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Efficacy and safety of
simultaneous integrated
boost intensity-modulated
radiotherapy combined
with temozolomide for the
postoperative chemotherapy
treatment of multifocal
high-grade glioma
Nan Jiang †, Li-ping Xu †, Fei Li , Pei-pei Wang
and Yuandong Cao*

Department of Radiation Oncology, The First Affiliated Hospital with Nanjing Medical University,
Nanjing, China
Background: The multifocal manifestation of high-grade glioma is a rare disease

with an unfavorable prognosis. The pathogenesis of multifocal gliomas and

pathophysiological differences in unifocal gliomas are not fully understood.

The optimal treatment for patients with multifocal high-grade glioma is not

defined in the current guidelines; therefore, individual case series may be helpful

as guidance for clinical decision-making.

Methods: Patients with multifocal high-grade glioma treated with simultaneous

integrated boost intensity-modulated radiotherapy combined with

temozolomide for postoperative treatment at our institution between January

2020 and December 2023 were retrospectively analyzed. Multifocality was

neuroradiologically assessed and defined as at least two independent contrast-

enhancing foci in the MRI T1 contrast-enhanced sequence. Overall and

progression-free survival were calculated from the diagnosis until death and

from the start of radiation therapy until the diagnosis of disease progression on

MRI for all patients.

Results: A total of 42 patients with multifocal high-grade glioma were examined,

of which 16 were female and 26 were male. Themedian age of all patients was 57

years (range: 23–77 years). The median KPS score was 80 (range: 50–100).

Complete resection was performed in 10 cases, and partial resection was

performed in 32 cases before the start of radiation therapy. The prescription

schedule was 54 Gy (1.8 Gy × 30) with an SIB of 60 Gy (2 Gy × 30). Concomitant

temozolomide chemotherapy was administered to 40 patients. Median survival

was 19 months (95% CI 14.1–23.8 months) and median progression free survival

after initiation of RT 13 months (95% CI 9.2–16.7 months). Five patients

experienced grade 3 toxicity, none experienced grade 4 toxicity, and no

treatment-related deaths occurred.
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Conclusion: Multifocal high-grade gliomas can be treated safely and efficiently

with simultaneous integrated boost intensity-modulated radiotherapy with

concomitant and adjuvant TMZ chemotherapy.
KEYWORDS
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radiotherapy, temozolomide, efficacy, toxicity
1 Introduction

The multifocal manifestation of high-grade glioma is less severe

and has the most unfavorable prognosis. The median overall

survival time is still reported to be as low as eight months in

median, despite aggressive treatment (1). While the current World

Health Organization (WHO) classification does not refer to

multifocal high-grade glioma as a specific subentity (2), recent

molecular studies have highlighted distinct genetic and epigenetic

features that distinguish multifocal gliomas from their unifocal

counterparts. Key molecular alterations include IDH mutations,

MGMT promoter methylation, TERT promoter mutations, and

alterations in the 1p/19q chromosomal status (3–6). These genetic

markers not only influence the biological behavior of tumors but

also impact their response to therapy. For instance, IDH mutations

are associated with a relatively better prognosis, whereas MGMT

methylation status is predictive of the response to temozolomide-

based chemotherapy (4, 5). Understanding these molecular

differences is crucial for developing targeted therapies and

improving the outcomes of patients with multifocal high-

grade gliomas.

In recent years, several studies have investigated clinical

outcomes and treatment strategies for multifocal high-grade

gliomas. Notably, a study by Haque et al. (1) compared the

management patterns and outcomes of unifocal and multifocal

glioblastomas, highlighting the challenges associated with

multifocality. Another study by Paulsson et al. (6) compared the

clinical outcomes and genomic characteristics of single-focus and

multifocal glioblastomas, demonstrating the distinct molecular

landscape of multifocal tumors. Additionally, Lahmi et al. (17)

reported the use of whole-brain radiotherapy with concurrent

temozolomide in newly diagnosed multifocal glioblastoma,

achieving a median overall survival of 10 months. These studies

collectively underscore the need for tailored treatment approaches

and further research to improve outcomes in patients with

multifocal high-grade gliomas. The current standard of care for

newly diagnosed high-grade gliomas is maximal safe resection

followed by radiotherapy (RT) in association with concomitant

and adjuvant temozolomide (TMZ). Practice-changing studies on

the treatment of high-grade glioma have included patients with

multifocal tumors but did not analyze the prognosis and therapeutic
02
outcomes of this subset of patients in detail (7–9). In current

guidelines, the therapeutic management of patients with

multifocal high-grade glioma is not defined separately from the

t rea tment o f un i foca l h igh-grade g l iomas (10–12) .

Recommendations on the best treatment for patients with

multifocal high-grade glioma are still limited to institutional case

series and database analyses.

Case series and database analyses of radiation therapy (RT)

treatment of multifocal high-grade glioma patients have focused on

different fractionation regimes compared to conventional

fractionation with hypofractionated radiotherapy, as well as on

the use of concomitant chemotherapy, leading to differing

recommendations (1, 13–17). Unfortunately, multifocal high-

grade glioma has been defined differently in many retrospective

case series, and a multitude of different treatment regimens with

only limited information about related adverse events have been

reported, which limits the comparability of these analyses.

Particularly, older case series without high-resolution MRI and

state-of-the-art RT treatment techniques have limited

transferability to the current treatment of patients with multifocal

high-grade gliomas.

At our center, we used moderate SIB-IMRT combined with

concomitant and adjuvant TMZ in postoperative patients with

multifocal high-grade gliomas. The current study aimed to report

the efficacy of this regimen, including treatment-related toxicity,

local recurrence, progression-free survival (PFS), and overall

survival (OS).
2 Methods

2.1 Patients

We retrospectively analyzed patients with a primary diagnosis

of multifocal high-grade glioma who underwent RT at our

department between January 2020 and December 2023. Patients

who had histologically confirmed high-grade gliomas (2016 World

Health Organization [WHO] grades III–IV) were included in this

study. Patients underwent surgical resection before RT at our

institution. Therefore, this study included only postoperative

patients. No limitations were placed on the Karnofsky
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performance status (KPS), age, lesion location, or extent of surgery.

This was a retrospective analysis, and approval was obtained from

the institutional review board and the ethics committee.
2.2 Magnetic resonance imaging and
definition of multifocal gliomas

MRI with contrast-enhanced T1 and T2 or FLAIR sequences

was performed prior to RT for all patients. Only patients with

multifocal growth patterns at the time of the first diagnosis, as

assessed by an experienced neuroradiologist, were included in the

study. High-grade gliomas were defined as multifocal gliomas,

comprising at least two independent contrast-enhancing foci in

the MRI T1 contrast-enhanced sequence.
2.3 Radiotherapy protocols

The indication for RT was based on the consensus

recommendation of the interdisciplinary neuro-oncology tumor

board for all cases. All patients were treated with limited-field

irradiation. Prior to radiotherapy, a thermoplastic mask was

individually made for each patient to ensure reproducibility of

patient positioning during planning CT and the subsequent course

of irradiation. The planning CT scan was performed at a slice

thickness of 3 mm.

Radiation treatment plans included intensity-modulated

radiation therapy (IMRT) and volumetric-modulated arc therapy

(VMAT) plans. Irradiation regimens were administered as follows:

54 Gy (1.8 Gy × 30 Gy) with an SIB of 60 Gy (2 Gy × 30 Gy).

Contrast-enhanced T1 sequences, T2, and/or FLAIR MRI

sequences were co-registered with the planning CT images within

the Monaco treatment planning system (version 5.11,

Elekta, Sweden).

Concomitant and adjuvant chemotherapy was administered

according to the protocol of the EORTC 26,981/22981 NCIC

CE.3 trial (7), with temozolomide 75 mg/2every day during RT.

After a 4-week break, the patients received adjuvant TMZ (150–200

mg/m2/day) for 5 days every 28 days. The total number of TMZ

cycles was determined by oncologists according to patients’ general

condition, compliance, economic situation, and disease progression.
2.4 Target volumes

Gross tumor volume (GTV) was defined as all contrast-

enhancing lesions on postoperative MRI T1-weighted images and

the postoperative cavity with the latter fused with computed

tomography images for treatment planning. The clinical target

volume (CTV1) was defined as the GTV plus a 1-cm margin,

including surrounding edema on T2-weighted fluid-attenuated

inversion recovery MRI. CTV2 was defined as the GTV plus a 2-

cm margin. The planning target volume (PTV), including PTV1

and PTV2, was defined as the respective above target volume plus a
Frontiers in Oncology 03
0.3-cm margin. CTV1 received 60 Gy and CTV2 received 54 Gy.

The margin could be modified to a smaller margin if there are

organs at risk (OARs), such as the brain stem, optic pathways, or

spinal cord, or if there are anatomical barriers, such as the dura,

tentorium, and falx cerebri.
2.5 Statistical and survival analysis

Statistical analyses were performed using IBM SPSS Statistics

version 25 (IBM, Armonk, NY, USA). The Kaplan–Meier method

was used to evaluate the rates of local recurrence, PFS, and OS.

Overall survival was calculated as the time interval between

histological confirmation and the date of death or loss to follow-

up. Progression-free survival was assessed as the time interval

between the initiation of RT and the first imaging detection of

progressive disease according to the RANO criteria (18) or loss to

follow-up.
2.6 Follow-up

Patients were followed-up weekly during the treatment period,

with a medical history, physical examination, and complete blood

test, and were followed-up every month after finishing the

treatment for at least 3 months. All patients underwent routine

neurological examinations and MRI at 3-month intervals after

treatment. MR spectroscopy and perfusion of the brain were not

routinely used, except when there was doubt about tumor

progression or necrosis. Acute toxicities were scored using the

Common Terminology Criteria for Adverse Events, version 4.0.

Late toxicities were scored according to RTOG/EORTC

toxicity criteria.
3 Results

3.1 Patients

Between January 2020 and December 2023, 42 patients with

multifocal high-grade glioma were examined, of which 16 were

female and 26 were male. The median age of all patients was 57

years (range: 23–77 years). The median KPS score was 80 (range:

50–100). The patient characteristics are shown in Table 1.
3.2 Efficacy

After a median follow-up of 15 months (range: 3–33 months),

26 (61.9%) patients died, and 31 (73.8%) patients exhibited tumor

progression. The median OS and PFS rates were 19 (95% confidence

interval [CI], 14.1–23.8) and 13 (95% CI, 9.2–16.7), respectively.

The 1- and 2-year PFS rates among the whole group were 57.1% and

38.1%, respectively (Figure 1A). The 1- and 2-year OS rates were

66.7% and 40.5%, respectively (Figure 1B).
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3.3 Patterns of failure

Tumor progression was detected in 31 patients (73.8%), and

progression was identified on MRI (Table 2). Ten patients had

tumor progression within the GTV, three patients developed new

lesions within CTV1, two patients developed new lesions within

CTV2, six patients developed new lesions outside the radiation field,

and three patients developed multicentric recurrence. The

progression sites of the seven patients were unknown because
Frontiers in Oncology 04
MRI findings were unavailable. The remaining nine patients were

alive with no evidence of progression.
3.4 Treatment

Concomitant and adjuvant chemotherapy was administered

according to the protocol of the EORTC 26,981/22981 NCIC

CE.3 trial (7), with temozolomide 75 mg/2every day during RT.

After a 4-week break, the patients received adjuvant TMZ (150–200

mg/m2/day) for 5 days every 28 days. The total number of TMZ

cycles was determined by oncologists according to patients’ general

condition, compliance, economic situation, and disease progression.

Treatment at progression was best supportive care in 16 cases,

combined bevacizumab in eight patients and TTField treatment in

two cases. In nine cases, there was no progression at the time of

data analysis.
3.5 Adverse events

The most common acute toxicities were nausea, fatigue,

headache, and hematologic toxicities, which were mainly grade 1

or 2 and occurred during the concomitant RT and TMZ periods.

Five patients experienced grade 3 toxicities, including neutropenia

(one patient, 1.3%), anemia (two patients, 2.5%), and

thrombocytopenia (two patients, 2.5%). None of the patients

experienced grade 4 toxicities. The most common late adverse

effects were cognitive disturbances, which occurred in four

patients (5.0%). Three patients (3.7%) developed radionecrosis.

Two patients (2.5%) presented with progressive headache and

dizziness 1 year after RT, and MRI showed increased

enhancement. The patients underwent reoperation. Postoperative

pathological examination revealed only necrotic tissue and no

tumor tissue. One patient (1.2%) was symptom-free, but MRI

showed increased enhancement 3 months after treatment.

However, there was a lack of evidence of progression upon MR

perfusion and MR spectroscopy; therefore, a diagnosis of clinical

radionecrosis was made. All the patients completed the planned RT

treatment. No treatment-related deaths occurred in this

study (Table 3).
4 Discussion

There are currently no definitive standards for the diagnosis and

treatment of patients with multifocal high-grade gliomas. The

current WHO classification of tumors of the central nervous

system does not differentiate between multifocal and unifocal

high-grade gliomas (2), although several studies on the

histopathology of multifocal high-grade gliomas have postulated

that distinct histopathological differences are observed (3–6).

Current guidelines do not address multifocal high-grade glioma

separately from the unifocal presentation of the disease (10). Since
TABLE 1 Demographic and baseline clinical characteristics of patients.

Characteristic Patients(No, %)

Sex male 26 (61.9%)

female 16 (38.1%)

Age(year) Median (range) 57 (23–77)

≤50 10 (23.8%)

>50 32 (76.2%)

Extent of surgery Partial resection 32 (76.2%)

Complete resection 10 (23.8%)

KPS scores 90–100 9 (21.4%)

80 20 (47.6%)

≤70 13 (31.0%)

TMZ cycles Median (range) 6 (0–12)

<6 15 (35.7%)

≥6 27 (64.3%)

Principal Symptoms Headache 15 (35.7%)

Seizures 10 (23.8%)

Motor Weakness 8 (19.0%)

Cognitive Decline 5 (11.9%)

Histological Diagnosis
with WHO Grade

Glioblastoma (WHO IV) 30 (71.4%)

Anaplastic Astrocytoma
(WHO III)

8 (19.0%)

Diffuse Midline Glioma
(WHO IV)

4 (9.5%)

Molecular Characteristics

IDH Mutation Status IDH-wildtype 38 (90.5%)

IDH-mutant 4 (9.5%)

MGMT Methylation Status

MGMT-methylated 18 (42.9%)

MGMT-unmethylated 24 (57.1%)

Radiotherapy Volumes Conformity Index 0.85 ± 0.05

Homogeneity Index 0.90 ± 0.03

Median Dose to
Hippocampus (Gy)

12.0 ± 1.5
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few investigator-initiated trials on RT treatment exist (19), it is not

surprising that there is very limited evidence for the

radiotherapeutic treatment of patients with multifocal glioblastoma.
Frontiers in Oncology 05
To better understanding of the multifocal form of high-grade

glioma, we examined a set of 42 unselected multifocal high-grade

glioma cases treated with conventionally fractionated, limited-field

RT with modern techniques including IMRT and VMAT with

concomitant chemotherapy. The focus of this case series was the

assessment of treatment outcomes in terms of progression-free

survival, and treatment-related adverse events. Our study

demonstrated the efficacy and safety of simultaneous integrated

boost intensity-modulated radiotherapy combined with

temozolomide for the postoperative treatment of multifocal high-

grade glioma. These findings highlight the potential benefits of our

treatment approach in our patient cohort. However, further

prospective studies are warranted to confirm these results and

determine the optimal treatment strategy for this challenging

disease (20–22).

Because of the aggressive treatment approach, progression-free

and overall survival in the present cohort were markedly superior to
TABLE 2 Patterns of recurrence.

Sites of recurrence Number of patients
(N = 31)

Within GTV 10

Within CTV1 3

Within CTV2 2

Outside the target volume 6

Multicentric recurrence 3

Unknown 7
FIGURE 1

Kaplan–Meier estimates. (A) Progression-free survival (PFS). (B) Overall survival (OS).
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other high-grade glioma cohorts with predominantly unifocal

tumors treated with RT and concomitant daily temozolomide,

with a median overall survival of up to 15.7 months (7, 8, 23). In

previous RT case series of multifocal high-grade glioma patients

treated with modern treatment techniques, the overall survival was

comparable to our case series, with reported median overall survival

times in the range between 8.2 months (6), 8.7 months (13), and

11.5 months (16).

Although our survival outcome seems to be superior to the

results reported by most other studies, it is difficult to compare our

results with those of these studies directly because the definitions of

target volumes and fractionation schedules employed in these

studies vary widely. In addition, other studies not only included

patients who had undergone surgical resection, but also those who

received only biopsy, whereas our study included only patients who

had undergone surgery. Finally, while other studies may only

include WHO grade 4 gliomas, our study included a small

number of grade 3 gliomas. Only a well-designed randomized

trial can confirm whether our regimen is comparable to or

superior to the standard treatment regimen.

One of the main reasons for the poor overall survival of

multifocal high-grade glioma patients could be the reduced

performance status of the patients, which was also evident in the

present cohort with a median KPS of 80 prior to the initiation of RT

and 80 at the end of RT. A KPS above the median prior to and at the

end of RT, respectively, showed a trend towards longer survival in

this series, even though statistical evaluations must be considered

with caution due to the small number of cases.

Histopathologically, it has been discussed that the higher

phenotypic aggressiveness of multifocal glioma itself might

explain the poorest survival of all glioma subtypes (6, 24). The

risk of refractory edema caused by large tumor infiltration and

large RT treatment volumes, with the prolonged need for

dexamethasone after the completion of RT, can also be
Frontiers in Oncology 06
discussed as a reason for poorer overall survival in patients with

multifocal tumors.

Interestingly, the three cases with grade 3 edema were cases with

PTV volumes below or within the range of the median; therefore,

the PTV volume by itself may not be the determining factor for the

occurrence of edema after radiotherapy.

Whole brain radiotherapy (WBRT), which is the standard of

care prior to the introduction of 3D conformal RT, had

considerably worse treatment outcomes, with reported median

overall survival times of only 3.7 months (13). However, a

recently reported monocentric case series of WBRT with

concomitant and adjuvant TMZ chemotherapy in patients with

newly diagnosed multifocal glioblastoma reported a median OS of

10 months. The reported toxicities of this WBRT series were

comparable to the limited field RT of this series, with three grade

3 toxicities and one grade 4 toxicity (17).

A recent large-scale study initiating a nomogram for survival

prediction in glioblastoma patients and a subsequent validation

study showed that a low KPS and lack of gross total resection, as

present in the current case series, are significantly correlated with

poorer overall survival. Notably, multifocality itself was not

included in this nomogram, possibly because of the rarity of this

condition (25, 26). In contrast, radiomics approaches, which are

increasingly used for prognostic assessment of glioblastoma

patients, used multifocality as one of the main imaging features

(27–29).

Large database studies have shown that concomitant systemic

treatment with temozolomide has a benefit specifically in patients

who cannot undergo surgical resection of the tumor, in both

unifocal and multifocal growth patterns (1, 15). Nevertheless,

further information about toxicities related to concomitant

temozolomide in patients with multifocal high-grade glioma

patients could not be determined in these studies, as it was not

documented in the databases. In our series, concomitant
TABLE 3 Adverse events.

Adverse events Grade 1 toxicities Grade 2 toxicities Grade 3 toxicities Grade 4 toxicities

hematologic toxicities

neutropenia 2 – 1 –

anemia 4 1 2 –

Thrombocytopenia 1 2 3 –

ALT and AST increase 3 2 – –

Fatigue 5 3 – –

Headache 2 1 – –

Alopecia 30 12 – –

Nausea 9 6 – –

Dermatitis 2 - – –

Dizziness 10 6 – –

Cognitive disturbance 2 2 – –
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chemotherapy with temozolomide was administered to 40 patients

with mostly acceptable toxicity, only five patients developed grade 3

hematologic toxicities.

In our unselected limited-field RT cohort, adverse events were

manageable despite the relatively larger irradiated brain volume.

Only three cases developed radionecrosis. Two patients presented

with progressive headache and dizziness 1 year after RT. Two

patients presented with new-onset seizures possibly related to

radiation treatment and increasing cerebral edema, which did not

appear to be related to the size of the PTV volume or above the

median values of V30, V45, and D2 of the brain.

Given the retrospective nature of our study and the inclusion of only

operated patients, our findings may have been subject to selection bias.

Specifically, the presence of WHO grade III tumors in our cohort, along

with non-randomized treatment allocation, may limit the generalizability

of our results. Although our treatment approach demonstrated

promising efficacy and safety profiles, these findings should be

interpreted with caution. Future prospective studies with larger and

more diverse patient populations are needed to validate our results and to

better understand the true impact of our treatment regimen.
5 Conclusion

In this case series, multifocal high-grade glioma was treated

safely and efficiently with simultaneous integrated boost intensity-

modulated radiotherapy with concomitant and adjuvant TMZ

chemotherapy, and the survival outcome was better than that in

other studies. Prospective studies are warranted to select the best

treatment regimen for patients with multifocal high-grade glioma to

improve the oncological outcomes.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

This was a retrospective analysis, and approval was obtained from

the institutional review board and Jiangsu Province Hospital ethics

committee. The studies were conducted in accordance with the local
Frontiers in Oncology 07
legislation and institutional requirements. Written informed consent

for participation was not required from the participants or the

participants’ legal guardians/next of kin in accordance with the

national legislation and institutional requirements.
Author contributions

NJ: Writing – original draft, Writing – review & editing,

Methodology, Software. L-PX: Writing – original draft, Writing –

review & editing, Conceptualization, Supervision. FL: Writing –

original draft, Writing – review & editing, Data curation, Formal

Analysis. P-PW: Resources, Software, Writing – original draft,

Writing – review & editing. YC: Data curation, Visualization,

Writing – original draft, Writing – review & editing.
Funding

The author(s) declare that no financial support was received for

the research and/or publication of this article.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Haque W, Thong Y, Verma V, Rostomily R, Brian Butler E, Teh BS. Patterns of
management and outcomes of unifocal versus multifocal glioblastoma. J Clin Neurosci.
(2020) 74:155–9. doi: 10.1016/j.jocn.2020.01.086

2. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D,
Cavenee WK, et al. The 2016 world health organization classification of tumors of
the central nervous system: a summary. Acta Neuropathol. (2016) 131:803–20.
doi: 10.1007/s00401-016-1545-1
3. Abou-El-Ardat K, Seifert M, Becker K, Eisenreich S, Lehmann M, Hackmann K,
et al. Comprehensive molecular characterization of multifocal glioblastoma proves
its monoclonal origin and reveals novel insights into clonal evolution and
heterogeneity of glioblastomas. Neuro Oncol. (2017) 19:546–57. doi: 10.1093/
neuonc/now231

4. Karlowee V, Amatya VJ, Hirano H, Takayasu T, Nosaka R, Kolakshyapati M, et al.
Multicentric glioma develops via a mutant IDH1-independent pathway:
frontiersin.org

https://doi.org/10.1016/j.jocn.2020.01.086
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1093/neuonc/now231
https://doi.org/10.1093/neuonc/now231
https://doi.org/10.3389/fonc.2025.1539362
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Jiang et al. 10.3389/fonc.2025.1539362
immunohistochemical study of multicentric glioma. Pathobiol: J Immunopathol Mol
Cell Biol. (2017) 84:99–107. doi: 10.1159/000447951

5. Liu Q, Liu Y, Li W, Wang X, Sawaya R, Lang FF, et al. Genetic, epigenetic, and
molecular landscapes of multifocal and multicentric glioblastoma. Acta Neuropathol.
(2015) 130:587–97.

6. Paulsson AK, Holmes JA, Peiffer AM, Miller LD, LiuW, Xu J, et al. Comparison of
clinical outcomes and genomic characteristics of single focus and multifocal
glioblastoma. J Neurooncol. (2014) 119:429–35.

7. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, et al.
Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N Engl J
Med. (2005) 352:987–96. doi: 10.1056/NEJMoa043330

8. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ, Janzer RC, 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) 10:459–66. doi: 10.1016/
S1470-2045(09)70025-7

9. Perry JR, Laperriere N, O’Callaghan CJ, Brandes AA, Menten J, Phillips C, et al.
Short-course radiation plus temozolomide in elderly patients with glioblastoma. N Engl
J Med. (2017) 376:1027–37. doi: 10.1056/NEJMoa1611977

10. Weller M, van den Bent M, Tonn JC, Stupp R, Preusser M, Cohen-Jonathan-
Moyal E, et al. European Association for Neuro-Oncology (EANO) guideline on the
diagnosis and treatment of adult astrocytic and oligodendroglial gliomas. Lancet Oncol.
(2017) 18:e315–29. doi: 10.1016/S1470-2045(17)30194-8

11. Sulman EP, Ismaila N, Armstrong TS, Tsien C, Batchelor TT, Cloughesy T, et al.
Radiation therapy for glioblastoma: American Society of Clinical Oncology Clinical Practice
guideline Endorsement of the American Society for Radiation Oncology Guideline. J Clin
Oncol: Off J Am Soc Clin Oncol. (2017) 35:361–9. doi: 10.1200/JCO.2016.70.7562

12. Niyazi M, Brada M, Chalmers AJ, Combs SE, Erridge SC, Fiorentino A, et al.
ESTRO-ACROP guideline “target delineation of glioblastomas. Radiother Oncol: J Eur
Soc Ther Radiol Oncol. (2016) 118:35–42. doi: 10.1016/j.radonc.2015.12.003

13. Showalter TN, Andrel J, Andrews DW, Curran WJ Jr, Daskalakis C,
WernerWasik M. Multifocal glioblastoma multiforme: prognostic factors and
patterns of progression. Int J Radiat Oncol Biol Phys. (2007) 69:820–4. doi: 10.1016/
j.ijrobp.2007.03.045

14. Thomas RP, Xu LW, Lober RM, Li G, Nagpal S. The incidence and signifcance of
multiple lesions in glioblastoma. J Neurooncol. (2013) 112:91–7.

15. Kole AJ, Park HS, Yeboa DN, Rutter CE, Corso CD, Aneja S, et al. Concurrent
chemoradiotherapy versus radiotherapy alone for “biopsy-only” glioblastoma
multiforme. Cancer. (2016) 122:2364–70. doi: 10.1002/cncr.v122.15

16. Syed M, Liermann J, Verma V, Bernhardt D, Bougatf N, Paul A, et al. Survival
and recurrence patterns of multifocal glioblastoma after radiation therapy. Cancer
Manag Res. (2018) 10:4229–35. doi: 10.2147/CMAR.S165956

17. Lahmi L, Idbaih A, Rivin Del Campo E, Hoang-Xuan K, Mokhtari K, Sanson M,
et al. Whole brain radiotherapy with concurrent temozolomide in multifocal and/or
Frontiers in Oncology 08
multicentric newly diagnosed glioblastoma. J Clin Neurosci. (2019) 68:39–44.
doi: 10.1016/j.jocn.2019.07.065

18. Wen PY, Macdonald DR, Reardon DA, Cloughesy TF, Sorensen AG, Galanis E,
et al. Updated response assessment criteria for high-grade gliomas: response assessment
in neuro-oncology working group. J Clin Oncol: Of J Am Soc Clin Oncol. (2010)
28:1963–72. doi: 10.1200/JCO.2009.26.3541

19. Cihoric N, Tsikkinis A, Minniti G, Lagerwaard FJ, Herrlinger U, Mathier E, et al.
Current status and perspectives of interventional clinical trials for glioblastoma—
analysis of ClinicalTrials. gov. Radiat Oncol. (2017) 12:1. doi: 10.1186/s13014-016-
0740-5

20. Wee CW, Kim KS, Kim CY, Han JH, Kim YJ, Kim IA. Feasibility of
hippocampus-sparing VMAT for newly diagnosed glioblastoma treated by
chemoradiation: pattern of failure analysis. Radiat Oncol. (2020) 15:98. doi: 10.1186/
s13014-020-01552-0

21. Kim KS, Wee CW, Seok JY, Hong JW, Chung JB, Eom KY, et al. Hippocampus-
sparing radiotherapy using volumetric modulated arc therapy (VMAT) to the primary
brain tumor: the result of dosimetric study and neurocognitive function assessment.
Radiat Oncol. (2018) 13:29. doi: 10.1186/s13014-018-0975-4

22. Briere TM, McAleer MF, Levy LB, Yang JN. Sparing of normal tissues with
volumetric arc radiation therapy for glioblastoma: single institution clinical experience.
Radiat Oncol. (2017) 12:79. doi: 10.1186/s13014-017-0810-3

23. Nachbichler SB, Schupp G, Ballhausen H, Niyazi M, Belka C. Temozolomide
during radiotherapy of glioblastoma multiforme: Daily administration improves
survival. Strahlenther Onkol. (2017) 193:890–6. doi: 10.1007/s00066-017-1110-4

24. Hassaneen W, Levine NB, Suki D, Salaskar AL, de Moura LA, McCutcheon IE,
et al. Multiple craniotomies in the management of multifocal and multicentric
glioblastoma. Clin article. J Neurosurg. (2011) 114:576–84. doi: 10.3171/
2010.6.JNS091326

25. Gittleman H, Lim D, Kattan MW, Chakravarti A, Gilbert MR, Lassman AB, et al.
An independently validated nomogram for individualized estimation of survival among
patients with newly diagnosed glioblastoma: NRG Oncology RTOG 0525 and 0825.
Neuro Oncol. (2017) 19:669–77.

26. Kim N, Chang JS, Wee CW, Kim IA, Chang JH, Lee HS, et al. Validation and
optimization of a web-based nomogram for predicting survival of patients with newly
diagnosed glioblastoma. Strahlenther Onkol. (2020) 196:58–69.

27. Mazurowski MA, Desjardins A, Malof JM. Imaging descriptors improve the
predictive power of survival models for glioblastoma patients. Neuro Oncol. (2013)
15:1389–94. doi: 10.1093/neuonc/nos335

28. Peeken JC, Hesse J, Haller B, Kessel KA, Nüsslin F, Combs SE. Semantic imaging
features predict disease progression and survival in glioblastoma multiforme patients.
Strahlenther Onkol. (2018) 194:580–90.

29. Kocher M, Ruge MI, Galldiks N, Lohmann P. Applications of radiomics and
machine learning for radiotherapy of Malignant brain tumors. Strahlenther Onkol.
(2020) 196:856–67.
frontiersin.org

https://doi.org/10.1159/000447951
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1056/NEJMoa1611977
https://doi.org/10.1016/S1470-2045(17)30194-8
https://doi.org/10.1200/JCO.2016.70.7562
https://doi.org/10.1016/j.radonc.2015.12.003
https://doi.org/10.1016/j.ijrobp.2007.03.045
https://doi.org/10.1016/j.ijrobp.2007.03.045
https://doi.org/10.1002/cncr.v122.15
https://doi.org/10.2147/CMAR.S165956
https://doi.org/10.1016/j.jocn.2019.07.065
https://doi.org/10.1200/JCO.2009.26.3541
https://doi.org/10.1186/s13014-016-0740-5
https://doi.org/10.1186/s13014-016-0740-5
https://doi.org/10.1186/s13014-020-01552-0
https://doi.org/10.1186/s13014-020-01552-0
https://doi.org/10.1186/s13014-018-0975-4
https://doi.org/10.1186/s13014-017-0810-3
https://doi.org/10.1007/s00066-017-1110-4
https://doi.org/10.3171/2010.6.JNS091326
https://doi.org/10.3171/2010.6.JNS091326
https://doi.org/10.1093/neuonc/nos335
https://doi.org/10.3389/fonc.2025.1539362
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Efficacy and safety of simultaneous integrated boost intensity-modulated radiotherapy combined with temozolomide for the postoperative chemotherapy treatment of multifocal high-grade glioma
	1 Introduction
	2 Methods
	2.1 Patients
	2.2 Magnetic resonance imaging and definition of multifocal gliomas
	2.3 Radiotherapy protocols
	2.4 Target volumes
	2.5 Statistical and survival analysis
	2.6 Follow-up

	3 Results
	3.1 Patients
	3.2 Efficacy
	3.3 Patterns of failure
	3.4 Treatment
	3.5 Adverse events

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


