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Background:  Diffuse midline gliomas (DMG) are characterized by a high incidence of A3 K27 mutations and poorer outcome. The
HERBY trial has provided one of the largest cohorts of pediatric DMGs with available radiologic, histologic-genotypic, and survival data.

Purpose: To define MRI and molecular characteristics of DMG.

Materials and Methods:  This study is a secondary analysis of a prospective trial (HERBY; ClinicalTrials.gov identifier, NCT01390948)
undertaken between October 2011 and February 2016. Among 121 HERBY participants, 50 had midline nonpontine-based
tumors. Midline high-grade gliomas were reclassified into DMG H3 K27 mutant, H3 wild type with enhancer of zest homologs
inhibitory protein overexpression, epidermal growth factor receptor mutant, or not otherwise stated. The epicenter of each tumor
and other radiologic characteristics were ascertained from MRI and correlated with the new subtype classification, histopathologic
characteristics, surgical extent, and outcome parameters. Kaplan-Meier curves and log-rank tests were applied to determine and
describe survival differences between groups.

Results:  There were 42 participants (mean age, 12 years = 4 [SD]; 23 girls) with radiologically evaluable thalamic-based DMG.
Eighteen had partial thalamic involvement (12 thalamopulvinar, six anteromedial), 10 involved a whole thalamus, nine had unitha-
lamic tumors with diffuse contiguous extension, and five had bithalamic tumors (two symmetric, three partial). Twenty-eight par-
ticipants had DMG H3 K27 mutant tumors; there were no differences in outcome compared with other DMGs (7 = 4). Participants
who underwent major debulking or total or near-total resection had longer overall survival (OS): 18.5 months vs 11.4 months (P =
.02). Enrolled participants who developed leptomeningeal metastatic dissemination before starting treatment had worse outcomes
(event-free survival, 2.9 months vs 8.0 months [P = .02]; OS, 11.4 months vs 18.5 months [P = .004]).

Conclusion: ~ Thalamic involvement of diffuse midline gliomas ranged from localized partial thalamic to holo- or bithalamic with dif-
fuse contiguous spread and had poor outcomes, irrespective of /3 K27 subtype alterations. Leptomeningeal dissemination and less
than 50% surgical resection were adverse risk factors for survival.

Clinical trial registration no. NCT01390948
© RSNA, 2022
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Pediatric high-grade gliomas (HGGs) are tumors associ-
ated with poor overall survival (1,2). Since the recogni-
tion of the new tumoral type of diffuse midline gliomas
(DMGs) H3 K27 mutant in the 2016 World Health Or-
ganization classification, four subtypes of DMG have been
defined: DMG H3.3 mutant, DMG H3.1 mutant, DMG
H3 wild type with enhancer of zest homologs inhibitory

protein (EZHIP) overexpression, and DMG epidermal
growth factor receptor (EGFR) mutant (3-5). The subtyp-
ing of A3 K27 mutants is justified by common biologic
characteristics based on associated mutations and tran-
scriptomic and methylation profiling (6). This has led to
a better understanding of the biologic characteristics and
treatment options for patients with these tumors, which
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Abbreviations

ADC = apparent diffusion coefficient, DMG = diffuse midline glioma,
EES = event-free survival, EGFR = epidermal growth factor receptor,
EOR = extent of resection, EZHIP = enhancer of zest homologs in-
hibitory protein, HGG = high-grade glioma, LMM = leptomeningeal
metastatic, OS = overall survival, T/NTR = total or near-total resection

Summary

Shorter survival was associated with leptomeningeal metastatic dissemi-
nation and lower surgical resection rates irrespective of tumor location
and mutational status in participants with thalamic high-grade gliomas
in the HERBY trial.

Key Results

= Sixty-nine percent of participants (29 of 42) with midline thalam-
ic high-grade gliomas in the HERBY trial had well-defined tumors
with minor or no perilesional edema.

= Tumor location, enhancement pattern, intratumoral diffusion
restriction (from MRI), and mutational status did not significantly
affect participant survival.

» Leptomeningeal metastatic dissemination, occurring in 42% of
participants (16 of 38), was associated with poorer outcomes
(event-free survival, 2.9 months vs 8.0 months [7 = .02]; overall
survival, 11.4 months vs 18.5 months [P = .004]).

present specific surgical challenges due to their deep anatomic
position and eloquent location (7-9). Gliomas symmetrically
involving the thalami (bithalamic gliomas) represent a sepa-
rate subclassification of pediatric midline tumors, molecularly
characterized by a high frequency of EGRF and/or other muta-
tions in the £GFR gene carrying a differentially poorer outcome
(3-5,10,11). In contrast, unilateral thalamic tumors lack EGFR
mutations and have a high frequency of H3 K27 mutations.

A recent study by Chiba et al (12) evaluated whether any
particular anatomic localization within the thalamus was associ-
ated with a worse outcome following surgery and correlated this
with mutation status and progression or dissemination rate. Ten
patients were included in the study, of whom three had low-
grade (World Health Organization grade I or II) tumors with no
recurrence following surgery and seven had high-grade tumors
and a mean overall survival (OS) of 28 months. The authors
concluded that there was a distinct biologic tumor profile espe-
cially pertaining to the pulvinar that affected prognosis.

The HERBY trial was a randomized, parallel group, multi-
center, open-label trial designed to evaluate the addition of beva-
cizumab to radiation therapy plus temozolomide in pediatric
participants with newly diagnosed HGG (13). The correlation of
the radiologic imaging with pathologic and molecular analyses
for the overall HERBY trial has been recently published (14-16).
In this study, we aimed to describe the MRI patterns in this large
cohort by using DMG subtypes with higher granularity regard-
ing their molecular characteristics, specifically identifying the
tumor epicenter where possible and correlating it with patho-
logic, molecular, and outcome data. Thus, the purpose of this
study was to define MRI and molecular characteristics of DMG.

Materials and Methods

This study is a secondary analysis of the prospective HERBY
trial (ClinicalTrials.gov identifier, NCT01390948), which was

approved by the applicable independent ethics committees and
institutional review boards and conducted in accordance with
applicable regulations (International Council for Harmonization
of Technical Requirements for Pharmaceuticals for Human Use
Good Clinical Practice guidelines and the ethical principles out-
lined in the Declaration of Helsinki). Written informed consent
was obtained from the patient or the parents or legally acceptable
representatives before enrollment. Consent was obtained before
collection of tissue for the exploratory biomarker analyses. Study
accrual occurred between October 2011 and February 2016.

A radiologic analysis of the overall HERBY cohort (7 = 121)
has been published (14). Our study presents a more detailed tu-
mor location analysis for midline HGGs and uses an updated
molecular classification. A total of 50 participants were identi-
fied who had HGG in a nonpontine midline location, of which
45 had a thalamic or perithalamic epicenter. Three children pre-
senting with a cerebellar tumor (one of whom had an H3 K27
mutation), one child with a midbrain tegmental tumor, and one
child with an anterior third ventricular tumor were excluded.
Following post hoc analysis, the tumors of three participants
were determined to be low-grade tumors, leaving 42 participants
with DMG in the study cohort (Fig 1).

Location

MRI data for the HERBY trial were acquired in accordance with
a standardized protocol, which can be accessed in the supplemen-
tary materials section of the article by Jaspan et al (17). Preopera-
tive imaging was available in 40 of 42 participants (in two partici-
pants, the anatomic location of the tumor site was obtained from
study documentation and derived from the postoperative imaging
examination). The neuroradiologic assessment was performed by
two pediatric neuroradiologists (T.J. and R.A.D., with 34 and 16
years of experience, respectively) in consensus and blinded to out-
come. The epicenter of the tumor was determined from an axial
T2-weighted or T2-weighted fluid-attenuated inversion-recovery
image that best demonstrated the tumor; these two sequences
were used because they were universally available for analysis and
additional sequences did not provide further useful information
to determine site location. Consensus was reached in cases where
there was disagreement regarding the tumor epicenter. A precise
tumor origin determined with the anatomic localization method
described in the study by Chiba et al (12) could not be used be-
cause the majority of tumors in the HERBY cohort were large at
presentation or could not be categorized into the three groups pro-
posed in their study. Thus, the anatomic epicenter for this study
was categorized as (2) thalamopulvinar (including thalamopul-
vinar with capsular extension), (4) anteromedial (medial and/or
anterior thalamus), (¢) unilateral whole thalamus, () whole thala-
mus with diffuse contiguous spread, or (e) bithalamic (including
both symmetric and asymmetric tumors) (Fig 1).

Other MRI Features

Details of the MRI analysis methods used for the HERBY trial
have been previously described by Rodriguez Gutierrez et al
(14). MRI feature characterizations were made with the radiolo-
gists blinded to outcome and were recorded as () tumor margin
(well-defined or ill-defined); (4) extent of surrounding edema
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Figure 1: Flowchart shows inifial patient cohort of the HERBY trial, exclusion criteria, and final participants with midline thalamic high-grade gliomas (HGGs).

(none, minor, moderate, or severe); (¢) degree of enhancement
(none, minor, moderate, or strong, which was amalgamated into
two groups for survival analysis: none or minor and moderate
or strong); (d) presence or absence of radiologic necrosis (deter-
mined as enhancing lesions containing internal irregular areas of
low signal intensity, usually having fluid-like characteristics); (e)
diffusion status (assessed qualitatively as abnormally low appar-
ent diffusion coefficient [ADC] values from diffusion-weighted
imaging: restricted diffusion, abnormally high ADC values
[ie, increased diffusion], or isointense compared with normal-
appearing white matter, as well as quantitatively); and (f) presence
or absence of leptomeningeal metastatic (LMM) dissemina-
tion (identified on two-dimensional T1-weighted and/or three-
dimensional T1-weighted contrast-enhanced images).

In addition to these MRI features, the following data were
also recorded from the study repository: surgical procedure un-
dertaken; extent of resection (EOR) (total or near-total resection
[T/NTR] or major debulking vs minor debulking or biopsy);
histologic findings; treatment stratification (radiation therapy
and temozolomide or radiation therapy and temozolomide plus
bevacizumab); pseudoprogression and pseudoresponse (defined
as an increase of contrast enhancement and/or edema at MRI
without true tumor progression or a decrease in contrast en-
hancement without a decrease of tumor activity, respectively);
clinical status at the end of the study; event-free survival (EES);
and OS. EFS and OS criteria for the HERBY trial have previ-
ously been described by Grill et al (13).

Molecular Analysis

Previous analysis of the HERBY cohort used the World Health
Organization 2007 classification that was updated in 2016. This
study used the latest IMPACT-NOW (Consortium to Inform
Molecular and Practical Approaches to Central Nervous System
Tumor Taxonomy) guidelines (18) and recently published data
to differentiate four subtypes of thalamic DMGs (3-5): DMG
H3 K27 mutant (determined with use of sequencing and/or im-
munostaining); DMG H3 (wild type) with EZHIP overexpres-
sion (determined with sequencing and EZHIP immunostain-
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ing); DMG EGFR mutant (determined with sequencing and
immunostaining), or DMG not otherwise stated (loss of H3
K27 me3 trimethylation but no sequencing, methylation class,
or other available immunostainings). Not enough material was

available for one midline HGG subtyping.

Statistical Analysis

The Fisher exact test was used to test relationships between cat-
egorical variables (with use of the Freeman-Halton extension for
variables with more than two categories): location, margin defini-
tion, enhancement, radiologic necrosis, diffusion restriction, ex-
tent of resection, and LMM dissemination. Kruskal-Wallis tests
were used for continuous variables (ADC values). Kaplan-Meier
curves were used to describe EFS and OS over time, and log-
rank tests were applied to determine survival differences between
groups according to location, EOR, and the presence of H3 K27
mutation. P < .05 was considered indicative of statistically sig-
nificant difference, adjusted with use of Bonferroni correction (by
multiplying the observed P value by the number of comparisons
made) in cases of multiple comparison. All data analysis was con-
ducted using SPSS Statistics for Windows, version 25 (IBM).

Results

Patient Characteristics

Forty-two participants were included, with a mean age of 12
years = 4 (SD) and a male-to-female ratio of 19 to 23. An over-
view of the DMG cohort of the HERBY trial is provided in the
Table. A comprehensive list for each participant is included in

Table E1 (online).

Location Detail

Figure 2 displays examples of the five different anatomic locations
defined as having a thalamic epicenter based on T2-weighted im-
aging. Figure 3 shows the frequencies according to the five defined
thalamic anatomic locations; further details about the classifica-
tion and consensus can be found in Table E1 and Figures E1-E4
(online).
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Characteristics

Amalgamated Thalamic Location Groups and Their Demographic, Treatment, Radiologic, Pathologic, and Genomic Mutation

Thalamopulvinar ~ Anteromedial Whole Thalamus ~ Unithalamic with Bithalamic

Characteristic (n=12) (n=06) (n=10) Diffuse Spread (n=9) (n=15)
Age (y)* 13 (9-17) 12 (7-15) 11 (6-18) 11 (4-17) 9 (5-16)
Sex

F 8 2 6 4 3

M 4 4 4 5 2
EFS (mo)® 4.1 (0.0-21.5) 8.4 (2.3-14.8) 5.5 (0.0-19.8) 6.4 (0.6-11.1) 10.0 (2.6-11.1)
OS (mo)" 11.0 (0.1-24.4) 15.1 (10.6-30.5) 14.4 (0.3-20.8) 8.6 (0.6-17.4) 12.6 (7.9-16.6)
Tumor margin

Well-defined 11 5 9 1 3

Ill-defined 1 1 1 8 2
Peritumoral edema

None 9 5 9 6 2

Minor 2 1 0 2 3

Moderate 1 0 0 0 0

Severe 0 0 0 0 0

NA 0 0 1 1 0
Enhancement

None 0 2 1 3 2

Minor 2 2 4 2 0

Moderate 2 0 1 0 0

Strong 8 1 4 4 3

NA 0 1 0 0 0
Radiologic necrosis

Present 11 1 8 4 3

Absent 0 4 2 5 2

NA 1 1 0 0 0
Diffusion

Increased 2 5 2 4 3

Restricted 5 0 7 3 2

NA 5 1 1 2 0
Surgical resection

Total or NTR 6 1 4 0 0

Major debulking 4 0 1 0 1

Minor debulking 1 2 3 2 0

Biopsy 1 3 2 7 4
Treatment arm

RT + TMZ 5 3 5 5 2

Bev 6 3 5 4 2

NA 1 0 0 0 1
LMM dissemination

Yes 6 2 2 4 2

No 5 4 8 3 2

NA 1 0 0 2 1
Pseudoprogression

Yes 0 0 1 0 0

No 11 6 8 7 4

NA 1 0 1 2 1
WHO grade

Grade III 0 5 4 5 2

Grade IV 12 1 6 4 3
Molecular alterations

DMG, H3 K27 m 10 5 8 4 1

(Table continues)

radiology.rsna.org = Radiology: Volume 000: Number O—Month 2022




Rodriguez et al

(continued) Amalgamated Thalamic Location Groups and Their Demographic, Treatment, Radiologic, Pathologic, and Genomic
Mutation Characteristics

Thalamopulvinar ~ Anteromedial Whole Thalamus ~ Unithalamic with Bithalamic
Characteristic (n=12) (n=06) (n=10) Diffuse Spread (z=9) (n=5)
DMG, wild type EZHIPoe 0 0 0 2 0
DMG, EGFRm 0 0 0 1 1
DMG NOS 2 0 2 2 3
NA 0 1 0 0 0

Note.—Unless otherwise specified, data are numbers of participants. Bev = radiation therapy plus temozolomide plus bevacizumab,
DMG = diffuse midline glioma, EFS = event-free survival, EGFR = epidermal growth factor receptor, EZHIP = enhancer of zest homologs
inhibitory protein, LMM = leptomeningeal metastatic, m = mutant, NA = not available, NOS = not otherwise stated, NTR = near-

total resection, oe = overexpression, OS = overall survival, RT + TMZ = radiation therapy plus temozolomide, WHO = World Health
Organization.

* Data are means, with ranges in parentheses.
T Data are medians, with ranges in parentheses.

Figure 2: Classification of thalamic-based gliomas with exemplar imaging of the five anatomic locations. Axial T2-weighted images at the level
of the tumor isocenter show (A) thalamopulvinar tumor in a 14-year-old girl, (B) anteromedial tumor in a 10-year-old boy, (€) whole-thalamus

tumor in a 12-year-old boy, (D) unithalamic tumor with diffuse contiguous spread info the adjacent capsular and anterior striatal region in a 15-year-
old girl, and (E) bithalamic tumor in a 17-year-old girl, with involvement of the posterior putamen and insular cortex on the left.

Tumor Margin Definition and Peritumoral Edema unithalamic tumors with diffuse contiguous spread (eight of
Most midline tumors (29 of 42, 69%) were radiologically well- nine) and bithalamic tumors (two of five) (P < .001).

defined. Tumor margin definition was different across thalamic Perilesional edema was absent or minor in 98% of partici-
location, with ill-defined tumors (z = 13) occurring mostly in pants (39 of 40), with moderate edema in one participant. In

Radiology: Volume 000: Number O—Month 2022 = radiology.rsna.org 5
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Thalamic Location

Figure 3:
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Thalamic Location

Left: Pie chart shows percentages for each anatomic location of the thalamic diffuse midline gliomas (DMGs) in the HERBY cohort (n = 42): unilateral thal-

amopulvinar, including capsular extension (TP); anteromedial and medial thalamus (AM); unilateral whole thalamus, with no spread (UWT); thalamic, with diffuse adjacent

spread (WD); and bithalamic (BT). Right: Bar graph shows molecular alterations across the same locations (n = 41; one sample had insufficient material for analysis).
cIMPACT-NOW = Consorfium to Inform Molecular and Practical Approaches to Central Nervous System Tumor Taxonomy, EGFRm = epidermal growth factor receptor
mutant, H3K27m = H3 K27 mutant, NOS = not otherwise stated, WT-EZHIP = wild-type enhancer of zest homologs inhibitory protein.

the two participants in whom preoperative imaging was not
available, postoperative scans showed no edema around the
margins of the resected tumor.

Tumor Enhancement Pattern and Radiologic Necrosis

While thalamopulvinar tumors showed the greatest proportion of
moderate or strong enhancement (10 of 12), with a more var-
ied and heterogeneous pattern of enhancement in the other four
groups, we found no evidence that tumor enhancement patterns
differed across thalamic location (P = .20).

Intratumoral necrosis (as defined at MRI) was seen in 27
participants, absent in 13, and could not be determined in two.
The incidence of intratumoral necrosis differed across thalamic
locations (P = .008). Intratumoral necrosis was observed in all thal-
amopulvinar tumors (7 = 11) and in one of five anteromedial tu-
mors, eight of 10 whole thalamic tumors, four of nine unithalamic
tumors with diffuse spread, and three of five bithalamic tumors.

Diffusion Characteristics

Although we found no evidence of group differences in regard
to areas of restricted diffusion across thalamic location (P = .05),
most tumors showing diffusion restriction were in the whole
thalamus (seven of nine), thalamopulvinar (five of seven), and
thalamic tumors with diffuse contiguous spread (four of seven)
groups. A quantitative analysis of minimum ADC values showed
a similar pattern of lower ADC values in the same groups

(P =.34) (Fig E1 [online]).

Surgical Resection

The extent of surgical resection differed across thalamic location,
being greatest (either major debulking or T/NTR) in the thal-
amopulvinar group (10 of 12 tumors), intermediate in the whole
thalamic group (six of 10 tumors), and least in the bithalamic
(one of five tumors) and unithalamic with diffuse contiguous
spread (zero of nine tumors) groups, where 11 of the 14 had
biopsies only (2 < .001).

LMM Dissemination

LMM disease, developing after study entry but before com-
mencement of treatment, was present in 16 of 38 of the evalu-
able participants (42%). Four participants died soon after
study entry and therefore could not be evaluated regarding
LMM status. The location of the LMM dissemination was in-
fratentorial in three participants (two of them with no spinal
imaging), infra- and supratentorial in four participants (three
of them with no spinal imaging), only spinal in five partici-
pants, and spinal and intracranial in four participants. There
was no evidence that LMM dissemination differed across tha-
lamic locations (P = .46).

Pseudoprogression or Pseudoresponse

Only one participant, who had a unilateral whole thalamic
tumor, manifested imaging evidence of pseudoprogression.
Pseudoresponse was not identified in the study cohort.

Histologic and Molecular Findings

Molecular studies were available for all participants with
DMG except one (not enough material to determine the
loss of H3 K27 trimethylation). In the nine participants with
DMG not otherwise stated, tumors were classified as DMG
based on the loss of H3 K27 me3 trimethylation, but it was
not possible to differentiate between the three different sub-
types. The remaining tumors were DMG H3 K27 mutant
(n = 28); DMG H3 wild type with EZHIP overexpression
(n = 2); and DMG EGFR mutant (z = 2).

Across location groups, DMGs were classified as the
DMG H3 K27 mutant subtype in 10 of 12 thalamopulvi-
nar, five of six anteromedial, eight of 10 unithalamic whole
thalamus, four of nine thalamic with contiguous spread, and
one of five of bithalamic tumors. There was no evidence that
the frequency of A3 K27 mutation differed across thalamic
location (P = .05).

radiology.rsna.org = Radiology: Volume 000: Number O—Month 2022
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Survival curves show event-free survival (EFS) and overall survival (OS) of participants with thalamic diffuse midline glioma in the HERBY trial (n = 42). The

anatomic locations are unilateral thalamopulvinar, including capsular extension (TP); anteromedial and medial thalamus (AM); unilateral whole thalamus, with no spread
(UWT); thalamic, with diffuse adjacent spread (WD); and bithalamic (BT). There were no significant differences in survival between these groups (median EFS = 4.1, 8.4,
5.5,6.4, and 10.0 months, respectively [log-rank P=.97], and median OS=11.0, 15.1, 14.4, 8.6, and 12.6 months [P=.62]).

Outcome Parameters

We found no evidence of differences in survival across the loca-
tion groups (log-rank P = .97 for EFS and P = .62 for OS). See
Figure 4 for the survival curves.

Tumor enhancement patterns showed no influence on out-
come between the 23 participants (one had no preoperative
MRI examination for evaluation) with tumors showing moder-
ate or strong enhancement (median EFS, 5.5 months; median
OS, 14.4 months) compared with the 18 participants with mild
or no enhancement (median EFS, 7.8 months; median OS, 11.5
months) (log-rank P = .59 for EFS and P = .27 for OS).

We found no difference in OS between participants with
tumors exhibiting areas of restricted diffusion (median EFS,
5.4 months; median OS, 11.1 months) and those with tumors
showing homogeneously increased diffusion (median EFS, 8.4
months; median OS, 15.5 months) (log-rank 2 = .07 for EFS
and P = .09 for OS).

We found no differences in EFS regarding the extent of sur-
gical resection: biopsy, minor debulking, major debulking, and
T/NTR had a median EES of 7.7, 5.3, 5.4, and 7.9 months,
respectively (log-rank P = .14), but there were differences in
median OS (11.3, 10.6, 17.7, and 18.5 months, respectively;
log-rank P = .01) (Fig E2 [online]). Participants with more
than 50% resection (major debulking or T/NTR) had longer
OS (18.5 months vs 11.4 months; log rank P = .02) (Fig E3
[online]).

Participants with DMG H3 K27 mutant (z = 28) had a
median EFS of 5.5 months and a median OS of 16.4 months.
The two participants with DMG H3 wild type with EZHIP

overexpression had a mean EFS of 5.5 months and a mean
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OS of 14.4 months. The two participants with DMG EGFR
mutant had a mean EFS of 8.6 months and a mean OS of 10.6
months. We found no difference in survival outcomes between
participants with thalamopulvinar DMG A3 K27 mutant (7 =
10) and DMG H3 K27 mutant from other locations (7 = 18)
(median EFS, 2.7 months vs 8.0 months [log-rank P = .86]
and median OS, 14.8 months vs 8.2 months [log-rank P =
.61]) (Fig E4 [online]).

Participants who developed LMM dissemination had a
worse median EFS (2.9 months) and OS (11.4 months) than
those who did not (median EFS, 8.0 months; median OS, 18.5
months [log-rank P = .02 for EFS and P = .004 for OS]). The
poorer outcome in these participants was independent of the
volume or the disseminated tumor. In seven participants, LMM
dissemination was identified within 3 months of participant en-
rollment in the study.

Discussion

Following the 2016 World Health Organization reclassification
of pediatric midline high-grade glioma (HGG), we performed a
post hoc analysis of a large cohort of participants with midline
tumors extracted from the HERBY trial data to provide a risk
stratification of these tumors, focusing on localization, imaging
characterization, and correlation with molecular findings. Five
anatomic subtypes of thalamic-centric HGG are described; 28
participants had tumors confined to the thalamus, with partial
involvement in 18 (anteromedial, 7 = 6; thalamopulvinar, 7 =
12) and involvement of the whole thalamus in 10. Fourteen par-
ticipants had diffuse contiguous tumor spread associated with a
unithalamic tumor (7 = 9) or bithalamic tumor (7 = 5). Factors
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that carried significantly adverse survival risk were (2) subtotal
or minimal tumor resection or biopsy (overall survival [OS],
18.5 months vs 11.4 months [ = .02]) and leptomeningeal
metastatic dissemination after study entry (event-free survival,
2.9 months vs 8.0 months [P = .02]; OS, 11.4 months vs 18.5
months [P = .004]).

A recent study by Chiba et al (12) radiologically classified tha-
lamic gliomas based on 10 patients and suggested a risk stratifica-
tion; however, only seven were HGGs, and genotyping was in-
complete. A new classification of DMGs derived from the larger
cohort of the HERBY trial shows different patterns of thalamic
involvement with distinct radiologic features and EOR. The re-
sults from HERBY can be compared with those from a recent
retrospective histopathologic review of pediatric patients with
nonpontine DMGs from the German HIT-HGG registry (19),
coupled with identification of the 43 mutational status. Among
85 children aged 3—18 years, 32 had a thalamic tumor, with 24
of those tumors harboring an 43 K27 mutation and eight /3
wild-type tumors. No survival benefit was conferred by anatomic
location, and—unlike in HERBY—there was no survival benefit
according to EOR. In their study, patients with H3 K27M tu-
mors did have a shorter survival than those with other non—H3
K27M DMGs, but non—H3 K27M DMG numbers in HERBY
were too few to compare. In contrast to the study by Chiba et al,
HERBY participants with thalamopulvinar tumors with A3 K27
mutations did not appear to have different survival outcomes
compared with participants with other thalamic DMGs.

Most midline tumors in the HERBY cohort were large at
outset, involving most or all of the thalamus, which made de-
termining tumor origin within the thalamus impossible. Conse-
quently, a new anatomic classification was used, also accounting
for bilateral thalamic tumors and tumors involving a whole thal-
amus with diffuse contiguous spread. The reason for the lower
incidence of partial thalamic tumors in our study is uncertain;
all patients in the Chiba cohort underwent tumor resection and
were analyzed retrospectively; this may have led to selection bias
toward more resectable tumors. Our study includes a higher pro-
portion of holothalamic or bithalamic tumors, likely reflecting a
truer representation of all thalamic HGGs at presentation.

‘The majority (69%, 29 of 42) of the HERBY DMGs were
radiologically well-defined, with little or no peritumoral edema
(98%, 39 of 40) (unlike their cerebral counterparts); were mostly
H3 K27 mutant subtype (67%, 28 of 42); and presented vari-
able patterns of enhancement and diffusion (51%; diffusion-
weighted imaging in the 18 of 35 of participants for whom it
was available showed intratumoral diffusion restriction), high
incidences of (radiologically defined) necrosis (68%, 27 of 40),
and LMM dissemination (42%, 16 of 38). Across the five tha-
lamic locations, there were differences in margin definition, in-
cidence of necrosis, and EOR. Whereas there was no evidence
of a difference in EFS according to EOR, there was a difference
in OS (participants who underwent major debulking or T/NTR
survived longer). There were no differences in survival according
to location, tumor enhancement, or diffusion restriction. LMM
dissemination resulted in poorer survival outcome.

The role of tumor resection for midline pediatric HGG
remains uncertain (20,21), with limited scope for maximal

resection of thalamic tumors (22). In a recently published sin-
gle-center retrospective analysis (49 children <18 years of age
with a thalamic tumor presenting between 1992 and 2018; 50%
nonpilocytic infiltrative gliomas and 28% tumors with A3 K27
mutations) (23), EOR, ascertained on the basis of MRI, was
stratified between major debulking (>50% tumor resection) in
16 of 25 patients (>>90% resection in eight, 50%—-90% resection
in eight) and biopsy in the remaining nine patients. The authors
found a survival benefit for patients undergoing major debulk-
ing. The results from the HERBY cohort also found a longer
OS for the participants who underwent major debulking, but
no differences in EFS.

In the HERBY trial, only five participants had bithalamic tu-
mors. Two showed symmetric thalamic involvement; three had a
unilateral thalamic tumor with partial involvement of the contra-
lateral thalamus, with one exhibiting EGFR amplification. The
only other DMG showing EGFR amplification was unithalamic
with diffuse contiguous tumor extension.

There are several limitations to our study. The trial was not de-
signed to address the present post hoc analysis; the small number
of DMGs precluded multivariable survival analysis, so it is un-
known whether the reported findings are independent risk fac-
tors. Similarly, the results of the univariable analyses performed
can only be considered indicative, as some are clearly underpow-
ered with small patient numbers in each location group. Third,
advanced imaging techniques (perfusion-weighted imaging, MR
spectroscopy) were only used for a minority of participants and/
or were only intermittently undertaken, limiting the possibility
of assessing the value of advanced imaging in these tumors. Last,
although a consensus was reached for each image, the determi-
nation of the tumor location within the thalamus was associated
with relatively high uncertainty.

The findings in this study have potentially importance for
surgical and radiotherapeutic management of thalamic-based
diffuse midline gliomas. Further research is required to assess
whether adapting radiation therapy fields to patients with these
tumors should be adopted more widely in view of their poor
prognostic outcome. The results from the HERBY trial have
recently been incorporated into the Response Assessment of
Pediatric Neuro-Oncology, or RAPNO, guidelines for pediatric
high-grade glioma (22). Adopting the principles and protocols
addressed in these guidelines may help with the design and util-
ity of future pediatric tumor studies.
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