
PAEDIATRIC

Radiogenomics of diffuse intrinsic pontine gliomas (DIPGs):
correlation of histological and biological characteristics
with multimodal MRI features

Raphaël Calmon1,2,3
& Volodia Dangouloff-Ros1,2,3 & Pascale Varlet4,5 & Christophe Deroulers6 & Cathy Philippe7 &

Marie-Anne Debily8 & David Castel8 & Kevin Beccaria9,10 & Thomas Blauwblomme9,10
& David Grevent1,2,3 &

Raphael Levy1,2,3 & Charles-Joris Roux1,2,3 & Yvonne Purcell11 & Ana Saitovitch2,3
& Monica Zilbovicius2,3 &

Christelle Dufour8,12 & Stéphanie Puget9,10 & Jacques Grill8,12 & Nathalie Boddaert1,2,3

Received: 9 December 2020 /Revised: 10 March 2021 /Accepted: 9 April 2021
# European Society of Radiology 2021

Abstract
Objectives The diffuse intrinsic pontine gliomas (DIPGs) are now defined by the type of histone H3 mutated at lysine 27. We
aimed to correlate the multimodalMRI features of DIPGs, H3K27Mmutant, with their histological andmolecular characteristics.
Methods Twenty-seven treatment-naïve children with histopathologically confirmed DIPGH3K27Mmutant were prospectively
included. MRI performed prior to biopsy included multi-b-value diffusion-weighted imaging, ASL, and dynamic susceptibility
contrast (DSC) perfusion imaging. The ADC and cerebral blood flow (CBF) and blood volume (CBV) were measured at the
biopsy site. We assessed quantitative histological data, including microvascular density, nuclear density, and H3K27M-positive
nuclear density. Gene expression profiling was also assessed in the samples. We compared imaging and histopathological data
according to histone subgroup. We correlated MRI quantitative data with histological data and gene expression.
Results H3.1K27M mutated tumors showed higher ADC values (median 3151 μm2/s vs 1741 μm2/s, p = 0.003), and lower
perfusion values (DSC-rCBF median 0.71 vs 1.43, p = 0.002, and DSC-rCBV median 1.00 vs 1.71, p = 0.02) than H3.3K27M
ones. They had similar microvascular and nuclear density, but lower H3K27M-positive nuclear density (p = 0.007). The DSC-
rCBV was positively correlated to the H3K27M-positive nuclear density (rho = 0.74, p = 0.02). ADC values were not correlated
with nuclear density nor perfusion values with microvascular density. The expression of gated channel activity–related genes
tended to be inversely correlated with ADC values and positively correlated with DSC perfusion.
Conclusions H3.1K27M mutated tumors have higher ADC and lower perfusion values than H3.3K27M ones, without direct
correlation with microvascular or nuclear density. This may be due to tissular edema possibly related to gated channel activity–
related gene expression.
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Key Points
• H3.1K27M mutant DIPG had higher apparent diffusion coefficient (p = 0.003), lower α (p = 0.048), and lower relative
cerebral blood volume (p = 0.02) than H3.3K27M mutant DIPG at their biopsy sites.

• Biopsy samples obtained within the tumor’s enhancing portion showed higher microvascular density (p = 0.03) than samples
obtained outside the tumor’s enhancing portion, but similar H3K27M-positive nuclear density (p = 0.84).

• Relative cerebral blood volume measured at the biopsy site was significantly correlated with H3K27M-positive nuclear density
(rho = 0.74, p = 0.02).

Keywords Diffuse intrinsic pontine glioma . Child . Diffusion magnetic resonance imaging . Perfusion-weighted magnetic
resonance imaging . Genetic association studies

Abbreviations
CBF Cerebral blood flow
CBV Cerebral blood volume
DIPG Diffuse intrinsic pontine glioma
DSC Dynamic susceptibility contrast
FLAIR Fluid-attenuated inversion recovery
WHO Word Health Organization

Introduction

Diffuse intrinsic pontine gliomas (DIPGs) have long
been diagnosed by imaging only in the context of rap-
idly evolving symptoms. Recently, some teams have re-
introduced stereotactic biopsies in the diagnostic work-
up of these tumors [1], which, together with data ob-
tained at autopsy by other teams [2], has prompted a
more biological definition of these neoplasms. This was
reflected in the 2016 update of the WHO classification
[3], introducing the entity diffuse midline glioma,
H3K27M mutant. It comprises all infiltrating gliomas
located in the thalamus, midbrain, pons (where the tu-
mors are called DIPG), medulla, spinal cord, and cere-
bellum, harboring a somatic mutation at the lysine res-
idue 27 in one of the histone 3 genes [3, 4].

In about two-thirds of patients, the mutation affects
the H3.3 variant gene (H3F3A) while it affects one of
the H3.1 genes (HIST1H3B or HIST1H3C) in a quarter
[5]. Ten percent of DIPGs do not contain these muta-
tions but the action of the mutation is mimicked by the
re-expression of an EZH interactor protein [6]. The his-
tone variant affected by the K27M mutation is associat-
ed with specific phenotypic characteristics, since
H3.1K27M patients are younger, respond better to ra-
diotherapy, and metastasize less frequently, and conse-
quently have a longer albeit similar evolution [4, 7, 8].
Extensive biological characterization of stereotactic bi-
opsies has been previously described [4, 9] and proven
feasible [1], supporting their use in the context of a trial
and for precision medicine.

MRI is not only a non-invasive way to diagnose DIPG that
remains useful for many teams who do not perform biopsies
but also represents an invaluable way to monitor tumor evo-
lution during treatment [10]. In addition, it gives a sense of
tumor heterogeneity that cannot be fully appreciated with ste-
reotactic biopsies alone. Several teams reported attempts
to distinguish H3K27M mutant from H3K27M wild-
type DIPG [11–15], or long-term survivors from short-
term survivors [8, 15–25].

Only rare studies have tried to correlate imaging features
with biologic correlates such as the type of histone H3K27M
mutated [4, 26]. However, the pathophysiological mecha-
nisms of these changes are still to be elucidated. One of the
pitfalls of such analyses is the radiological heterogeneity of
DIPG possibly associated with a corresponding biological
heterogeneity [27]. Therefore, we postulated that correlative
analyses should be focused on the biopsy site as depicted on
post-operativeMRI to assess the correlation betweenMRI and
histological metrics more properly and inform our understand-
ing of the tumor phenotypes.

The purpose of this study was then to correlate the multi-
modal MRI features of DIPGs, H3K27M mutant, with their
histological and biological characteristics at the specific site of
biopsy. We hypothesized that H3.1 and H3.3 mutant
DIPGs had different multimodal MRI features and that
these differences may be explained by histopathological
characteristic features.

Materials and methods

Population

Consecutive treatment-naïve children presenting with clin-
ical and radiological findings suggestive of DIPG
underwent a multimodal MRI prior to stereotactic biopsy
in Necker-Enfants Malades Hospital, Paris, France. After
the biopsy, a control imaging study was performed to
screen for complications and confirm the location sampled.
If H3K27M mutation was confirmed, they were prospec-
tively included (see Fig. 1). Nine subjects were excluded
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because they did not have multimodal MRI prior to biopsy,
2 because no H3K27M mutation was found, and 5 because
motion artifacts precluded multimodal image analysis.
Overall, this study included 27 children, 15 girls (median
age 5.8 years, range 3.9–15.2 years) and 12 boys (median
age 7.3 years, range 3.3–14.7 years). Among the 27 chil-
dren included, 17 subjects had been published in a previ-
ous molecular analysis study [4].

Ethical approval was obtained from our IRB (EDRACT
2014-A-00541–46). Informed consent was obtained from
the patients’ families who authorized the use of biological,
clinical, and radiological data recorded for research purposes.

MRI acquisition and post-processing

MR imaging was performed with a Signa HDxt 1.5-T system
(GE Healthcare) and a 12-channel head-neck-spine coil. The
routine MRI protocol included volumetric sequences: T2 and
T2 fluid-attenuated inversion recovery (FLAIR)–weighted
images and pre- and post-contrast T1-weighted images.
Multimodal imaging included ASL perfusion, multi-b-value

diffusion, and dynamic susceptibility contrast (DSC) perfu-
sion imaging (parameters in Supplemental Methods).

All the MRI data were transferred to a workstation
running Olea Sphere® (Olea Medical) software for post-
processing. DSC perfusion data generated were as fol-
lows: cerebral blood volume (DSC-CBV) corrected for
contrast leakage [28] and cerebral blood flow (DSC-
CBF) maps. By applying a stretched exponential model
to the multi-b-value diffusion data, ADC and water mo-
lecular diffusion heterogeneity index (α) maps were cal-
culated. The MRI scanner generated cerebral blood flow
(CBF) maps automatically from the ASL data (ASL-
CBF). The MRI data was transferred to an OsiriX®
workstation, and co-registration of the multimodal maps
to the volumetric T1-weighted images was performed
using FLIRT affine transformation (FSL Version 6.0)
[29]. Post-biopsy MRI was also co-registered to the
pre-biopsy T1-weighed images for each patient.
Spherical volumes of interest (VOIs) of 1 cm in diam-
eter (0.5 cm3) were drawn over the area corresponding
to the biopsy site by an experienced pediatric neurora-
diologist (RC, 8 years of experience), blinded to histo-
logical and molecular data. The VOIs were transferred
to the five multimodal MRI maps (ASL-CBF, DSC-
CBF, DSC-CBV, ADC, and α), and the VOI’s mean
value was recorded. A VOI of all available, normal-
appearing, supratentorial white matters on the DSC-
CBF and DSC-CBV maps was created using a semi-
automated segmentation tool. The white matter VOI’s
mean value was used as reference to calculate relative
values of DSC blood flow (DSC-rCBF) and DSC blood
volume (DSC-rCBV). The reference ASL-CBF value
was measured at the cortex of the left cerebellar hemi-
sphere, using the mean value of a manually drawn 50
mm2 region of interest in the axial plane. This reference
value was then used to calculate the relative ASL-CBF
(ASL-rCBF). The presence of necrosis, post-contrast en-
hancement on T1-weighted images at the biopsy site
and at any other region of the tumor was recorded.

Histological staining, scanning, and segmentation

A qualitative analysis of the samples was performed by a
neuropathologist with expertise in pediatric brain tumors in-
cluding DIPG (PV, 20 years of experience). Formalin-fixed
paraffin-embedded tissues were subjected for routine MIB,
CD34, and H3K27M immunostainings to a Ventana
autostainer (BenchMark XT, Roche Diagnostics) according
to published protocols [4, 30]. A quantitative analysis of
stained then scanned samples was performed as previously
described [30, 31]. Microvascular density was defined by
the total area of vessel walls as a percentage of the entire tissue
area, and nuclear density as the total area occupied by the non-

Fig. 1 Flow diagram
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endothelial nuclei as a percentage of the entire tissue area.
Nuclear density was also separately measured for MIB-
positive cells and H3K27M-positive cells. Tumorous cell ratio
was defined as the number of H3K27M-positive nuclei divid-
ed by the total number of nuclei. The ratio of tumorous cell
cycling was the number of MIB-positive nuclei divided by the
number of H3K27M-positive nuclei.

Gene expression correlation with multimodal MRI
features

In a subset of 11 tumors from the 27 included in the study,
whole gene expression was obtained on Agilent Microarrays
as previously described [1, 4] and was used to compare dif-
ferentially expressed genes in H3.1- and H3.3K27M mutated
DIPG. The most differentially expressed genes in H3.1- and
H3.3K27M mutated DIPG were correlated with quantitative
MRI data (ADC, ASL-rCBF, DSC-rCBV, and DSC-rCBF) at
the site of the stereotactic biopsy.

Statistical analysis

The results were analyzed using R Project for Statistical
Computing 3.3.3 (http://www.r-project.org), using an alpha
level set at 5%.

The Wilcoxon rank-sum test (with effect size r calcula-
tion) was used to compare the measured values of the mul-
timodal MRI parameters and the histological parameters
between the H3.1K27M mutant and H3.3K27M mutant
lesions, and between enhancing and non-enhancing biopsy
sites. Fisher’s exact test was used to compare H3.1- to
H3.3K27M mutant lesions regarding the presence of radio-
logical necrosis, contrast enhancement within the lesion,
and the presence of enhancement specifically at the biopsy
site.

The Spearman method was used to test the correlation be-
tween quantitative histologic and molecular features and mul-
timodal MRI quantitative data. To take into account the large
number of correlation tests, the Benjamini-Hochberg proce-
dure was used to control the false discovery rate.

Survival was estimated using the Kaplan-Meier method
and group comparisons were made using log-rank test.

Results

Population

All tumors met the classical radiological (see Supplemental
Figure S1) and clinical criteria of DIPG [10]. The mutation
concerned the H3.3 variant in 20 patients and it affected the
H3.1 canonical histone in 7. Table 1 includes the clinical
symptoms and structural MRI aspects for all 27 patients.

H3.1 patients were younger than H3.3 patients (median 4.6
years, range [3.3–7.5] vs 6.9 years, range [3.9–15.2],
Wilcoxon test p = 0.014, r = 0.48) and had longer overall
survival (median 18 months, range [9–35] vs 10 months,
range [6–27], log-rank test p = 0.022; see Fig. 2). There was
no significant difference between H3.1 and H3.3 patients in
term of clinical symptoms (Fisher exact test, p = 0.2 to 1) or
time to symptoms (Fisher exact test, p = 0.1).

Differences between H3.1K27M and H3.3K27M
mutant DIPG

Radiological features (Fig. 3)

The biopsy sites of H3.1K27M mutant tumors showed differ-
ent MR diffusion parameters than those of H3.3K27Mmutant
tumors: H3.1 had higher ADC values (median 3151 μm2/s,
IQR [2273–3727] vs 1741 μm2/s, IQR [1282–1944],
Wilcoxon test p = 0.003, r = 0.54) and lower α (median
0.53, IQR [0.49–0.53] vs 0.59, IQR [0.54–0.63], Wilcoxon
test p = 0.08, r = 0.38).

Perfusion parameters using DSCwere lower in H3.1K27M
mutant tumors, with lower DSC-rCBF (median 0.71, IQR
[0.44–0.79] vs 1.43, IQR [1.03–2.08], Wilcoxon test p =
0.002, r = 0.56) and lower DSC-rCBV (median 1.00, IQR
[0.68–1.14] vs 1.71, IQR [1.31–1.95], Wilcoxon test p =
0.02, 0.44). ASL measurements did not significantly differ
between the two groups (ASL-rCBF median 0.67, IQR
[0.56–0.70] vs 0.70, IQR [0.58–0.79], Wilcoxon test p =
0.24, r = 0.24).

Contrast enhancement was slightly more frequent in
H3.1K27Mmutant lesions, yet not significantly, in the biopsy
site (57% (4/7) vs 25% (5/20); Fisher exact test p = 0.18), nor
within the whole tumor (86% (6/7) vs 65% (13/20); Fisher
exact test p = 0.63). The results were similar in terms of the
presence of necrosis (71% (5/7) vs 60% (12/20); Fisher exact
test p = 0.68).

Histological features

All samples displayed usual DIPG qualitative features.
Samples from H3.1- and H3.3K27M mutant lesions had

similar nuclear density and microvascular density.
H3.3K27M mutant tumors had higher H3K27M-positive

nuclei density (Wilcoxon test p = 0.007, r = 0.60) and higher
tumor cell ratio (Wilcoxon test p = 0.005, r = 0.62). There was
a trend for H3.3K27M mutant tumors to have lower MIB-1-
positive nuclear density (Wilcoxon test p = 0.08, 0.34). These
opposite results resulted in a lower ratio of tumorous nuclei
cell cycling (Wilcoxon test p = 0.01, r = 0.58) in H3.3K27M
mutant tumors.
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Differences according to the presence of
enhancement at the biopsy site (Fig. 4)

Overall survival was similar between patients demonstrating
contrast enhancement or not.

The measured multimodal MRI quantitative parame-
ters (ADC, α, ASL-rCBF, DSC-rCBV, and DSC-rCBF)
did not differ significantly between enhancing and non-
enhancing biopsy sites.

Biopsy samples obtained within the tumor’s enhancing
portion showed higher microvascular density than samples
obtained outside the tumor’s enhancing portion (Wilcoxon
test p = 0.03, r = 0.42). They also had higher nuclear density
(Wilcoxon test p = 0.03, r = 0.43), higher MIB-positive
nuclear density (Wilcoxon test p = 0.04, r = 0.39), and
higher ratio of tumorous cell cycling (Wilcoxon test p =
0.02, r = 0.52). However, there was no significant

difference in H3K27M-positive nuclear density or
tumorous cell ratio.

Correlation between histological and multimodal MRI
quantitative data

There was a significant positive correlation between the rCBV
measured at the biopsy sites and H3K27M-positive nuclear
density measured in the tumor samples (Spearman rho =
0.74, p < 0.001, corrected to 0.02) (Fig. 5). There were weaker
correlations between rCBF and H3K27M-positive nuclear
density (Spearman rho = 0.53, p = 0.02, corrected to 0.36)
and between rCBV and nuclear density (Spearman rho =
0.40, p = 0.04, corrected to 0.45).

No other significant correlation was found; noticeably,
there was no correlation between ADC and tumor cell content,
nor between microvascular density and perfusion values.

Table 1 Clinical and structural MRI data of the 27 patients

Sex Age
(years)

H3K27M
mutation
status

Time from
onset of
symptoms
(months)

Overall
survival
(months)

Cranial
nerve
deficit

Ataxia Long tract signs Lesion
enhancement

Biopsy site
enhancement

Necrosis

1 M 3.3 1 4 27 III Yes Hemiplegia Yes Yes Yes

2 M 3.7 1 1 9 None No Monoplegia Yes Yes Yes

3 F 4.4 1 0.75 17 III, VI No None No No None

4 M 4.6 1 1 10 III No Hemiparesis Yes Yes Yes

5 F 5.2 1 3 18 VI Yes Pyramidal signs Yes No Minimal

6 F 5.8 1 0.5 26 None Yes Hemiplegia Yes Yes Yes

7 M 7.5 1 0.75 35 VII Yes Hemiparesis Yes No None

8 F 3.9 3 0.75 13 VI Yes Hemiparesis Yes Yes Yes

9 F 4.1 3 0.75 9 None Yes None No No None

10 F 4.8 3 1 10 VI, IX No Pyramidal signs Yes No Yes

11 F 5.1 3 0.5 6 III, VI No None Yes Yes Yes

12 F 5.7 3 0.75 13 VI, VII Yes Hemiparesis Yes No Minimal

13 M 5.7 3 1 11 VII Yes Hemiparesis Yes Yes Yes

14 M 5.9 3 3 10 IX, IV Yes Pyramidal signs Yes No Minimal

15 F 6.2 3 0.75 10 IV No None No No None

16 F 6.7 3 0.5 7 IX Yes Diplegia Yes Yes Minimal

17 F 6.7 3 1 27 VI, VII Yes None No No None

18 M 7.1 3 1 9 VI Yes None Yes Yes Yes

19 F 7.8 3 0.2 8 VI No None No No None

20 F 8 3 2 10 VI Yes Pyramidal signs Yes No Minimal

21 M 9.3 3 1 22 VI No Pyramidal signs No No None

22 M 9.4 3 1.2 8 VI No Pyramidal signs Yes No Minimal

23 F 9.7 3 1.75 12 VI, VII No None No No None

24 M 12.3 3 2 8 III, V,
VI

Yes None Yes No None

25 M 14 3 0.2 10 VI, VII Yes Pyramidal signs Yes No Minimal

26 M 14.7 3 1 15 IX, VI Yes Pyramidal signs No No None

27 F 15.2 3 1 20 VI, VII No None Yes No Yes
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Correlation between gene expression andmultimodal
MRI quantitative data

The 3 molecular function categories with the highest expres-
sion difference between H3.1- and H3.3K27Mmutant lesions
appeared to be linked to gated channel activity–related genes.
Fourteen out of the 18 top genes up-regulated in H3.3K27M
tumors compared to H3.1K27M tumors were ion channels.
Most of these genes were inversely correlated with ADC
values and positively correlated with α and DSC perfusion
values (DSC-rCBV, DSC-rCBF) (Table 2). No consistent cor-
relation was found using ASL. However, due to the small
number of samples tested, these gene expression-MRI metrics
correlations were not statistically significant after correction
for multiple comparisons.

Discussion

We report different multimodal imaging characteristics at the
biopsy site between H3.1 and H3.3 mutated DIPG, and cor-
related it with histological data. Compared to H3.1K27Mmu-
tant DIPG, biopsy sites of the H3.3K27M variant displayed
lower ADC, higherα, and higher DSC-rCBV andDSC-rCBF.
Histopathologically, H3.3K27M mutant tumors had higher
H3K27M-positive nuclei density and higher tumorous cell
ratio. We found a positive correlation between the rCBV

measured at the biopsy sites and H3K27M–positive nuclear
density measured in the tumor samples.

Consistent with previous reports [4, 26], we observed that
H3.1- versus H3.3K27M mutations were strong prognostic
markers, with better overall survival, and that H3.1K27Mmu-
tated DIPGs occur at a younger age. To date, the DIPG imag-
ing literature mainly contains reports comparing H3K27 mu-
tant and H3K27 wild-type DIPG [11–15], or long-term versus
short-term survivors [8, 15–17, 19, 22, 24], but only a few
studies explore imaging characteristics according to histone
mutation [4, 26].

As reported in other studies [4, 26], contrast enhancement at
the biopsy site and in the whole tumor tends to be more frequent
in H3.1 mutated tumors. Castel et al [4] and Jaimes et al [26]
also reported non-significant differences in terms of enhance-
ment presence, but more striking differences when studying
enhancement volume or large necrotic areas with ring enhance-
ment. The presence of contrast enhancement at the biopsy site
was associated with higher values of microvascular density,
consistent with gadolinium-chelate contrast agent leakage
through a disrupted blood–brain barrier, commonly observed
in newly formed vessels derived from tumor-induced angiogen-
esis [32]. It is concordant with the enrichment of neo-angiogenic
genes in H3.1 mutated DIPG and their hypoxia signature [4],
inducing tumoral angiogenesis with abnormal blood–brain bar-
rier. Several studies reported an association between contrast
enhancement and shorter overall survival without taking into
account histone mutation [8, 19, 22, 23, 25, 26], which may
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significantly longer overall survival (p = 0.022) than patients with H3.3K27M mutant tumors

Eur Radiol



appear confusing if H3.1 tumors with better prognosis have
more pronounced enhancement. Jaimes et al [26] found that
the presence of enhancement was significantly associated with
shorter overall survival, and that the tumoral volume enhancing
had a strong trend towards reduced progression-free survival,
while in the same cohort, H3.1 tumors had higher tumoral vol-
ume enhancing. This highlights the multifactorial approach
needed to predict survival of these patients, and leads further
larger studies to assess prognostic value of radiological features
in each molecular subgroup. To date, histone mutation has been
reported as a stronger prognostic factor than clinico-radiological
evaluation including contrast enhancement [4].

We found that ADC values were lower in biopsy sites of
H3.3 tumors than in those of H3.1 tumors. Studying the whole
tumor, Jaimes et al [26] found such a difference of median ADC
andmodeADC, but Castel et al [4] found a different distribution
of ADC values in the whole tumor which tend to be lower in

H3.1 tumors. This reflects the radiological heterogeneity within
these tumors, since we studied only the biopsy site while previ-
ous reports analyzed the entire tumor minus the necrotic area.
Jaimes et al [26] also reported higher skewness and kurtosis in
H3.3 tumors, hypothesizing that it may reflect higher cellularity
in H3.3 tumors. However, interpretation of ADC differences in
our cohort seemed to be different from adult gliomas, not relying
on tumor cellularity, but may be on edema. Indeed, ADC was
not correlated with tumor cell content in our samples, but was
associated (yet not significantly) with ion channel gene deple-
tion, which may increase edema. α was lower in H3.1 tumors,
which reflects higher tissue heterogeneity. This may also be
linked to higher edema in H3.1 tumors because of ion channel
gene downregulation. Indeed, for example, loss of CACNA1A
activity in CACNA1A encephalopathy is associated with ex-
treme brain edema [33]. Further functional studies are needed
to establish formally this link, however. ADC variations in
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DIPG are more likely multifactorial, and larger MRI-
histopathology studies would help to elucidate the pathophysi-
ological mechanisms involved.

Using DSC PWI, rCBV and rCBF were higher in the bi-
opsy site of H3.3 tumors. rCBV was significantly correlated
with H3K27M-positive nuclear density measured in the tumor
samples, but not correlated with microvascular density.
Furthermore, the microvascular density was not significantly
different between H3.1 and H3.3 groups. As suggested by the

poor vasculature reported in mice xenografts [34], these dif-
ferences are seen between two groups of hypoperfused
tumors. We may hypothesize that higher edema in H3.1
tumors could be responsible for the lower rCBV and
rCBF indexes. Indeed, in tissues with limited capacity to
expand, such as the brainstem, increase in extracellular
volume will cause an increase in interstitial fluid pressure,
leading to a reduced vascular transmural pressure gradient
and physical compression of the capillaries [35]. The
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Fig. 4 Histological differences between enhancing and non-enhancing
biopsy sites. Boxplot with whiskers showing the distribution of micro-
vascular density (a), nuclear density (b), H3K27M-positive nuclear den-
sity (c), tumorous cell ratio (d), MIB-positive nuclear density (e), and
tumorous cell cycling ratio (f) values at the biopsy sites according to the
presence or absence of enhancement, with p value and r value of

Wilcoxon tests. Enhancing biopsy sites presented higher microvascular
density (p = 0.03), nuclear density (p = 0.03), MIB-positive nuclear den-
sity (p = 0.04), and ratio of tumorous cell cycling (p = 0.02). The
H3K27M-positive nuclear density and the ratio of tumorous cell in the
tissue did not significantly differ between samples from enhancing and
non-enhancing sites (p = 0.84 and p = 0.08, respectively)
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same mechanism could explain the increased blood flow
and blood volume observed following radiation therapy
[36, 37], when edema decreases with concurrent decrease
in ADC values [17, 19, 37]. Conversely, this edema-
induced hypoperfusion may explain the hypoxia and
neoangiogenesis in H3.1 tumors. However, several factors
probably come into play to explain DSC PWI differences,
mixing edema, angiogenesis, and tumor metabolism.

ASL PWI had different results than DSC PWI, since ASL-
rCBF was similar between H3.1 and H3.3 tumors. Morana et al
found a correlation between ASL and DSC data in pediatric
astrocytic tumors [38], whereas Dangouloff-Ros et al found dis-
cordant results in choroid plexus tumors [39]. This highlights the

different pathophysiological mechanisms involved with this two
PWI techniques. Using freely diffusible tracer (marked water
protons) in contrast with intravascular gadolinium-based contrast
media, ASL PWI may be less influenced by capillary pressure.

H3.1 and H3.3 mutant tumors had the same nuclear densi-
ty, but H3.3 tumors had a higher H3K27M-positive nuclear
density. The H3K27M-positive nuclear density was not dif-
ferent between samples from enhancing and non-enhancing
areas. This supports the hypothesis that the biopsy does not
need to target the tumor’s enhancing component to yield di-
agnostic information. rCBV was significantly correlated with
H3K27M-positive nuclear density. However, choosing the
high rCBV areas as biopsy targets to maximize the
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Fig. 5 Correlation between H3K27M-positive nuclear density and rela-
tive cerebral blood volume. Dynamic susceptibility contrast (DSC) rela-
tive cerebral blood volume (rCBV) map over contrast-enhanced T1-
weighted image (a, c) with the biopsy site marked by a white target and
the corresponding H3K27M-stained biopsy samples (b, d). High DSC-
rCBV biopsy site (top row) shows high H3K27M+ nuclear density and
qualitatively no edema. Low DSC-rCBV biopsy site (bottom row) shows

low H3K27M+ nuclear density and abundant edema seen as clear vacu-
oles. Scatter plot (e) of the correlation between H3K27M-positive nuclear
density and DSC-rCBV measured at the biopsy site. Spearman’s rank
correlation rho = 0.74, p = 0.02 after correction for multiple comparisons.
Blue circles represent measurements from H3.1 lesions and red triangles
from H3.3 lesions. The black line represents the data’s linear regression
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opportunity to detect H3K27M mutant cells may be not
relevant, as biopsy site choice should primarily mini-
mize the surgical risk, without jeopardizing good diag-
nostic performance [1].

This study has several limitations. First, we report a small
number of patients because of the prospective single-center
design of our study. This precludes subgroups analyses and
supports further larger studies to assess performance of the
radiological features to predict molecular groups and progno-
sis. Ideally, serial stereotactic biopsies should be performed at
each of the different imaging components of the lesions.
However, due to the sensitive nature of the brainstem sam-
pling, multiple locations would result in an unreasonable risk
for patients. Wewere unable to perform reliable quantification
of edema, which would have been very useful to test the
hypothetic correlation between edema and ADC or perfusion
values. Another bias could result from the fact that the
H3K27M antibody has a higher affinity for the histone 3.3
variant, which may induce bias when measuring the nuclear
density. The nuclei of H3.3 cells were indeed darker than of
H3.1 cells; however, the segmentation algorithm was adapted
to account for the color difference and reduce the potential
heterogeneity in nuclear density measures. More recent
H3K27M antibodies may also reduce this difference.

In conclusion, the diffusion and perfusion differences that
we found between H3.1- and H3.3K27MDIPG are not linked

with cellular or microvascular density, but instead may be
mainly explained by interstitial edema differences through
different gene expressions. Physiologic mechanisms, includ-
ing ion gated channel downregulation in H3.1K27M tumors,
have still to be elucidated.
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Table 2 Spearman rank
correlation coefficients between
gene expression and multimodal
MRI quantitative data (n = 11
patients)

Diffusion data Perfusion data

Rho ADC α rASL-
CBF

rDSC-
CBF

rDSC-
CBV

Calcium channel CACNA1A − 0.38 0.24 0.09 0.54 0.61

CACNA1B − 0.30 − 0.07 − 0.27 0.20 0.09

CACNA1E 0.10 0.16 − 0.39 − 0.03 0.25

CACNG1 0.03 0.16 0.22 0.31 0.12

TRPC3 − 0.42 0.73* 0.10 0.68* 0.39

TRPC5 − 0.27 0.31 0.05 0.59 0.28

Potassium channel KCNA3 − 0.64* 0.47 0.05 0.68* 0.35

KCNG3 − 0.22 0.27 0.10 0.14 − 0.01

KCNH2 − 0.84* 0.30 0.21 0.65* 0.15

KCNH3 − 0.31 − 0.08 − 0.01 − 0.07 − 0.41

KCNMB2 0.07 0.18 − 0.59 0.19 0.50

Na channel ASIC1 − 0.67* 0.45 0.15 0.70* 0.26

Glu channel GRIK3 − 0.04 0.54 0.26 0.76* 0.58

Ion channel CNGA3 − 0.12 − 0.32 − 0.15 0.35 0.50

Most of the channel-related genes are inversely correlated with ADC values and positively correlated with α and
DSC perfusion values (DSC-rCBV, DSC-rCBF). No consistent correlation was found using ASL. *Indicates a p
value below 0.05 before correction for multiple comparisons. No correlation remains statistically significant after
correction for multiple comparisons. Gene names match NCBI gene denomination. DSC dynamic susceptibility
contrast, CBF cerebral blood flow, CBV cerebral blood volume
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Study subjects or cohorts overlap Some study subjects (17/27) or co-
horts have been previously reported in a molecular analysis study (Castel
et al Acta Neuropathol 2015).

Methodology
• prospective
• observational
• performed at one institution
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