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Abstract

Background: Advances in molecular diagnostics accomplished the discovery of two malignant glioma entities har-
boring alterations in the H3 histone: diffuse midline glioma, H3 K27-altered and diffuse hemispheric glioma, H3 G34-
mutant. Radiogenomics research, which aims to correlate tumor imaging features with genotypes, has not compre-
hensively examined histone-altered gliomas (HAG). The aim of this research was to synthesize the current published

data on imaging features associated with HAG.

irrespective of enhancement characteristics.

Methods: A systematic search was performed in March 2022 using PubMed and the Cochrane Library, identifying
studies on the imaging features associated with H3 K27-altered and/or H3 G34-mutant gliomas.

Results: Forty-seven studies fulfilled the inclusion criteria, the majority on H3 K27-altered gliomas. Just under half
(21/47) were case reports or short series, the remainder being diagnostic accuracy studies. Despite heterogeneous
methodology, some themes emerged. In particular, enhancement of H3 K27M-altered gliomas is variable and can

be less than expected given their highly malignant behavior. Low apparent diffusion coefficient values have been
suggested as a biomarker of H3 K27-alteration, but high values do not exclude this genotype. Promising correlations
between high relative cerebral blood volume values and H3 K27-alteration require further validation. Limited data on
H3 G34-mutant gliomas suggest some morphologic overlap with 1p/19g-codeleted oligodendrogliomas.

Conclusions: The existing data are limited, especially for H3 G34-mutant gliomas and artificial intelligence tech-
nigues. Current evidence indicates that imaging-based predictions of HAG are insufficient to replace histological
assessment. In particular, H3 K27-altered gliomas should be considered when occurring in typical midline locations

Keywords: Magnetic resonance imaging, Radiogenomics, H3 K27M-altered glioma, H3 G34-mutant glioma

Introduction

Advances in molecular diagnostic methods have
improved the distinction of brain tumors based on char-
acteristic genetic abnormalities, which has been reflected
in the 2016 update to the World Health Organization

*Correspondence: arian.lasocki@petermac.org

! Department of Cancer Imaging, Peter MacCallum Cancer Centre, Grattan St,
Melbourne, Victoria 3000, Australia
Full list of author information is available at the end of the article

B BMC

(WHO) Classification of Tumors of the Central Nerv-
ous System (forthwith referred to as WHO 2016) and the
more recent 2021 WHO Classification (forthwith WHO
2021). WHO 2016 introduced the entity diffuse midline
glioma, H3 K27M-mutant, which typically occurs in chil-
dren and young adults, in characteristic midline loca-
tions (in particular, thalamus, brainstem and spinal cord)
[1]. A midline location is critical for the diagnosis of this
neoplasm, and hence the diagnosis cannot be applied to
tumors which demonstrate an H3 K27M mutation but
occur elsewhere in the brain [2]. Subsequently, gliomas
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with a similar demographic distribution characterized by
an H3 G34 mutation have been identified, however these
typically arise in the cerebral hemispheres, not in the
midline [3, 4]. Growing understanding of these tumors
has led to a diagnostic refinement in WHO 2021 [4], in
which the two groups are now diffuse midline glioma,
H3 K27-altered and diffuse hemispheric glioma, H3 G34-
mutant, respectively. Both are classed WHO grade 4
pediatric-type diffuse high-grade gliomas [4].

In parallel with our growing understanding of the
molecular mechanisms underlying gliomagenesis,
research has correlated imaging features, in particular
MRI, with key genetic alterations, known as “radiog-
enomics” or “imaging genomics” Given their much
higher incidence, the majority of this research has exam-
ined adult gliomas, predominantly targeting two key
genetic markers, IDH mutations and 1p/19q-codeletion
(combined loss of the short arm of chromosome 1 and
the long arm of chromosome 19) [1, 5], which are absent
in histone-altered gliomas (HAG). Earlier radiogenomics
research has utilized conventional imaging assessment
(“conventional radiogenomics”), while more recent work
has investigated augmentation with artificial intelligence
(AI) techniques (“Al radiogenomics”), including radiom-
ics [6] and deep learning.

Radiogenomics arguably has greater potential value in
HAG than in adult-type gliomas. This is particularly the
case for the H3 K27-altered group, given that their mid-
line location increases the morbidity risk associated with
obtaining a definitive tissue diagnosis. Because of their
rarity and recent discovery, large radiogenomics stud-
ies exploring features of HAG are currently limited, and
much of the existing literature consists of case reports
and short series. The lower incidence of HAG also makes
research into Al-augmented diagnostic methods particu-
larly challenging. The purpose of this systematic review
was to summarize the existing imaging literature on
HAG, with a view to identifying diagnostic trends and
targets for future research.

Materials and methods

This research was performed based on the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA-DTA) criteria for diagnostic accu-
racy studies [7]. Acknowledging the limited number
of larger series published at this time, case reports and
short case series were also examined, but exempt from
PRISMA-DTA.

Data sources
A systematic search was performed in March 2022
using PubMed and the Cochrane Library, identifying all
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relevant papers published at the time of the search. The
following search key words were used: (brain tumor OR
brain tumour OR glioma OR midline glioma OR diffuse
midline glioma OR pontine glioma OR DIPG OR brain
neoplasm OR brain cancer OR glioblastoma) AND (mag-
netic resonance imaging OR imaging) AND (histone OR
histone-mutant OR mutant OR mutation OR gene OR
H3 OR G34 OR K27M OR H3 OR H3.1 OR H3.3 OR
K27M OR H3 G34). The search was deliberately broad,
rather than explicitly searching for particular techniques,
in order to avoid biasing some techniques over others.

Study selection

The abstracts of all articles retrieved in the initial search
were screened independently by two reviewers (board-
certified radiologists with research experience in neuro-
oncology). All selected full text manuscripts were
reviewed independently by the same two reviewers. The
exclusion criteria were: no imaging interpretation; ani-
mal or laboratory measurements only; study confined to
technical comparison between different MRI acquisition
technique(s); studies restricted to predicting WHO his-
tological grade or light microscopic features by imaging;
or no English full-text. The major inclusion criterion was:
contains a description of imaging features associated with
diagnosis and/or prognosis of one or more histone-altered
glioma subtypes as defined in WHO 2016 or WHO 2021
(based on the search terms described above). References
for all studies fulfilling the above criteria were checked,
and if additional publications potentially met the criteria,
these were also assessed against the exclusion and inclu-
sion criteria as outlined above. Case reports with or with-
out literature review were included, provided that imaging
findings were described. In cases of disagreement, each
full text article was reviewed by a third (senior) reviewer
and the discrepancy was resolved by consensus.

Data analysis

The results of the included studies were documented
with the use of a data extraction form to derive the study
methods, study population, glioma mutation(s) identi-
fied, imaging findings, correlations and statistical results.
Greater detail regarding the data extraction table is pre-
sented in Table 1. Each of the reviewers independently
performed the full-text screening followed by the data
extraction with two reviewers analyzing each publication.
Discrepancies were resolved in consensus with a third
(senior) reviewer.

Study quality assessment
The study quality was examined using the Quality Assess-
ment of Diagnostic Accuracy Studies (QUADAS-2)
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instrument [55]. We evaluated concerns regarding appli-
cability in three domains (patient selection, index test
and reference standard) and the risk of bias in four dif-
ferent domains (patient selection, index test, reference
test and timing). Each study was independently assessed
for quality and potential bias by two reviewers. Disagree-
ments were resolved by consensus with a senior reviewer.
QUADAS-2 assessment was conducted on all original
research, but is not applicable to case reports.

Statistical analysis

Descriptive data are presented in form of a narrative syn-
thesis, because of the heterogeneity of reported imag-
ing features, assessment methods and lack of consistent
quantification.

Data synthesis

A total of 47 papers was identified after exclusions [8—54]
(Fig. 1). Just under half (21/47) of the included papers
were case reports or short series (up to three cases). The
majority of the publications (39/47) described only H3
K27-altered gliomas (typically reported as H3 K27M-
mutant, reflecting the recency of the change in nomen-
clature), two described both H3 K27-altered and H3
G34-mutant gliomas, and six reports included only H3

Page 19 of 26

G34-mutant gliomas (in one of these studies, K27-altered
were included as a comparator, but were not the focus of
the research [44]). The case reports generally described
‘novel’ features, for example previously undescribed
tumor locations, clinical behavior, patient demographics
or pathological features. Tumors varied between publi-
cations in terms of their histological grade. Despite the
mostly high-grade nature of HAG, several tumors with
grade 2 histology were described [9, 12, 24], highlighting
that the lack of high grade histological features does not
negate the need for appropriate molecular testing if the
tumor occurs in a typical location [17] or demographic.

Studies assessing larger numbers of patients varied
greatly in their method design. Patient demographics
were heterogeneous, with studies variably assessing pedi-
atric and/or adult patients. Several cohorts included only
HAG, thus were unable to compare imaging appearances
with H3-wildtype tumors in a similar location. The major-
ity of studies assessed MRI appearances, with or without
CT. Two series (one publication each for H3 K27-altered
and H3 G34-mutant gliomas) assessed PET (positron
emission tomography) using the amino acid tracer FET
(fluorine-18-fluoroethyl-L-tyrosine) [13, 15]. Three recent
papers assessed the use of MRI radiomics for predicting
H3 K27 status [38, 46, 47].

n=104

Studies for abstract screening

l‘lil

|

No histone testing n=15 |

No imaging n=13

Conference abstract n=6 |

Review article n=6

Missing or insufficientimaging description n=4

Non-English n=2

Animal study n=1

Studies for full-text analysis n=57 |

Studies from reference lists n=2 |—>

| ]|

No imaging description n=3 |

Case report for histone-wild type n=1 l

No histone testing n=1 |

Does not meeting WHO 2021 criterian=7 |

| Studies included n=47 |

Fig. 1 CONSORT diagram outlining included and excluded studies
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H3 K27-altered gliomas

Patient demographics

As would be expected according to incidence, the like-
lihood of H3 K27 mutations varied depending on the
age distributions within the study samples, with H3
K27-alteration being more common in younger age
groups. For example, 19 of 22 DIPGs in the pediat-
ric cohort reported by Giagnacovo et al. were H3 K27-
altered [29], while only seven (28%) of 25 adult brainstem
gliomas reported by Daoud et al. demonstrated H3
K27M mutations [17]. This is also well demonstrated by
the cohort of diffuse midline gliomas reported by Chen
et al., with H3 K27M-mutant patients being on average
15years younger than -wildtype patients [25]; a similar
finding was reported by Su et al. [50].

Tumor location

Marked heterogeneity in reporting and study design lim-
its assessment of the relative frequency of the different
locations. Several studies assessed only tumors in specific
locations, for example the pons (diffuse intrinsic pontine
glioma, DIPG) or spinal cord, while others included only
intracranial tumors. The reporting of tumor location was
also variable, for example whether a pontine location was
distinguished from other brainstem sites. Nevertheless,
the thalami and brainstem (in particular pons) are unam-
biguously the most common locations. The spinal cord
is the third-most-common location, though the data are
limited.

There were notable differences in tumor location
depending on the age group studied. The thalami were
the most common location in cohorts which either
largely or exclusively assessed adult patients [22, 25, 28,
46, 48]. In contrast, the brainstem was the most common
overall location in studies targeting a pediatric popula-
tion [10, 13, 31, 51]. Another common theme was that
most intracranial H3 K27-altered gliomas were located in
either the thalami or brainstem, while H3 K27-wildtype
tumors were relatively more evenly distributed across
midline locations [48, 51]. There are suggestions that the
likelihood of H3 K27-alteration is higher in the brainstem
rather than the thalami [48, 51], though this may relate
to a brainstem location being more common in younger
patients, who inherently have a higher likelihood of H3
K27-alteration. Two studies on spinal cord gliomas sug-
gest that H3 K27M mutations occur in approximately
half of cases, with 28/59 in one cohort [54] and 24/41 in
another [21].

Beyond demonstration of a midline location, as a key
diagnostic criterion [4], few anatomical characteristics
have been described to predict H3 K27 status. One study
by Chiba et al. subdivided their 10 pediatric thalamic
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gliomas (four H3 K27M-mutant) into three anatomical
groups: anterior, combined thalamic and internal capsu-
lar, and thalamopulvinar [39]. All four H3 K27M-mutant
gliomas in their cohort were thalamopulvinar, compared
to only one H3 K27M-wildtype, and this association was
statistically significant (p =0.0036) despite the low num-
ber of cases [39]. Chiang et al. found slightly different
rates of H3 K27M mutations in pontine tumors stratified
as “typical” DIPG (defined radiographically as a poorly-
demarcated, T1-hypointense and T2-hyperintense tumor
with mass effect occupying >75% of the axial diameter of
the pons; 50% H3 K27M-mutant), versus “atypical” DIPG
(35%) and non-DIPG with an extrapontine epicenter
(25%) [30]. Qiu et al. noted that all six of their H3 K27M-
mutant gliomas which only involved the brainstem were
located dorsally, though such tumors accounted for a
minority of their cohort (6/66) [22]. In a cohort of spinal
cord gliomas, neither the axial location (central vs eccen-
tric) nor longitudinal location (cervical, thoracic or lum-
bar) correlated with H3 K27M status [21].

Tumor margins and extent

Individual studies vary in their results, but both well-
and ill-defined tumor margins may occur. Fewer studies
have specifically assessed tumor size, though most H3
K27-altered appear to be relatively well demarcated. This
is supported by the radiomics study of Su et al., which
found that the maximal 2D slice diameter was signifi-
cantly lower for H3 K27M-mutant gliomas compared to
-wildtype tumors [38]. Nevertheless, these tumors can
occasionally be larger. For example, out of 66 H3 K27M-
mutant adult gliomas reported by Qiu et al., eight dem-
onstrated cerebral hemispheric infiltration together with
thalamic and/or brainstem involvement [22], and cases
of extensive H3 K27M-mutant gliomas in older patients
have been reported [33, 36].

Distant tumor spread was identified in several studies.
For example, Karlowee et al. observed dissemination and
remote recurrence in 75% of 12 H3 K27-altered gliomas
[28]. Of the 66 H3 K27M-mutant gliomas described by
Qiu et al.,, leptomeningeal and subependymal dissemina-
tion were noted in eight and three patients, respectively
[22]. According to publications, such dissemination gen-
erally occurred later in the disease course rather than
already being manifest at initial diagnosis, although
details remained unclear. A midline location itself was
associated with leptomeningeal dissemination [40],
however, thus it is unclear whether the biology of H3
K27M-altered gliomas predisposes to leptomeningeal
dissemination or whether this is simply related to their
location. One case report described extracranial HAG
metastases [41].
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Signal characteristics and contrast-enhancement

The data on signal characteristics, in particular con-
trast-enhancement, are highly variable, but it is clear
that H3 K27M-altered gliomas demonstrate a spectrum
of appearances, from a lack of enhancement to ring-
enhancement with central necrosis [10]. Thus, a lack of
enhancement should not dissuade from considering an
H3 K27M-altered glioma. Hohm et al. found that H3
K27M-mutant gliomas in their pediatric cohort were
more commonly T2-hyperintense and heterogeneous
than H3 K27M-wildtype tumors [51]. A different pediat-
ric study demonstrated significantly more enhancement
in H3 K27M-mutant tumors than -wildtype (p<0.05)
[40]. However, other studies found no statistically signifi-
cant differences in the degree of enhancement between
H3 K27M-mutant and -wildtype tumors [10, 17, 54].
Information on the specific contrast agent, contrast
dose and type of post-contrast T1-weighted imaging
sequence(s) used is generally lacking.

Hemorrhage

Results on the incidence of hemorrhage in H3 K27-
altered gliomas are variable, but overall this feature
seems to have limited predictive value. Hemorrhage was
the only imaging feature predictive of H3 K27M muta-
tion in a cohort of spinal cord gliomas, occurring in six
of 24 (25%) H3 K27M-mutant gliomas, compared to none
of the 17 H3 K27M-wildtype tumors (p=0.033) [21].
However, in another cohort of 59 spinal cord gliomas, the
rate of hemorrhage was almost identical (and marginally
higher in the wildtype group); the presence of a tumor
syrinx (being more common in H3 K27M-wildtype
tumors) was the only MRI feature with a statistically sig-
nificant difference in this study [54]. Similar variability
has been reported intracranially, though no other studies
have found a statistically significant difference in the rate
of hemorrhage between H3 K27-altered and -wildtype
tumors. Comparing across studies, there are sugges-
tions that hemorrhage may be more common in pediat-
ric patients than adults [22, 51], but this question has not
been specifically investigated.

Apparent diffusion coefficient values

Studies investigating apparent diffusion coefficient
(ADC) values have reported variable results, similar to
the variability in the conventional imaging appearances,
with a recurring trend towards H3 K27-altered gliomas
demonstrating lower ADC values. Chen et al. reported
that both tumoral and peritumoral apparent diffusion
coefficient (ADC) values were significantly lower in H3
K27M-mutant gliomas than -wildtype (ratio of minimal
ADC and ratio of peritumoral ADC combined, AUC
0.872) [25]. Another study also found lower ADC values
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in the peritumoral region of H3 K27M-mutant gliomas
[48]; ADC values within the tumoral region were lower
in H3 K27M-mutant tumors located in the thalami, but
this was not reproduced across their overall cohort [48].
A further study also noted that relative ADC histogram
parameters (15th, 25th, 50th and 75th percentiles) were
lower in the H3 K27M-mutant group [50]. In contrast, no
statistically significant correlations between ADC values
and H3 K27 status were identified in two other studies,
one having calculated mean, median, minimum and max-
imum ADC values and percentiles [26], the other having
examined average and minimum ADC values [40]. All of
the 66 H3 K27M-mutant gliomas reported by Qiu et al.
had low or moderate diffusivity, with none demonstrat-
ing diffusion restriction on visual inspection [22]. Thust
et al. reported moderately low ADC values in some H3
K27M-mutant gliomas, consistent with previous findings
in glioblastoma, but highlighted ADC variability [43].

Other advanced MRI techniques

Two out of the 15 H3 K27M-mutant gliomas reported
by Thust et al. were imaged with dynamic susceptibility
contrast perfusion, both demonstrating elevated rela-
tive cerebral blood volume (rCBV; 3.5-5.9) [43]. Kath-
rani et al. reported higher rCBV in H3 K27M-mutant
gliomas compared to -wildtype [48]. Su et al. noted
slightly higher rCBYV in their discovery cohort, but this
was not replicated in the validation cohort [50]. The
authors also evaluated several MR Spectroscopy param-
eters, with lower myo-inositol/total creatine values in
the H3 K27M-mutant group being the only parameter
with statistical significance [50]. A multivariate model
developed from this research achieved AUC=0.976 in
the validation set, but this comprised only 13 patients
[50], thus the reproducibility of this model is unknown.

FET-PET

One study assessed the use of FET-PET in H3 K27-altered
gliomas [13]. Baseline TBR,,, (maximal tumor-to-back-
ground ratio) did not correlate with histological grade or
patient outcome, but was potentially useful to identify a
subsequent increase of >20% in TBR,, which predicted
tumor progression and poor survival [13]. However, in
the case example provided, new contrast-enhancement
coincided with the increase in TBR,, [13], hence the
added diagnostic value of FET-PET is uncertain.

Radiomics

Kandemirli et al. investigated radiomics for the predic-
tion of H3 K27 status in a cohort of 109 tumors, com-
prising 50 H3 K27M-mutant and 59 -wildtype, with just
over half being pediatric cases [47]. Of the two models
investigated, better results were obtained using XGBoost
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with additional feature selection, which achieved an area
under the curve (AUC) of 0.791 in the training set and
0.737 for the test set [47]. Su et al. examined a similar
cohort, including 40 H3 K27M-mutant and 60 -wildtype
midline gliomas across pediatric and adult age groups,
using the Tree-based Pipeline Optimization Tool [38].
This study reported better results, with the best-per-
forming of the 10 models assessed yielding AUC 0.903
in the training cohort and 0.85 in the validation set [38].
Of note, the latter results were obtained utilizing only
the FLAIR sequence [38], while Kandemirli et al. incor-
porated multiple conventional sequences and ADC [47].
Li et al. used principal component analysis in a smaller
cohort, comprising 30 tumors, of which 16 were H3
K27M-mutant [46]. They observed overlap between H3
K27M-mutant and -wildtype types, with only cyst forma-
tion (favoring a H3 K27M-mutant tumor) showing a sta-
tistically significant difference between the two [46]. All
three of the above studies extracted features using PyRa-
diomics [38, 46, 47].

H3 G34-mutant gliomas

Only eight studies reported on H3 G34-mutant gliomas,
with small numbers. All cases were high-grade histologi-
cally, the majority grade 4 [11, 40, 42, 44, 53]. Yoshimito
identified four G34-mutant tumors amongst 411 con-
secutive gliomas (1.0%) of all ages, compared to 10 H3
K27-altered gliomas [11]. Picart et al. also had fewer H3
G34-mutant gliomas than H3 K27-altered tumors in their
cohort (17 compared to 32) [44]. In a pediatric cohort of
gliomas divided into midline and cerebral hemispheric
locations, H3 G34 mutations were demonstrated in seven
of 54 cerebral cases [40].

Tumor margins and location

All four of the H3 G34-mutant tumors reported by Yoshi-
moto et al. all had ill-defined tumor margins [11]. The
gliomas varied in location, and some involved deeper
structures such as the basal ganglia [11]. Five of the seven
H3 G34-mutant tumors in a pediatric cohort were ill-
defined, and tumor definition was significantly different
to non-midline H3 G34-wildtype tumors (the major-
ity being well-defined) [40]. Similarly, most of the 17 H3
G34-mutant gliomas reported by Picart et al. were ill-
defined [44]. Midline involvement was observed in four
of the patients in this cohort, but always as an extension
of a primarily hemispheric tumor [44]. In contrast, two
of the three H3 G34-mutant gliomas described by Kurok-
awa et al. were well-defined [53]. Similarly, in a series of
12 H3 G34-mutant gliomas, the tumors were most com-
monly large and well-delineated, with mild peritumoral
edema [20]. Leptomeningeal contact was observed in
all 12 [20]. Concordant with these results, the two H3
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G34-mutant described by Onishi et al. exhibited little
peritumoral edema given their large size [42].

Contrast-enhancement

Eleven of the 17 H3 G34-mutant gliomas reported by
Picart et al. demonstrated absent or faint contrast-
enhancement initially, but all eight of these which
received subsequent MRIs developed nodular or ring-
enhancement after a median of 2.6 months [44]. Some
other series have demonstrated relatively mild enhance-
ment [11, 42], while a range of enhancement patterns
have been reported in other cohorts [15, 20, 53]. As for
H3 K27-altered tumors, there is limited information on
the specific contrast agent, contrast dose and type of
post-contrast T1-weighted imaging sequence(s) used.

Other MRI features

Two of the four H3 G34-mutant tumors reported by
Yoshimoto et al. demonstrated calcification [11]. One
tumor in a cohort of eight reported by Vetterman et al.
demonstrated both calcification and hemorrhage, while
four demonstrated cystic components [15]. Microcalcifi-
cations have also been noted on histology [20]. All three
tumors reported by Kurokawa et al. demonstrated intra-
tumoral hemorrhage, with varying degrees of diffusion
restriction [53]. Two tumors in one series had available
arterial spin labelling perfusion data and both demon-
strated hyperperfusion [20]. One small series described
choline elevation and N-acetyl aspartate depletion on
Spectroscopy [42].

FET-PET

One study described FET-PET features of eight H3
G34-mutant gliomas, noting high uptake in all (median
TBR,,.« 34, range 2.5-11.7) [15]. In contrast, the MRI
appearances of these tumors were more variable; for
example, three tumors did not demonstrate contrast-
enhancement, while three demonstrated rim-enhance-
ment with central necrosis [15].

Data quality

Of 47 included publications, 29 were diagnostic accuracy
studies proceedable to QUADAS-2 assessment, with the
remaining 18 studies being case reports or short series
unsuitable for QUADAS-2 assessment. All studies were
retrospective, introducing a high risk of bias in the patient
selection domain, which parallels other radiogenom-
ics literature. For most (n=17) research, it was unclear
whether the imaging was analyzed without knowledge of
tissue results, specifically glioma genotypes, thus increas-
ing the risk of bias. For 13 of the 29 publications, images
were reviewed by only one observer or no information
was provided at all. No formal interobserver comparisons
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were reported. The diagnostic reference standard was
similar and judged to be appropriate in most (n=20)
studies. HAG genotype was presumed to represent a
static tumor property, therefore the timing between ref-
erence standard and target test was considered appropri-
ate for all studies. QUADAS-2 graphs are shown in Fig. 2,
while individual study data are presented in Supplemen-
tary Material 1.

Discussion

The reported cohort sizes are substantially lower for
HAG than in the adult-type diffuse glioma radiogenom-
ics literature, which is expected given their lower inci-
dence, particularly for H3 G34-mutant gliomas. We
identified marked heterogeneity of study designs, firstly
in the cohorts investigated, but also for visual features
assessed and in the definitions of such features, which
limits comparability and precluded a meaningful meta-
analysis of the data. Results have been conflicting for
several features, highlighting that these tumors present
a variety of appearances, whereby HAG cannot yet be
confirmed or excluded with a high degree of confidence.
The heterogeneity of the data indicates a need for more
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consistent biomarker definitions across studies, and
highlights a challenge that could potentially benefit from
Al approaches in future research. Despite these diagnos-
tic limitations, some patterns have emerged, in particu-
lar for H3 K27-altered gliomas, which are summarized
in Table 2. Of particular note, common to both H3 K27-
altered and H3 G34-mutant gliomas was the frequent
observation of less aggressive MRI appearances, belying
their highly malignant histopathological classification.
H3 K27-altered gliomas vary considerably in their
degree of enhancement, and often demonstrate less
contrast uptake than one would expect for a WHO
grade 4 tumor. In contrast, the majority of adult-type
grade 4 diffuse gliomas manifest as enhancing, centrally
necrotic lesions [56]. Furthermore, a relative paucity
of enhancement does not help distinguish between an
H3 K27-altered glioma and a low grade adult-type dif-
fuse glioma, which arguably is the more important dis-
tinction. Similar variability is evident in terms of tumor
margins and ADC values. There have been some prom-
ising results with other advanced MRI features, in par-
ticular rCBV values, but data are currently limited and
further research is warranted. Most H3 K27M-altered
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gliomas are relatively localized, though more dif-
fusely infiltrative tumors (with a component of midline
involvement) can occasionally be seen. Thus, the iden-
tification of thalamic and/or brainstem involvement
in disseminated tumors could prompt testing for H3
K27-alteration, though the incidence would be expected
to be low. There are possible differences in the imag-
ing appearances of H3 K27-altered gliomas depending
on their location. Suggestions that a pulvinar location
in thalamic gliomas [39] or a dorsal location in pure
brainstem gliomas [22] could predict H3 K27M muta-
tion are notable, but require further validation. There
is currently minimal information regarding whether a
feature combination could provide additional predic-
tive value. While the variability of MRI appearances
limits the ability to confidently predict HAG genotypes,
it highlights the importance of stereotactic biopsy and
molecular testing for candidate lesions (e.g. based on
location) even if the MRI appearances suggest a lower-
grade tumor, for example based on well-defined margins
or a lack of enhancement.

Subtle differences in the results between pediatric and
adult studies have been reported. Most convincingly, a
thalamic location is most common in adult patients [22,
25, 28, 46, 48], while a brainstem location is relatively
more common in children [10, 13, 31, 51]. Beyond loca-
tion, however, the data are less compelling, and there is
clearly substantial overlap in the appearances. A particu-
lar challenge relates to methodological differences in the
definitions of the assessed features, which make it diffi-
cult to compare across studies. In addition, studies com-
bining pediatric and adult patients have generally not
compared the two patient populations, and the limited
patient numbers within each cohort present a further
challenge. More targeted studies, correcting for patient
age, would be required to clarify such observations.

The pre-test probability of an H3 K27-altered glioma
varies according to each particular location, being high-
est in the brainstem, thalami and spinal cord. Data on less
common midline locations are limited, but these seem to
have a lower likelihood of H3 K27M-alteration. In turn,
this will alter the role of features predictive of H3 K27M
status, analogous to the difference in the ability to confi-
dently predict an IDH mutation in adult-type diffuse gli-
omas depending on tumor grade (grade 2-3 vs grade 4)
[5]. Thus, in a midline location with a higher likelihood of
an H3 K27-altered glioma, a particular feature may allow
more confident prediction of this genotype. In contrast,
it may be difficult to confidently identify an H3 K27-
altered glioma in a location with a lower pre-test prob-
ability, but instead the absence of features associated with
H3 K27M-alteration could make it highly unlikely, such
that definitive genetic testing would become redundant.
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This is particularly valuable given the challenging surgical
access to many of these locations.

For G34-mutant gliomas, the existing data are scarce.
A particular challenge is that the vast majority of hemi-
spheric gliomas in adults will be H3 G34-wildtype. Nev-
ertheless, some features worthy of further investigation
have been reported. Tumors were often noted to be quite
large, with relatively mild peritumoral edema. As for H3
K27-altered gliomas, H3 G34-mutant gliomas often dem-
onstrate relatively mild enhancement given their WHO
grade 4 status. For some tumors, there was possible mor-
phologic overlap with IDH-mutant, 1p/19q-codeleted
oligodendrogliomas: calcifications are characteristic of
IDH-mutant, 1p/19q-codeleted oligodendrogliomas [5,
57, 58], but were reported in several H3 G34-mutant
gliomas [11, 15]. Therefore, testing for an H3 G34 muta-
tion should be considered for a calcified tumor without
1p/19q-codeletion in a young adult patient.

Very limited Al research exists on HAG. The results
presented by Su et al. show promise, though the vari-
ability across the described models used raises the pos-
sibility over-fitting [38]. The substantial overlap in the
features found in H3 K27M-mutant and -wildtype glio-
mas reported by Li et al. [46] is consistent with the results
of conventional MRI radiogenomics studies, though the
finding that cyst formation could predict H3 K27-altera-
tion [46] is notable and warrants further investigation. A
limitation of all three Al studies identified (and also some
of the conventional MRI research) is that both pediatric
and adult patients were included, in order to maximize
numbers. This raises questions regarding clinical applica-
bility, given that the H3 K27M-wildtype group will have
included a mix of neoplasms. We expect that Al research
in HAG will increase, but this may need to harness multi-
institutional datasets in order to provide more uniform
methodology whilst being relevant to clinical practice,
for example when distinguishing between pediatric and
adult patients and aiming to better characterize the
tumors within the H3 K27M-wildtype group.

Conclusion

The existing imaging data on HAG are limited and het-
erogeneous, but certain patterns have emerged. H3 K27-
altered gliomas exhibit variable appearances, thus these
tumors should be considered when occurring in typical
locations irrespective of their conventional MRI appear-
ances. Low ADC has been proposed as a biomarker of
H3 K27-alteration, but results have been variable and
facilitated diffusion does not exclude this malignant
tumor type. Higher rCBV has also been reported in H3
K27-altered gliomas, but requires further validation.
H3 G34-mutant gliomas are commonly large, with rela-
tively mild peritumoral edema and variable, often mild
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enhancement. Some of these tumors may exhibit cal-
cification, potentially mimicking IDH-mutant, 1p/19q-
codeleted oligodendrogliomas. As a rare disease, HAG
research will benefit from collaborative multi-institu-
tional datasets, especially if investigating Al techniques.
Al techniques could also be valuable for addressing the
issue of heterogeneity of the existing data.
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