery Society (board member), International
Radiosurgery Research Foundation (board member),
Novocure (research-site PI-ended 2023), Servier (consul-
tant), Varian (research-PI); Christina Tsien: Novocure
(consultant-ended 5/2023), NRG Oncology (Canadian
subcommittee vice chair), Servier (education-ended
11/2024), Varian (consultant), Zeiss (consultant-ended
6/2024); Bhanu Venkatesulu: Gateway to Cancer Research
(research), Immunitybio and Spectrum Pharm (stock),
RadOnc Questions (consultant), Thomas Gore Pancreatic
Cancer (research-PI); Yevgeniy Vinogradskiy: American
Association of Physicists in Medicine (multi-lesion SRS
task force and lung function imaging in RT, chair), MIM
Software (research-PI), NIH (research-PI); Nana Yeboa
(vice chair): Brockman Foundation and Robert Wood
Johnson Research Foundation (research-PI), Practical
Radiation Oncology (associate editor), SNO (radiation sci-
ences education co-chair-ended 12/2023). Lisa Bradfield,
Kevin Crago (patient representative), Amanda Helms,
and Mary Frances McAleer reported no disclosures.

Acknowledgments

We are grateful to Yimin Geng, MSLIS, MS, the Uni-
versity of Texas MD Anderson Cancer Center research
medical librarian, for her assistance with creating the
search strategy for this guideline. The task force thanks
Bhanu Venkatesulu, MD (lead resident), Cecil Benitez,
MD, PhD, MS, Rituraj Upadhyay, MD, and Tiffany Chen,
MD for literature review assistance. The task force also
thanks the peer reviewers for their comments and time
spent reviewing the guideline. See Appendix El for their
names and disclosures.

The American Association of Neurological Surgeons/
Congress of Neurological Surgeons Section on Tumors
affirms the educational benefit of this document.

Supplementary materials

Supplementary material associated with this article can
be found in the online version at doi:10.1016/j.prro.2025.
05.014.


https://doi.org/10.1016/j.prro.2025.05.014
https://doi.org/10.1016/j.prro.2025.05.014

468

D.N. Yeboa et al

Practical Radiation Oncology: September/October 2025

References

10.

11.

12.

13.

14.

15.

16.

. Institute of Medicine (US) Committee on Standards for Develop-

ing Trustworthy Clinical Practice Guidelines. In: Graham R,
Mancher M, Miller Wolman D, eds. Clinical Practice Guidelines
We Can Trust. Washington (DC): National Academies Press (US);
2011.

. Institute of Medicine (US) Committee on Standards for Systematic

Reviews of Comparative Effectiveness Research. In: Eden J LL,
Berg A, eds. Finding What Works in Health Care: Standards for
Systematic Reviews. Washington (DC): National Academies Press
(US); 2011.

. Stupp R, Hegi ME, Mason WP, et al. Effects of radiotherapy with

concomitant and adjuvant temozolomide versus radiotherapy
alone on survival in glioblastoma in a randomised phase III study:
5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 2009;10
(5):459-466.

. Louis DN, Perry A, Wesseling P, et al. The 2021 WHO Classifica-

tion of Tumors of the Central Nervous System: a summary. Neuro
Oncol. 2021;23(8):1231-1251.

. Stupp R, Taillibert S, Kanner A, et al. Effect of Tumor-Treating

Fields Plus Maintenance Temozolomide vs Maintenance Temozo-
lomide Alone on Survival in Patients With Glioblastoma: A Ran-
domized Clinical Trial. JAMA. 2017;318(23):2306-2316.

. Herrlinger U, Tzaridis T, Mack F, et al. Lomustine-temozolomide

combination therapy versus standard temozolomide therapy in
patients with newly diagnosed glioblastoma with methylated
MGMT promoter (CeTeG/NOA-09): a randomised, open-label,
phase 3 trial. Lancet. 2019;393(10172):678-688.

. Cabrera AR, Kirkpatrick JP, Fiveash JB, et al. Radiation therapy for

glioblastoma: Executive summary of an American Society for Radi-
ation Oncology Evidence-Based Clinical Practice Guideline. Pract
Radiat Oncol. 2016;6(4):217-225.

. Louis DN, Wesseling P, Aldape K, et al. IMPACT-NOW update 6:

new entity and diagnostic principle recommendations of the cIM-
PACT-Utrecht meeting on future CNS tumor classification and
grading. Brain Pathol. 2020;30(4):844-856.

. Brat DJ, Aldape K, Colman H, et al. IMPACT-NOW update 5:

recommended grading criteria and terminologies for IDH-mutant
astrocytomas. Acta Neuropathol. 2020;139(3):603-608.

Lu VM, O'Connor KP, Shah AH, et al. The prognostic significance
of CDKN2A homozygous deletion in IDH-mutant lower-grade gli-
oma and glioblastoma: a systematic review of the contemporary lit-
erature. | Neurooncol. 2020;148(2):221-229.

Brat DJ, Aldape K, Colman H, et al. IMPACT-NOW update 3:
recommended diagnostic criteria for "Diffuse astrocytic glioma,
IDH-wildtype, with molecular features of glioblastoma, WHO
grade IV". Acta Neuropathol. 2018;136(5):805-810.

Hatlevoll R, Lindegaard KF, Hagen S, et al. Combined modality
treatment of operated astrocytomas grade 3 and 4. A prospective
and randomized study of misonidazole and radiotherapy with two
different radiation schedules and subsequent CCNU chemother-
apy. Stage II of a prospective multicenter trial of the Scandinavian
Glioblastoma Study Group. Cancer. 1985;56(1):41-47.
Keime-Guibert F, Chinot O, Taillandier L, et al. Radiotherapy for
glioblastoma in the elderly. N Engl ] Med. 2007;356(15):1527-1535.
Wick W, Platten M, Meisner C, et al. Temozolomide chemother-
apy alone versus radiotherapy alone for malignant astrocytoma in
the elderly: the NOA-08 randomised, phase 3 trial. Lancet Oncol.
2012;13(7):707-715.

Perry JR, Laperriere N, O'Callaghan CJ, et al. Short-Course Radia-
tion plus Temozolomide in Elderly Patients with Glioblastoma.
New England Journal of Medicine. 2017;376(11):1027-1037.
Grossman SA, O'Neill A, Grunnet M, et al. Phase III study compar-
ing three cycles of infusional carmustine and cisplatin followed by
radiation therapy with radiation therapy and concurrent

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

carmustine in patients with newly diagnosed supratentorial glio-
blastoma multiforme: Eastern Cooperative Oncology Group Trial
2394. ] Clin Oncol. 2003;21(8):1485-1491.

Levin VA, Wara WM, Davis RL, et al. Phase III comparison of
BCNU and the combination of procarbazine, CCNU, and vincris-
tine administered after radiotherapy with hydroxyurea for malig-
nant gliomas. ] Neurosurg. 1985;63(2):218-223.

Payne DG, Simpson WJ, Keen C, Platts ME. Malignant astrocy-
toma: hyperfractionated and standard radiotherapy with chemo-
therapy in a randomized prospective clinical trial. Cancer. 1982;50
(11):2301-2306.

Souhami L, Seiferheld W, Brachman D, et al. Randomized compar-
ison of stereotactic radiosurgery followed by conventional radio-
therapy with carmustine to conventional radiotherapy with
carmustine for patients with glioblastoma multiforme: report of
Radiation Therapy Oncology Group 93-05 protocol. Int ] Radiat
Oncol Biol Phys. 2004;60(3):853-860.

Loureiro LV, Victor Eda S, Callegaro-Filho D, et al. Minimizing the
uncertainties regarding the effects of delaying radiotherapy for
Glioblastoma: A systematic review and meta-analysis. Radiother-
apy & Oncology. 2016;118(1):1-8.

Sun MZ, Oh T, Ivan ME, et al. Survival impact of time to initiation
of chemoradiotherapy after resection of newly diagnosed glioblas-
toma. Journal of Neurosurgery. 2015;122(5):1144-1150.

Osborn VW, Lee A, Garay E, Safdieh ], Schreiber D. Impact of
Timing of Adjuvant Chemoradiation for Glioblastoma in a Large
Hospital Database. Neurosurgery. 2018;83(5):915-921.

Stupp R, Mason WP, van den Bent MJ, et al. Radiotherapy plus
concomitant and adjuvant temozolomide for glioblastoma. N Engl
J Med. 2005;352(10):987-996.

Athanassiou H, Synodinou M, Maragoudakis E, et al. Randomized
phase II study of temozolomide and radiotherapy compared with
radiotherapy alone in newly diagnosed glioblastoma multiforme. J
Clin Oncol. 2005;23(10):2372-2377.

Szczepanek D, Marchel A, Moskala M, Krupa M, Kunert P, Troja-
nowski T. Efficacy of concomitant and adjuvant temozolomide in
glioblastoma treatment. A multicentre randomized study. Neurol
Neurochir Pol. 2013;47(2):101-108.

Hart MG, Garside R, Rogers G, Stein K, Grant R. Temozolomide
for high grade glioma. Cochrane Database Syst Rev. 2013;2013(4):
CD007415.

Blumenthal DT, Gorlia T, Gilbert MR, et al. Is more better? The
impact of extended adjuvant temozolomide in newly diagnosed
glioblastoma: a secondary analysis of EORTC and NRG Oncology/
RTOG. Neuro-Oncology. 2017;19(8):1119-1126.

Balana C, Vaz MA, Manuel Sepulveda J, et al. A phase II random-
ized, multicenter, open-label trial of continuing adjuvant temozolo-
mide beyond 6 cycles in patients with glioblastoma (GEINO 14-
01). Neuro-Oncology. 2020;22(12):1851-1861.

Chinot OL, Wick W, Mason W, et al. Bevacizumab plus radiother-
apy-temozolomide for newly diagnosed glioblastoma. New England
Journal of Medicine. 2014;370(8):709-722.

Gilbert MR, Dignam JJ, Armstrong TS, et al. A randomized trial of
bevacizumab for newly diagnosed glioblastoma. New England Jour-
nal of Medicine. 2014;370(8):699-708.

Omuro A, Brandes AA, Carpentier AF, et al. Radiotherapy com-
bined with nivolumab or temozolomide for newly diagnosed glio-
blastoma with unmethylated MGMT promoter: An international
randomized phase III trial. Neuro-Oncology. 2023;25(1):123-134.
Lim M, Weller M, Idbaih A, et al. Phase III trial of chemoradio-
therapy with temozolomide plus nivolumab or placebo for newly
diagnosed glioblastoma with methylated MGMT promoter. Neuro-
Oncology. 2022;24(11):1935-1949.

McGirt MJ, Than KD, Weingart JD, et al. Gliadel (BCNU) wafer
plus concomitant temozolomide therapy after primary resection of
glioblastoma multiforme. J Neurosurg. 2009;110(3):583-588.


http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0001
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0001
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0001
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0001
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0001
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0002
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0002
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0002
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0002
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0002
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0003
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0003
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0003
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0003
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0003
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0004
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0004
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0004
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0005
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0005
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0005
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0005
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0006
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0006
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0006
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0006
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0006
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0007
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0007
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0007
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0007
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0008
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0008
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0008
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0008
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0009
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0009
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0009
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0010
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0010
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0010
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0010
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0011
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0011
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0011
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0011
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0012
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0012
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0012
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0012
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0012
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0012
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0013
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0013
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0014
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0014
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0014
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0014
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0015
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0015
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0015
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0016
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0016
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0016
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0016
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0016
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0016
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0017
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0017
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0017
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0017
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0018
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0018
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0018
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0018
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0019
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0019
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0019
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0019
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0019
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0019
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0020
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0020
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0020
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0020
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0021
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0021
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0021
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0022
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0022
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0022
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0023
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0023
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0023
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0024
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0024
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0024
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0024
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0025
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0025
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0025
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0025
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0026
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0026
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0026
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0027
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0027
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0027
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0027
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0028
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0028
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0028
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0028
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0029
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0029
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0029
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0030
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0030
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0030
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0031
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0031
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0031
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0031
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0032
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0032
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0032
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0032
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0033
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0033
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0033

Practical Radiation Oncology: September/October 2025

RT for WHO grade 4 adult-type diffuse glioma 469

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Yang K, Ma Y, Chen G, Zeng S, Guo T, Yang Z. Comparative anal-
ysis of the prognosis of external beam radiation therapy (EBRT)
and EBRT plus brachytherapy for glioblastoma multiforme: a
SEER population-based study. Radiation Oncology. 2022;17(1):174.
Ylanan AMD, Pascual JSG, EMD Cruz-Lim, Ignacio KHD, Canal
JPA, Khu KJO. Intraoperative radiotherapy for glioblastoma: A sys-
tematic review of techniques and outcomes. J Clin Neurosci.
2021;93:36-41.

Stupp R, Taillibert S, Kanner AA, et al. Maintenance Therapy With
Tumor-Treating Fields Plus Temozolomide vs Temozolomide
Alone for Glioblastoma: A Randomized Clinical Trial. JAMA.
2015;314(23):2535-2543.

Zhu JJ, Demireva P, Kanner AA, et al. Health-related quality of life,
cognitive screening, and functional status in a randomized phase
III trial (EF-14) of tumor treating fields with temozolomide com-
pared to temozolomide alone in newly diagnosed glioblastoma.
Journal of Neuro-Oncology. 2017;135(3):545-552.

Koekkoek JAF, van der Meer PB, Pace A, et al. Palliative care and
end-of-life care in adults with malignant brain tumors. Neuro
Oncol. 2023;25(3):447-456.

Laprie A, Noel G, Chaltiel L, et al. Randomized phase III trial of
metabolic imaging-guided dose escalation of radio-chemotherapy
in patients with newly diagnosed glioblastoma (SPECTRO GLIO
trial). Neuro Oncology. 2023;07:07.

Bleehen NM, Stenning SP. A Medical Research Council trial of two
radiotherapy doses in the treatment of grades 3 and 4 astrocytoma.
The Medical Research Council Brain Tumour Working Party. Br |
Cancer. 1991;64(4):769-774.

Arvold ND, Tanguturi SK, Aizer AA, et al. Hypofractionated ver-
sus standard radiation therapy with or without temozolomide for
older glioblastoma patients. International Journal of Radiation
Oncology, Biology, Physics. 2015;92(2):384-389.

Roa W, Brasher PM, Bauman G, et al. Abbreviated course of radiation
therapy in older patients with glioblastoma multiforme: a prospective
randomized clinical trial. J Clin Oncol. 2004;22(9):1583-1588.

Minniti G, Scaringi C, Lanzetta G, et al. Standard (60 Gy) or short-
course (40 Gy) irradiation plus concomitant and adjuvant temozo-
lomide for elderly patients with glioblastoma: a propensity-
matched analysis. International Journal of Radiation Oncology,
Biology, Physics. 2015;91(1):109-115.

Roa W, Kepka L, Kumar N, et al. International Atomic Energy
Agency Randomized Phase III Study of Radiation Therapy in
Elderly and/or Frail Patients With Newly Diagnosed Glioblastoma
Multiforme. Journal of Clinical Oncology. 2015;33(35):4145-4150.
Malmstrom A, Gronberg BH, Marosi C, et al. Temozolomide versus
standard 6-week radiotherapy versus hypofractionated radiotherapy
in patients older than 60 years with glioblastoma: the Nordic rando-
mised, phase 3 trial. Lancet Oncol. 2012;13(9):916-926.

Gilbert MR, Wang M, Aldape KD, et al. Dose-dense temozolomide
for newly diagnosed glioblastoma: a randomized phase III clinical
trial. J Clin Oncol. 2013;31(32):4085-4091.

Walker MD, Green SB, Byar DP, et al. Randomized comparisons of
radiotherapy and nitrosoureas for the treatment of malignant gli-
oma after surgery. N Engl ] Med. 1980;303(23):1323-1329.

Walker MD, Strike TA, Sheline GE. An analysis of dose-effect rela-
tionship in the radiotherapy of malignant gliomas. Int ] Radiat
Oncol Biol Phys. 1979;5(10):1725-1731.

Chang CH, Horton J, Schoenfeld D, et al. Comparison of postoper-
ative radiotherapy and combined postoperative radiotherapy and
chemotherapy in the multidisciplinary management of malignant
gliomas. A joint Radiation Therapy Oncology Group and Eastern
Cooperative Oncology Group study. Cancer. 1983;52(6):997-1007.
Tsien C, Moughan J, Michalski JM, et al. Phase I three-dimensional
conformal radiation dose escalation study in newly diagnosed glio-
blastoma: Radiation Therapy Oncology Group Trial 98-03. Int J
Radiat Oncol Biol Phys. 2009;73(3):699-708.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Werner-Wasik M, Scott CB, Nelson DF, et al. Final report of a
phase I/II trial of hyperfractionated and accelerated hyperfractio-
nated radiation therapy with carmustine for adults with supraten-
torial malignant gliomas. Radiation Therapy Oncology Group
Study 83-02. Cancer. 1996;77(8):1535-1543.

Gondi V, Pugh S, Tsien C, et al. Radiotherapy (RT) Dose-intensifi-
cation (DI) Using Intensity-modulated RT (IMRT) versus Stan-
dard-dose (SD) RT with Temozolomide (TMZ) in Newly
Diagnosed Glioblastoma (GBM): Preliminary Results of NRG
Oncology BNO0O01. International Journal of Radiation Oncology,
Biology, Physics. 2020;108(3):522-523.

Laack NN, Pafundi D, Anderson SK, et al. Initial Results of a Phase
2 Trial of 18F-DOPA PET-Guided Dose-Escalated Radiation Ther-
apy for Glioblastoma. International Journal of Radiation Oncology,
Biology, Physics. 2021;110(5):1383-1395.

Ramesh K, Mellon EA, Gurbani SS, et al. A multi-institutional pilot
clinical trial of spectroscopic MRI-guided radiation dose escalation
for newly diagnosed glioblastoma. Neuro-oncology Advances.
2022;4(1):vdac006.

Kim MM, Sun Y, Aryal MP, et al. A Phase 2 Study of Dose-intensi-
fied Chemoradiation Using Biologically Based Target Volume Defi-
nition in Patients With Newly Diagnosed Glioblastoma.
International Journal of Radiation Oncology, Biology, Physics.
2021;110(3):792-803.

Mirimanoff RO, Gorlia T, Mason W, et al. Radiotherapy and temo-
zolomide for newly diagnosed glioblastoma: recursive partitioning
analysis of the EORTC 26981/22981-NCIC CE3 phase IIT random-
ized trial. J Clin Oncol. 2006;24(16):2563-2569.

Li J, Wang M, Won M, et al. Validation and simplification of the
Radiation Therapy Oncology Group recursive partitioning analysis
classification for glioblastoma. Int ] Radiat Oncol Biol Phys.
2011;81(3):623-630.

Kim DH, Rockwood K. Frailty in Older Adults. N Engl ] Med.
2024;391(6):538-548.

Hudelist B, Elia A, Roux A, et al. Impact of frailty on survival glio-
blastoma, IDH-wildtype patients. ] Neurooncol. 2024;169(1):61-72.
Hurria A, Togawa K, Mohile SG, et al. Predicting chemotherapy
toxicity in older adults with cancer: a prospective multicenter
study. J Clin Oncol. 2011;29(25):3457-3465.

Azoulay M, Chang SD, Gibbs IC, et al. A phase I/II trial of 5-frac-
tion stereotactic radiosurgery with 5-mm margins with concurrent
temozolomide in newly diagnosed glioblastoma: primary out-
comes. Neuro-Oncology. 2020;22(8):1182-1189.

Perlow HK, Prasad RN, Yang M, et al. Accelerated hypofractio-
nated radiation for elderly or frail patients with a newly diagnosed
glioblastoma: A pooled analysis of patient-level data from 4 pro-
spective trials. Cancer. 2022;128(12):2367-2374.

Wick A, Kessler T, Platten M, et al. Superiority of temozolomide
over radiotherapy for elderly patients with RTK II methylation
class, MGMT promoter methylated malignant astrocytoma.
Neuro-Oncology. 2020;22(8):1162-1172.

Hegi ME, Oppong FB, Perry JR, et al. No benefit from TMZ
treatment in glioblastoma with truly unmethylated MGMT
promoter: Reanalysis of the CE.6 and the pooled Nordic/NOA-
08 trials in elderly glioblastoma patients. Neuro Oncol. 2024;26
(10):1867-1875.

Dale W, Klepin HD, Williams GR, et al. Practical Assessment and
Management of Vulnerabilities in Older Patients Receiving Sys-
temic Cancer Therapy: ASCO Guideline Update. J Clin Oncol.
2023;41(26):4293-4312.

Navarria P, Pessina F, Cozzi L, et al. Can advanced new radiation
therapy technologies improve outcome of high grade glioma
(HGG) patients? analysis of 3D-conformal radiotherapy (3DCRT)
versus volumetric-modulated arc therapy (VMAT) in patients
treated with surgery, concomitant and adjuvant chemo-radiother-
apy. BMC Cancer. 2016;16:362.


http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0034
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0034
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0034
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0034
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0035
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0035
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0035
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0035
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0036
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0036
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0036
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0036
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0037
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0037
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0037
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0037
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0037
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0038
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0038
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0038
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0039
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0039
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0039
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0039
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0040
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0040
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0040
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0040
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0041
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0041
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0041
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0041
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0042
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0042
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0042
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0043
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0043
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0043
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0043
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0043
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0044
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0044
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0044
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0044
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0045
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0045
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0045
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0045
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0046
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0046
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0046
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0047
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0047
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0047
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0048
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0048
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0048
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0049
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0049
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0049
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0049
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0049
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0050
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0050
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0050
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0050
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0051
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0051
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0051
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0051
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0051
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0052
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0052
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0052
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0052
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0052
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0052
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0053
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0053
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0053
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0053
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0054
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0054
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0054
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0054
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0055
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0055
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0055
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0055
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0055
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0056
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0056
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0056
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0056
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0057
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0057
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0057
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0057
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0058
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0058
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0059
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0059
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0060
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0060
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0060
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0061
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0061
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0061
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0061
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0062
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0062
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0062
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0062
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0063
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0063
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0063
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0063
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0064
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0064
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0064
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0064
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0064
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0065
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0065
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0065
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0065
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0066
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0066
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0066
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0066
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0066
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0066

470

D.N. Yeboa et al

Practical Radiation Oncology: September/October 2025

67

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

. Thibouw D, Truc G, Bertaut A, Chevalier C, Aubignac L, Mirjolet C.
Clinical and dosimetric study of radiotherapy for glioblastoma: three-
dimensional conformal radiotherapy versus intensity-modulated
radiotherapy. Journal of Neuro-Oncology. 2018;137(2):429-438.

Kim N, Lee J, Nam DH, et al. Impact of boost sequence in concur-
rent chemo-radiotherapy on newly diagnosed IDH-wildtype glio-
blastoma multiforme. Journal of Neuro-Oncology. 2023;165(2):261-
268.

Choi SH, Kim JW, Chang JS, et al. Impact of Including Peritumoral
Edema in Radiotherapy Target Volume on Patterns of Failure in
Glioblastoma following Temozolomide-based Chemoradiotherapy.
Scientific Reports. 2017;7:42148.

Kumar N, Kumar R, Sharma SC, et al. Impact of volume of irradia-
tion on survival and quality of life in glioblastoma: a prospective,
phase 2, randomized comparison of RTOG and MDACC proto-
cols. Neuro-Oncology Practice. 2020;7(1):86-93.

Rudra S, Hui C, Rao Y], et al. Effect of Radiation Treatment Vol-
ume Reduction on Lymphopenia in Patients Receiving Chemora-
diotherapy for Glioblastoma. International Journal of Radiation
Oncology, Biology, Physics. 2018;101(1):217-225.

Mohan R, Liu AY, Brown PD, et al. Proton therapy reduces the
likelihood of high-grade radiation-induced lymphopenia in glio-
blastoma patients: phase II randomized study of protons vs pho-
tons. Neuro-Oncology. 2021;23(2):284-294.

Brown PD, Chung C, Liu DD, et al. A prospective phase II ran-
domized trial of proton radiotherapy vs intensity-modulated radio-
therapy for patients with newly diagnosed glioblastoma. Neuro-
Oncology. 2021;23(8):1337-1347.

Liu H, Zhang L, Tan Y, Jiang Y, Lu H. Observation of the delinea-
tion of the target volume of radiotherapy in adult-type diffuse glio-
mas after temozolomide-based chemoradiotherapy: analysis of
recurrence patterns and predictive factors. Radiation Oncology.
2023;18(1):16.

Minniti G, Tini P, Giraffa M, et al. Feasibility of clinical target vol-
ume reduction for glioblastoma treated with standard chemoradia-
tion based on patterns of failure analysis. Radiotherapy &
Oncology. 2023;181:109435.

Wang Y, Liu R, Zhang Q, et al. Charged particle therapy for high-
grade gliomas in adults: a systematic review. Radiation Oncology.
2023;18(1):29.

Bentzen SM, Constine LS, Deasy JO, et al. Quantitative Analyses of
Normal Tissue Effects in the Clinic (QUANTEC): an introduction
to the scientific issues. Int J Radiat Oncol Biol Phys. 2010;76(3
Suppl). S3-9.

Qiu Y, Li Y, Cuihong J, et al. Toxicity and Efficacy of Different Tar-
get Volume Delineations of Radiotherapy Based on the Updated
RTOG/NRG and EORTC Guidelines in Patients with Grade 3-4
Glioma: A Randomized Controlled Clinical Trial. Int | Radiat
Oncol Biol Phys. 2024.

Zheng L, Zhou ZR, Yu Q, et al. The Definition and Delineation of
the Target Area of Radiotherapy Based on the Recurrence Pattern
of Glioblastoma After Temozolomide Chemoradiotherapy. Fron-
tiers in Oncology. 2020;10:615368.

Bender K, Trager M, Wahner H, et al. What is the role of the sub-
ventricular zone in radiotherapy of glioblastoma patients? Radio-
therapy & Oncology. 2021;158:138-145.

Guram K, Smith M, Ginader T, et al. Using Smaller-Than-Stan-
dard Radiation Treatment Margins Does Not Change Survival
Outcomes in Patients with High-Grade Gliomas. Practical Radia-
tion Oncology. 2019;9(1):16-23.

Jones D. ICRU Report 50—Prescribing, Recording and Reporting
Photon Beam Therapy. Medical Physics. 1994;21(6):833-834.
Morgan-Fletcher SL. Prescribing, Recording and Reporting Photon
Beam Therapy (Supplement to ICRU Report 50), ICRU Report 62.
ICRU, pp. ix+52, 1999 (ICRU Bethesda, MD) $65.00 ISBN 0-
913394-61-0. British Journal of Radiology. 2014;74(879):294.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Fleischmann DF, Jenn J, Corradini S, et al. Bevacizumab reduces
toxicity of reirradiation in recurrent high-grade glioma. Radiother-
apy & Oncology. 2019;138:99-105.

Navarria P, Pessina F, Clerici E, et al. Re-irradiation for recurrent
high grade glioma (HGG) patients: Results of a single arm prospec-
tive phase 2 study. Radiotherapy ¢ Oncology. 2022;167:89-96.
Tsien CI, Pugh SL, Dicker AP, et al. NRG Oncology/RTOG1205: A
Randomized Phase II Trial of Concurrent Bevacizumab and Reir-
radiation Versus Bevacizumab Alone as Treatment for Recurrent
Glioblastoma. Journal of Clinical Oncology. 2023;41(6):1285-1295.
Niranjan A, Kano H, Iyer A, Kondziolka D, Flickinger JC, Lunsford
LD. Role of adjuvant or salvage radiosurgery in the management of
unresected residual or progressive glioblastoma multiforme in the
pre-bevacizumab era. Journal of Neurosurgery. 2015;122(4):757-765.
Combs SE, Niyazi M, Adeberg S, et al. Re-irradiation of recurrent gli-
omas: pooled analysis and validation of an established prognostic
score-report of the Radiation Oncology Group (ROG) of the German
Cancer Consortium (DKTK). Cancer Medicine. 2018;7(5):1742-1749.
Post CCB, Kramer MCA, Smid EJ, et al. Patterns of re-irradiation
for recurrent gliomas and validation of a prognostic score. Radio-
therapy & Oncology. 2019;130:156-163.

Chapman CH, Hara JH, Molinaro AM, et al. Reirradiation of
recurrent high-grade glioma and development of prognostic scores
for progression and survival. Neuro-Oncology Practice. 2019;6
(5):364-374.

Shen CJ, Kummerlowe MN, Redmond KJ, et al. Re-irradiation for
malignant glioma: Toward patient selection and defining treatment
parameters for salvage. Advances in radiation oncology. 2018;3
(4):582-590.

De Maria L, Terzi di Bergamo L, Conti A, et al. CyberKnife for
Recurrent Malignant Gliomas: A Systematic Review and Meta-
Analysis. Frontiers in Oncology. 2021;11:652646.

Xiang X, Ji Z, Jin J. Brachytherapy is an effective and safe salvage
option for re-irradiation in recurrent glioblastoma (rGBM): A sys-
tematic review. Radiotherapy & Oncology. 2023;190:110012.

Zhao M, Fu X, Zhang Z, Ma L, Wang X, Li X. Gamma Knife Radio-
surgery for High-Grade Gliomas: Single-Center Experience of Six
Years in China. Stereotactic & Functional Neurosurgery. 202199
(3):181-186.

Guseynova K, Liscak R, Simonova G, Novotny Jr. J. Gamma knife
radiosurgery for local recurrence of glioblastoma. Neuroendocrinol-
ogy Letters. 2018;39(4):281-287.

Chatzikonstantinou G, Zamboglou N, Archavlis E, et al. CT-guided
interstitial HDR-brachytherapy for recurrent glioblastoma multi-
forme: a 20-year single-institute experience. Strahlentherapie und
Onkologie. 2018;194(12):1171-1179.

Imber BS, Kanungo I, Braunstein S, et al. Indications and Efficacy
of Gamma Knife Stereotactic Radiosurgery for Recurrent Glioblas-
toma: 2 Decades of Institutional Experience. Neurosurgery. 2017;80
(1):129-139.

Pinzi V, Orsi C, Marchetti M, et al. Radiosurgery reirradiation for
high-grade glioma recurrence: a retrospective analysis. Neurological
Sciences. 2015;36(8):1431-1440.

Kaul D, Pudlitz V, Bohmer D, Wust P, Budach V, Grun A. Reirra-
diation of High-Grade Gliomas: A Retrospective Analysis of 198
Patients Based on the Charite Data Set. Advances in radiation
oncology. 2020;5(5):959-964.

Smith CJ, Fairres MJ, Myers CS, et al. Long-term outcome data
from 121 patients treated with Gamma Knife stereotactic radiosur-
gery as salvage therapy for focally recurrent high-grade gliomas.
Journal of Radiosurgery and SBRT. 2019;6(3):199-207.

Gupta T, Maitre M, Maitre P, et al. High-dose salvage re-irradia-
tion for recurrent/progressive adult diffuse glioma: healing or hurt-
ing? Clinical & Translational Oncology: Official Publication of the
Federation of Spanish Oncology Societes ¢ of the National Cancer
Institute of Mexico. 2021;23(7):1358-1367.


http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0067
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0067
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0067
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0067
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0068
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0068
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0068
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0068
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0069
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0069
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0069
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0069
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0070
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0070
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0070
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0070
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0071
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0071
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0071
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0071
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0072
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0072
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0072
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0072
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0073
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0073
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0073
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0073
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0074
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0074
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0074
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0074
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0074
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0075
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0075
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0075
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0075
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0076
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0076
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0076
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0077
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0077
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0077
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0077
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0078
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0078
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0078
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0078
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0078
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0079
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0079
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0079
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0079
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0080
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0080
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0080
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0081
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0081
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0081
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0081
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0082
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0082
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0083
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0083
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0083
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0083
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0084
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0084
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0084
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0085
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0085
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0085
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0086
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0086
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0086
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0086
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0087
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0087
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0087
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0087
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0088
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0088
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0088
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0088
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0089
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0089
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0089
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0090
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0090
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0090
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0090
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0091
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0091
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0091
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0091
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0092
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0092
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0092
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0093
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0093
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0093
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0094
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0094
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0094
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0094
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0095
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0095
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0095
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0096
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0096
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0096
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0096
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0097
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0097
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0097
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0097
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0098
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0098
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0098
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0099
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0099
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0099
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0099
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0100
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0100
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0100
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0100
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0101
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0101
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0101
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0101
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0101

Practical Radiation Oncology: September/October 2025

RT for WHO grade 4 adult-type diffuse glioma

471

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Palmer JD, Siglin J, Yamoah K, et al. Re-resection for recurrent
high-grade glioma in the setting of re-irradiation: more is not
always better. Journal of Neuro-Oncology. 2015;124(2):215-221.
Kulinich DP, Sheppard JP, Nguyen T, et al. Radiotherapy versus
combination radiotherapy-bevacizumab for the treatment of recur-
rent high-grade glioma: a systematic review. Acta Neurochirurgica.
2021;163(7):1921-1934.

Christ SM, Youssef G, Tanguturi SK, et al. Re-irradiation of recurrent
IDH-wildtype glioblastoma in the bevacizumab and immunotherapy
era: Target delineation, outcomes and patterns of recurrence. Clinical
and Translational Radiation Oncology. 2024;44:100697.

Marwah R, Xing D, Squire T, Soon YY, Gan HK, Ng SP. Reirradiation
versus systemic therapy versus combination therapy for recurrent
high-grade glioma: a systematic review and meta-analysis of survival
and toxicity. Journal of Neuro-Oncology. 2023;164(3):505-524.
Andratschke N, Heusel A, Albert NL, et al. ESTRO/EANO recom-
mendation on reirradiation of glioblastoma. Radiotherapy and
Oncology. 2025;204:110696.

Bovi JA, Prah MA, Retzlaff AA, et al. Pulsed Reduced Dose Rate
Radiotherapy in Conjunction With Bevacizumab or Bevacizumab
Alone in Recurrent High-grade Glioma: Survival Outcomes. Inter-
national Journal of Radiation Oncology, Biology, Physics. 2020;108
(4):979-986.

Chen ATC, Serante AR, Ayres AS, et al. Prospective Randomized
Phase 2 Trial of Hypofractionated Stereotactic Radiation Therapy
of 25 Gy in 5 Fractions Compared With 35 Gy in 5 Fractions in
the Reirradiation of Recurrent Glioblastoma. Int J Radiat Oncol
Biol Phys. 2024;119(4):1122-1132.

Tseng CL, Zeng KL, Mellon EA, et al. Evolving concepts in margin
strategies and adaptive radiotherapy for glioblastoma: A new future
is on the horizon. Neuro Oncol. 2024;26(12 Suppl 2):S3-S16.

Boffa DJ, Rosen JE, Mallin K, et al. Using the National Cancer
Database for Outcomes Research: A Review. JAMA Oncol. 2017;3
(12):1722-1728.

Pollom EL, Fujimoto DK, Han SS, Harris JP, Tharin SA, Soltys SG.
Newly diagnosed glioblastoma: adverse socioeconomic factors cor-
relate with delay in radiotherapy initiation and worse overall sur-
vival. Journal of Radiation Research. 2018;59(suppl_1):i11-i18.
Hodges TR, Labak CM, Mahajan UV, et al. Impact of race on care,
readmissions, and survival for patients with glioblastoma: an analy-
sis of the National Cancer Database. Neuro-oncology Advances.
2021;3(1):vdab040.

Ostrom QT, Krebs HL, Patil N, Cioffi G, Barnholtz-Sloan JS.
Racial/ethnic disparities in treatment pattern and time to treatment
for adults with glioblastoma in the US. Journal of Neuro-Oncology.
2021;152(3):603-615.

Lu VM, Lewis CT, Esquenazi Y. Geographic and socioeconomic
considerations for glioblastoma treatment in the elderly at a
national level: a US perspective. Neuro-Oncology Practice. 2020;7
(5):522-530.

Lu VM, Shah AH, Eichberg DG, et al. Geographic disparities in
access to glioblastoma treatment based on Hispanic ethnicity in
the United States: Insights from a national database. Journal of
Neuro-Oncology. 2020;147(3):711-720.

Chandra A, Rick JW, Dalle Ore C, et al. Disparities in health care
determine prognosis in newly diagnosed glioblastoma. Neurosurgi-
cal Focus. 2018;44(6):E16.

Brandel MG, Rennert RC, Lopez Ramos C, et al. Management of
glioblastoma at safety-net hospitals. Journal of Neuro-Oncology.
2018;139(2):389-397.

Rong X, Yang W, Garzon-Muvdi T, et al. Influence of insurance
status on survival of adults with glioblastoma multiforme: A popu-
lation-based study. Cancer. 2016;122(20):3157-3165.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Chandra A, Young JS, Dalle Ore C, et al. Insurance type impacts
the economic burden and survival of patients with newly diagnosed
glioblastoma. Journal of Neurosurgery. 2019:1-11.

Wu CC, Wang TJC, Jani A, et al. A Modern Radiotherapy Series of
Survival in Hispanic Patients with Glioblastoma. World Neurosur-
gery. 2016;88:260-269.

Shabihkhani M, Telesca D, Movassaghi M, et al. Incidence,
survival, pathology, and genetics of adult Latino Americans
with glioblastoma. Journal of Neuro-Oncology. 2017;132(2):351-
358.

Liu EK, Yu S, Sulman EP, Kurz SC. Racial and socioeconomic dis-
parities differentially affect overall and cause-specific survival in
glioblastoma. Journal of Neuro-Oncology. 2020;149(1):55-64.
Ostrom QT, Iwamoto FM, Nayak L, et al. DISP-08. GBM patients
face ttf access and information inequity that may impact patient
outcomes and quality-of-life. Neuro-Oncology. 2024.

Skaga E, Skretteberg MA, Johannesen TB, et al. Real-world validity
of randomized controlled phase III trials in newly diagnosed glio-
blastoma: to whom do the results of the trials apply? Neuro-oncol-
ogy Advances. 2021;3(1):vdab008.

Kasl RA, Brinson PR, Chambless LB. Socioeconomic status does
not affect prognosis in patients with glioblastoma multiforme. Sur-
gical neurology international. 2016;7(Suppl 11):5282-5290.

Dressler EV, Liu M, Garcia CR, et al. Patterns and disparities of
care in glioblastoma. Neuro-Oncology Practice. 2019;6(1):37-46.
Cote DJ, Ostrom QT, Gittleman H, et al. Glioma incidence and
survival variations by county-level socioeconomic measures. Can-
cer. 2019;125(19):3390-3400.

Tosoni A, Gatto L, Franceschi E, et al. Association between socio-
economic status and survival in glioblastoma: An Italian single-
centre prospective observational study. European Journal of Can-
cer. 2021;145:171-178.

Brown AF, Ma GX, Miranda J, et al. Structural Interventions to
Reduce and Eliminate Health Disparities. Am ] Public Health.
2019;109(S1):S72-S78.

Chukwueke UN, Vera E, Acquaye A, et al. SNO 2020 diversity sur-
vey: defining demographics, racial biases, career success metrics
and a path forward for the field of neuro-oncology. Neuro Oncol.
2021;23(11):1845-1858.

Porter AB, Chukwueke UN, Mammoser AG, Friday B, Hervey-
Jumper S. Delivering Equitable Care to Underserved Neuro-oncol-
ogy Populations. American Society of Clinical Oncology Educational
Book. 2021:(41):38-46.

Muller Bark J, Kulasinghe A, Chua B, Day BW, Punyadeera C. Cir-
culating biomarkers in patients with glioblastoma. Br J Cancer.
2020;122(3):295-305.

Kim M, Aryal M, Rosen B, et al. NIMG-21. Interim analysis of a
phase ii study of multiparametric mr-guided high-dose response-
adaptive radiotherapy with concurrent temozolomide in patients
with newly diagnosed glioblastoma. Neuro-Oncology. 2022;24(Sup-
plement_7). viil66-viil66.

Liu F, Wang H, Jiang C, et al. Efficacy and Toxicity of Different
Target Volume Delineations of Radiotherapy Based on the
Updated RTOG/NRG and EORTC Guidelines in Patients with
High Grade Glioma: A Randomized, Controlled Clinical Trial.
International Journal of Radiation Oncology*Biology*Physics.
2023;117(2, Supplement):S84-S85.

Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 state-
ment: An updated guideline for reporting systematic reviews. |
Clin Epidemiol. 2021;134:178-189.

Page MJ, Moher D, Bossuyt PM, et al. PRISMA 2020 explanation
and elaboration: updated guidance and exemplars for reporting
systematic reviews. BMJ. 2021;372:n160.


http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0102
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0102
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0102
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0103
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0103
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0103
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0103
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0104
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0104
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0104
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0104
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0105
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0105
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0105
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0105
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0106
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0106
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0106
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0107
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0107
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0107
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0107
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0107
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0108
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0108
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0108
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0108
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0108
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0109
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0109
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0109
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0110
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0110
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0110
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0111
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0111
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0111
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0111
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0112
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0112
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0112
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0112
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0113
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0113
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0113
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0113
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0114
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0114
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0114
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0114
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0115
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0115
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0115
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0115
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0116
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0116
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0116
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0117
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0117
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0117
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0118
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0118
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0118
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0119
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0119
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0119
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0120
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0120
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0120
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0121
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0121
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0121
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0121
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0122
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0122
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0122
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0123
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0123
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0123
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0124
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0124
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0124
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0124
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0125
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0125
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0125
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0126
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0126
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0127
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0127
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0127
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0128
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0128
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0128
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0128
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0129
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0129
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0129
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0130
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0130
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0130
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0130
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0131
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0131
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0131
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0131
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0132
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0132
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0132
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0133
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0133
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0133
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0133
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0133
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0134
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0134
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0134
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0134
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0134
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0134
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0135
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0135
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0135
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0136
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0136
http://refhub.elsevier.com/S1879-8500(25)00163-8/sbref0136

	Radiation Therapy for WHO Grade 4 Adult-Type Diffuse Glioma: An ASTRO Clinical Practice Guideline
	Preamble
	Introduction
	Methods
	Task force composition
	Document review and approval
	Evidence review
	Scope of the guideline

	KQs and Recommendations
	KQ1: Indications for RT and/or adjuvant therapies (Table 3)
	KQ2: Appropriate dose-fractionation regimens for RT after biopsy/resection (Table 4)
	KQ3: Appropriate target volumes and techniques for RT (Table 5)
	KQ4: Indications and appropriate techniques for reirradiation with recurrent disease after first-line therapy (Table 6)

	Health Disparities
	Conclusions and Future Directions
	Disclosures
	Acknowledgments
	Supplementary materials
	References



