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A B S T R A C T

BACKGROUND AND PURPOSE: For diagnosis of medulloblastoma, the updated World Health Organization classification now
demands for genetic typing, defining more precisely the tumor biology, therapy, and prognosis. We investigated potential associa-
tions between magnetic resonance imaging (MRI) parameters including apparent diffusion coefficient (ADC) and neuropathologic
features of medulloblastoma, focusing on genetic subtypes.
METHODS: This study was a retrospective single-center analysis of 32 patients (eight females, median age = 9 years [range,
1-57], mean 12.6 ± 11.3) from 2012 to 2019. Genetic subtypes (wingless [WNT]; sonic hedgehog [SHH]; non-WNT/non-SHH),
histopathology, immunohistochemistry (p53, Ki67), and the following MRI parameters were correlated: tumor volume, location
(midline, pontocerebellar, and cerebellar hemisphere), edema, hydrocephalus, metastatic disease (presence/absence and each),
contrast-enhancement (minor, moderate, and distinct), cysts (none, small, and large), hemorrhage (none, minor, and major), and
ADCmean. The ADCmean was calculated using manually set regions of interest within the solid tumor. Statistics comprised univariate
and multivariate testing.
RESULTS: Out of 32 tumors, three tumors were WNT activated (9.4%), 13 (40.6%) SHH activated, and 16 (50.0%) non-
WNT/non-SHH. Hemispherical location (n = 7/8, P = .003) and presence of edema (8/8; P < .001, specificity 100%, positive
predictive value 100%) were significantly associated with SHH activation. The combined parameter “no edema + no metastatic
disease + cysts” significantly discriminated WNT-activated from SHH-activated medulloblastoma (P = .036). ADCmean (10–6

mm2/s) was 484 for WNT-activated, 566 for SHH-activated, and 624 for non-WNT/non-SHH subtypes (P = .080). A significant
negative correlation was found between ADCmean and Ki67 (r = –.364, P = .040).
CONCLUSION: MRI analysis enabled noninvasive differentiation of SHH-activated medulloblastoma. ADC alone was not reliable
for genetic characterization, but associated with tumor proliferation rate.

Keywords: Apparent diffusion coefficient, diffusion-weighted imaging, medulloblastoma, molecular groups, posterior fossa tumors.

Acceptance: Received October 28, 2020, and in revised form December 6, 2020. Accepted for publication December 24, 2020.

Correspondence: Address correspondence to Robert Forbrig, Institute of Neuroradiology, University Hospital, LMU Munich, Marchioninistrasse 15,
81377 Munich, Germany. E-mail: robert.forbrig@med.uni-muenchen.de.

Jonas Reis and Robert Stahl contributed equally to the work

Acknowledgements and Disclosure: The authors acknowledge that there was no external funding and no potential conflict of interest.
Open access funding enabled and organized by Projekt DEAL.

J Neuroimaging 2021;31:306-316.
DOI: 10.1111/jon.12831

Introduction
Medulloblastomas, which are categorized as World Health Or-
ganization (WHO) grade IV, represent the most common ma-
lignant brain tumors of the childhood and commonly originate
from the posterior fossa.1 Medulloblastomas harbor highly vari-
able individual prognoses. Conventional prognostic factors in-
clude patient age, tumor volume, extent of surgical tumor re-
moval, any metastasis of tumor cells along the cerebrospinal
fluid pathways, and the histopathological subtype.2 Since the
WHO classification of Central Nervous Tumors has been up-
dated in 2016, diagnosis of medulloblastoma now demands for
genetic typing additionally to histopathology,3,4 enabling a sig-
nificantly improved prognostic evaluation. The worst progno-
sis is seen in sonic hedgehog (SHH)-activated tumors, partic-
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ularly in those harboring an additional TP53 gene mutation,
with a 5-year survival rate of about 40% despite aggressive
therapy regimens.5 In here, novel therapeutic approaches such
as targeted SHH inhibitors may be promising.6 Non-wingless
(WNT)/non-SHH medulloblastomas bear an intermediate out-
come and WNT-activated medulloblastomas (representing the
genetic subtype with the lowest incidence of about 10%4) har-
bor the comparably best clinical courses with a survival rate of
more than 90%.6–8 In addition to the genetic and histopatho-
logical classification of medulloblastomas, several immunohis-
tochemical parameters (eg, pathological accumulation of p53
indicating the presence of a TP53 mutation, tumor proliferation
index Ki67) enable further assessment of the tumors’ activity
and malignancy.9,10
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Fig 1. Flowchart of patient selection criteria.
ADC = apparent diffusion coefficient; CET1WI = contrast-enhanced
T1-weighted imaging; DWI = diffusion-weighted imaging; n = num-
ber of patients; RIS = radiology information system.

Routine diagnostics of medulloblastoma comprise a mag-
netic resonance imaging (MRI) scan, yielding detailed con-
ventional tumor parameters such as location, edema, hydro-
cephalus, metastatic disease, contrast enhancement, cysts, and
hemorrhage. In this context, previous studies evaluated poten-
tial associations between conventional MRI parameters and
histopathological and genetic subtypes of medulloblastoma, re-
spectively, in the sense of a MRI biomarker assessment.11–15

The apparent diffusion coefficient (ADC) is a quantitative MRI
parameter, representing a measure of water molecule diffusion.
This parameter is independent of the field strength as it refers
to the mean diffusivity that is rotationally invariant,16–18 and
associated with tumor cell density.19 Several studies illustrated
that ADC calculation within the neoplasm is valuable for both
differential diagnosis of posterior fossa tumors20–24 and more
accurate histopathological classification of medulloblastomas.13

However, systematic ADC data specifically considering the ge-
netic subtypes and immunohistochemical features of medul-
loblastoma are clearly underrepresented in the literature.

Due to the paramount importance of adequate diagnostic
and prognostic evaluation as a basis for tailored treatment regi-
mens in commonly young patients with first diagnosis of medul-
loblastoma, this study particularly aimed at investigating poten-
tial associations between the ADC value and both genetic sub-
types and immunohistochemistry (in addition to histopathology
and conventional MRI parameters) for a better noninvasive
characterization of these high-malignant brain tumors.

Methods
Patients

This retrospective single-center analysis included consecu-
tive patients with first diagnosis of medulloblastoma who
underwent brain MRI and subsequent open tumor resec-
tion at the University Hospital of the Ludwig-Maximilians-
University Munich between January 2012 and October 2019.
The flowchart in Figure 1 illustrates the patient selec-
tion criteria. In detail, patients were retrospectively identi-
fied via a full text query within the local radiology infor-
mation system using the term “medulloblastoma.” The re-

sulting 1,795 reports were primarily filtered for presurgical
MRI scans. Then, respective patient data were cross-checked
for availability of neuropathological tumor parameters. Fi-
nally, presurgical MRI scans without diffusion-weighted imag-
ing (DWI) and/or contrast-enhanced T1-weighted imaging
(CET1WI) were excluded, resulting in a study population of 32
patients.

Neuropathological Examination

Diagnosis of medulloblastoma was neuropathologically con-
firmed for each patient at the department of neuropathology of
our university medical center. All neoplasms were re-evaluated
and categorized according the criteria defined by the revised
WHO Classification of Tumors of the Central Nervous System
2016 considering current recommendations.3,9 In detail, the fol-
lowing medulloblastoma parameters were assessed:

-Genetic subtype: WNT, SHH, and non-WNT/non-SHH;
-Histopathological subtype: classic, desmoplastic, extensive

nodularity, and large-cell/anaplastic;
-Immunohistochemistry: presence/absence of a TP53 mutation

and tumor proliferation index Ki67.

MRI Protocol

MRI was conducted in a single center using two scanners with
different field strengths (1.5 Tesla, Aera, Siemens Healthineers
and 3 Tesla, Signa, General Electric). The presurgical MRI pro-
tocol of the brain routinely comprised the following sequences:
axial and/or coronal spin-echo T2-weighted imaging (T2WI)
with a slice thickness of 3-5 mm, axial and/or coronal T2-
weighted fluid-attenuated inversion recovery (FLAIR) with a
slice thickness of 5 mm, axial gradient-echo noncontrast and
CET1WI with coronal and sagittal reconstructions and a slice
thickness of 1 mm, and DWI. The following DWI parameters
were routinely applied: sequence type, spin-echo echo planar
imaging; repetition time ms/echo time ms, 5,700/91 (1.5 Tesla)
and 9,200/91 (3 Tesla); slice thickness, 5 mm with no gap; ma-
trix, 130 × 130 (1.5 Tesla) and 180 × 180 (3 Tesla); and field of
view, 23 cm2. Diffusion data were obtained for three orthogonal
axes along the static magnetic field. The respective ADC maps
were automatically generated from b0 and b1000 data. Further-
more, MRI of the whole spine was performed in each patient
in combination with the cranial MRI either before or within
72 hours after tumor resection25 to detect/rule out spinal seed-
ing, including spin-echo T2WI and CET1WI sequences, each
in axial (slice thickness 4 mm) and sagittal planes (slice thickness
3 mm).

MRI Analysis

Regarding MRI analysis, two neuroradiologists with 4 ( J.R.)
and 10 (R.F.) years of experience in diagnostic neuroradiology
who were blinded to neuropathological, and clinical data eval-
uated the following conventional tumor parameters in consen-
sus:

-Volume (cm3), computed with a dedicated open-source
DICOM software (Horos 3.3.6 for MAC, www.
horosproject.org) using manually set regions of interest
(ROIs) that define the solid tumor margins in T2WI and/or
CET1WI sequences;

-Location: midline/cerebellar vermis, cerebellopontine angle
(CPA), cerebellar hemisphere (according to Perreault and
colleagues12);
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Fig 2. Example apparent diffusion coefficient (ADC) measurement of medulloblastoma (A). Three regions of interest (ROI) were manually
placed within the solid tumor components, yielding mean ADC (10−6 mm2/s) values of 496 ± 18 standard deviation (SD) (ROI 1), 429 ± 17
SD (ROI 2), and 414 ± 17 SD (ROI 3). Control measurements (B) yielded mean ADC (10−6 mm2/s) values of 856 ± 90 SD (ROI 1) and 836 ±
73 SD (ROI 2) for the thalamus, 853 ± 51 SD (ROI 3) and 875 ± 57 SD (ROI 4) for white matter as well as 3141 ± 209 SD (ROI 5) and 3243
± 204 SD (ROI 6) for pure CSF. In each patient, measurements were conducted for several subsequent slices and averaged.

-Edema: presence, absence (using T2WI/FLAIR and DWI);
-Hydrocephalus, defined as widening of the lateral ventricles

and third ventricle due to infratentorial mass effect with sub-
sequent transependymal diapedesis of cerebrospinal fluid;

-Metastatic disease, defined as macroscopically visible
subependymal, ventricular, or meningeal nodules or
masses in cranial and/or spinal MRI (Chang M-stage ≥
2)26;

-Contrast enhancement: minor, moderate, distinct (based on
Keil and colleagues11);

-Cysts: none, small ≤ 1 cm, large > 1 cm (according to Yeom
and colleagues13);

-Hemorrhage: none, minor (without mass effect), major (with
mass effect).

Quantitative ADC Analysis

A neuroradiologist ( J.R.) with 4 years of experience in diagnos-
tic neuroradiology who was blinded to neuropathological and
clinical data performed ADC measurements in each presurgi-
cal MRI, using a dedicated picture archiving and communica-
tion system (syngo Imaging, Siemens Healthineers). In detail,
ROIs with a size of 30-100 mm2 were manually placed within
the solid tumor components as previously described,22,27 care-
fully avoiding inhomogeneous regions such as cysts or hemor-
rhage. To decrease the amount of discordant values, measure-
ments were carried out thrice for each slice in each patient,
yielding at least six to nine ROIs. An example measurement
is illustrated in Figure 2A. Furthermore, ROIs were manually
placed within healthy appearing gray matter (thalamus) and
white matter (frontal lobe) as well as within the lateral ventricles
(Fig 2B). For calculation of the ADCmean, results of ROI calcula-
tion were averaged. A senior neuroradiologist (R.F.) confirmed
the correct ROI placement.

Statistics

Discrete and continuous data were initially assessed for normal-
ity using the Shapiro-Wilk test and by visual inspection of their
histograms. Based on these results, we used one-way analysis
of variance (ANOVA) for the tumor volume and ADC to test

for equality of mean values in each data group. When statis-
tically significant differences occurred, single posttest compar-
isons were performed by using pairwise t-tests. Intergroup dif-
ferences in the Ki67 were tested with the Kruskal-Wallis test.
The difference in tumor volume between midline/cerebellar
vermis and elsewhere located lesions was conducted with a
two-tailed t-test. Furthermore, t-tests were used to assess dif-
ferences in the mean ADC values of the tumor between the
magnetic field strengths as well as in the mean ADC values
between subtypes with presence and absence of p53 accumu-
lation on immunohistochemistry, edema, hydrocephalus, and
metastatic disease. Mean ADC values of the tumor with the
Ki67 indices as well as mean ADC values of the healthy appear-
ing control regions with age were correlated by using the Spear-
man rank correlation test. Differences in mean ADC values of
the corresponding control regions between the different field
strengths of the MRI scanners were assessed with the Mann-
Whitney U test. Normally distributed variables are provided as
mean ± standard deviation (range). Variables that do not fol-
low normal distribution are shown as median (25%; 75% in-
terquartile range). For binary (eg, histopathological subtype) or
categorial (eg, conventional MRI parameters such as presence
and size of cysts) variables, contingency tables were created.
Fisher exact tests were used to test if the variable was indepen-
dently distributed within the genetic entities. When statistically
significant differences occurred, several single post hoc 2 × 2
Fisher exact tests were calculated. This subsequent analysis in-
cluded pairwise comparisons of all tumor subtypes as well as
the comparison of each tumor subtype with the combined data
of the other two entities. For each variable, the sensitivity, speci-
ficity, positive predictive value (PPV), negative predictive value
(NPV), and area under the receiver operating characteristic
curve (AUC) including 95% confidence intervals (CIs) were cal-
culated. Analysis was performed using R (version 3.6.1/R Core
Team (2019)/https://www.R-project.org/) on R-Studio Version
1.2.5001 and the SPSS statistical package (IBM Corp. Released
2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk,
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Fig 3. Wingless-activated medulloblastoma (patient #1): Neuropathological characteristics were a classic subtype in histopathology, a TP53
wild type, and a Ki67 of 40%. T2-weighted imaging showed a midline/cerebellar vermis tumor location with a volume of 48.7 cm3 and a large in-
tratumoral cyst harboring a fluid-fluid level caused by minor hemorrhage (black asterisk, A). Peritumoral edema was absent. Apparent diffusion
coefficient (ADC) map with a calculated mean ADC (10−6 mm2/s) of 606 ± 34 standard deviation (B). Contrast-enhanced T1-weighted imag-
ing showed only circumscribed contrast-enhancing intratumoral components (white bold arrows, C). T2-weighted fluid-attenuated inversion
recovery imaging yielded signs of cerebrospinal fluid diapedesis (white bold arrows, D). No metastatic disease was found.

NY: IBM Corp.). P-values were adjusted by using Bonferroni
correction for multiple comparisons. A level of significance of
alpha = 0.05 was used throughout the study.

Results
Baseline characteristics, genetic and histopathological classifi-
cation, immunohistochemistry as well as MRI parameters of
the study population are illustrated in Table 1. Eight of 32
patients (25%) were female. The median and mean patient age
at diagnosis was 9 years (range, 1-57 years) and 12.6 ± 11.3
years, respectively, with 26 of 32 (81%) pediatric and six of 32
(19%) adult medulloblastomas (cutoff, 21 years11).

Neuropathology

Results of neuropathologic correlations with genetic subtypes
are presented in Table 2. Out of 32 tumors, three (9.4%) tumors
showed a WNT activation, 13 (40.6%) were SHH activated in-
cluding all six adult cases, and 16 (50.0%) were classified as
non-WNT/non-SHH (group 3 or 4). Out of 32 tumors, eighteen
(56.25%) were categorized as classic, eight (25%) as desmoplas-
tic, two (6.25%) as extensive nodular, and four (12.5%) as large
cell/anaplastic. Absence of a classic subtype was significantly
associated with SHH pathway activation (P < .0001; sensitivity
= 92.3%; specificity = 89.5%; PPV = 85.7%; NPV = 94.4%;
AUC = 0.909). In contrast, all right tumors exhibiting a desmo-

plastic subtype exclusively belonged to the 13 SHH-activated
medulloblastomas (P < .0001; sensitivity = 61.5%; specificity
= 100%; PPV = 100%; NPV = 79.2%; AUC = 0.808). Strong
nuclear expression of p53 on immunohistochemistry reflecting
mutations of the TP53 gene was seen in 3 of 32 (9.4%) patients,
all suffering from SHH-activated tumors (P = .055). No signif-
icant association was found between tumor cell proliferation
(Ki67) and the genetic profile (P = .176).

MRI Analysis

Table 2 provides detailed information of correlations be-
tween MRI parameters and genetic subtypes. Figures 3–5 illus-
trate three example patients with WNT-activated (patient #1,
Fig 3A-D), SHH-activated (patient # 15, Fig 4A-D), and non-
WNT/non-SHH medulloblastoma (patient #29, Fig 5A-F).

The mean tumor volume was 30.1 cm3 (range, 4.4-63.2 cm3)
and did not differ between the genetic subtypes (P = .157). Uni-
variate analysis revealed a significant difference of tumor lo-
cation between the genetic subtypes (P = .005). In detail, non-
WNT/non-SHH medulloblastomas were significantly more fre-
quently located in the midline/cerebellar vermis (14/16, 87.5%)
when compared to SHH-activated tumors (4/13, 30.8%; P =
.003; sensitivity = 87.5%; specificity = 69.2%; PPV = 77.8%;
NPV = 81.8%; AUC = 0.784). Hemispherically located medul-
loblastomas showed activation of the SHH pathway in the

Reis et al: Advanced MRI Findings in Medulloblastomas 309
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Table 2. Genetic Subtype Analysis of Histopathology and Immunohistochemistry as well as MRI Parameters in 32 Patients with Medulloblastoma

Genetic subtype WNT (n = 3) SHH (n = 13)
Non-WNT/Non-SHH

(n = 16) P-value

Histopathologic subtype
Classic 3 1 14 Fisher exact: P < .001
Desmoplastic 0 8 0 Fisher exact: P < .001
Extensive nodularity 0 2 0 Fisher exact: P = .192
Large cell/anaplastic 0 2 2 Fisher exact: P = 1.000

Immunohistochemistry
TP53 mutation (n) 0 4 0 Fisher exact: P = .055
Ki67 (%), median (25%;
75% percentile)

40 (40; 40) 30 (22.5; 55) 30 (25; 37.5) Kruskal Wallis: P = .176

MRI analysis
Volume (cm3), mean
(range)

38.7 (6.2-61.3) 24.0 (11.0-55.0) 33.4 (4.4-63.2) ANOVA: P = .157

Location (mid-
line/CPA/hemispheric)

2/1/0 4/2/7 14/1/1 Fisher exact: P = .005

Edema (n) 0 8 0 Fisher exact: P < .001
Hydrocephalus (n) 2 6 14 Fisher exact: P = .067
Metastatic disease (n) 0 6 8 Fisher exact: P = .343
Contrast enhancement
(minor/moderate/distinct)

1/2/0 6/4/3 8/7/1 Fisher exact: P = .669

Cysts (none/small/large) 0/1/2 3/8/2 2/8/6 Fisher exact: P = .423
Hemorrhage (none,
minor, major)

2/1/0 9/4/0 12/4/0 Fisher exact: P = 1.000

ADCmean (10−6 mm2/s)
± SD (95% KI)

484 ± 187
(200-948)

566 ± 88 (507-625) 624 ± 101
(570-678)

ANOVA: P = .080

Correlation
ADCmean/Ki67 (n = 32)

r = –.364 Spearman: P = .040

ADC = apparent diffusion coefficient; CPA = cerebellopontine angle; n = number of patients; SHH = sonic hedgehog pathway activation; WNT = wingless pathway
activation.

majority of cases (7/8, 87.5%; P = .003; sensitivity = 53.8%;
specificity = 94.7%; PPV = 87.5%; NPV = 75.0%; AUC =
0.743). The location of WNT-activated tumors (n = 3; two
midline/cerebellar vermis and one CPA) was not significantly
different in comparison to the non-WNT/non-SHH subtypes
(P > .05).

Peritumoral edema was noted in eight patients, all present-
ing with SHH activation (n = 8/13, 61.5%). Consequently,
presence of edema discriminated SHH-activated medulloblas-
toma significantly from the other genetic subtypes with a speci-
ficity and PPV of each 100% (P < .0001; sensitivity = 61.5%;
NPV = 79.2%; AUC = 0.808). No significant associations were
found between the genetic subtypes and the MRI parameters
hydrocephalus, metastatic disease, contrast enhancement, cyst
formations, and hemorrhage (P > .05, each). Hydrocephalus oc-
curred significantly more frequently if the tumor was located in
the midline/cerebellar vermis when compared to a hemispheric
or CPA location (n = 18/20, 90.0% vs. 4/12, 33.3%; Fisher exact
test: P = .002). Of note, midline/cerebellar vermis medulloblas-
tomas also had a significantly larger volume (mean 35.3 vs. 21.4
cm3; t-test: P = .010).

Regarding multivariate analysis, the combined parameter
“presence of edema + presence of metastatic disease” was only
documented in SHH-activated tumors (4/13, 30.8%). Thus,
it discriminated this subtype significantly from the other ge-
netic subtypes with a specificity and PPV of each 100% (P =
.020; sensitivity = 30.8%; NPV = 67.9%; AUC = 0.654). Fur-
thermore, the combined parameter “absence of edema + ab-
sence of metastatic disease + presence of cysts” differentiated
WNT-activated medulloblastoma significantly from the SHH-
activated subtype with a sensitivity and NPV of each 100% (P =
.036; specificity = 76.9%; PPV = 50.0%; AUC = 0.885).

Quantitative ADC Analysis

Results of quantitative ADC analysis are illustrated in Table 2
and Figure 6. Overall, the calculated ADCmean (10−6 mm2/s)
within the solid tumor was 586 ± 111 (546-626) and signifi-
cantly different between the applied field strengths (1.5 Tesla,
n = 27/32: 603 ± 111 [559-647]; 3 Tesla, n = 5/32: 494 ± 46
[437-551]; P = .040). In detail, the calculated ADCmean (10−6

mm2/s) was 484 ± 187 (200-948) for WNT-activated, 566 ± 88
(507-625) for SHH-activated, and 624 ± 101 (570-678) for non-
WNT/non-SHH medulloblastoma (Table 2 and Fig 6A; P =
.080). Regarding histopathology, the respective ADCmean (10−6

mm2/s) was 613 ± 126 (550-675) for classic, 509 ± 63 (456-561)
for desmoplastic, 673 ± 11 (571-775) for extensive nodular, and
580 ± 50 (500-660) for large cell/anaplastic medulloblastoma,
yielding a significant difference between the desmoplastic and
extensive nodular subtype (Fig 6B; P < .0001).

A significant negative correlation was found between
ADCmean and the proliferation parameter Ki67 (Table 2 and
Fig 6C; r = –.364, P = .040, n = 32). The ADCmean was nei-
ther significantly different regarding TP53 (P = .412) nor the
conventional MRI parameters (location: P = .161; edema: P =
.307; contrast enhancement: P = .560; cysts: P = .769; hemor-
rhage: P = .852; hydrocephalus: P = .083; metastatic disease:
P = .777).

Control ADC measurements within the gray and white mat-
ter as well as CSF yielded no significant differences when com-
paring magnetic field strengths and no significant correlations
with patient age (Fig 7). In detail, median ADC (10−6 mm2/s)
values (25%; 75% quartile) were 786 (733; 823) at 1.5 Tesla ver-
sus 818 (683; 888) at 3 Tesla within the thalamus (P = .697), 801
(717; 852) at 1.5 Tesla versus 790 (701; 847) at 3 Tesla within
white matter (P = .736), and 3152 (3008; 3322) at 1.5 Tesla
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Fig 4. Sonic hedgehog-activated medulloblastoma (patient #15): Neuropathological characteristics were a desmoplastic subtype in
histopathology, a TP53 wild type, and a Ki67 of 75%. T2-weighted imaging showed a hemispherical tumor location with a volume of 55.0
cm3 and several small intratumoral cysts but no hemorrhage (A). T2-weighted fluid-attenuated inversion recovery imaging showed peritumoral
edema (white bold arrows, B) and absence of cerebrospinal liquid diapedesis. Apparent diffusion coefficient (ADC) map with a calculated
mean ADC (10−6 mm2/s) of 451 ± 21 standard deviation (C). Contrast-enhanced T1-weighted imaging showed distinct contrast enhancement
of the solid tumor (D). No metastatic disease was documented.

versus 3061 (2952; 3115) at 3 Tesla within the lateral ventricle
(P = .421).

Discussion
In the present study, we correlated several MRI parameters
(including quantitative ADC) with neuropathologic features of
medulloblastoma, focusing on the genetic subtypes according
to the updated 2016 WHO classification of Central Nervous
Tumors. Numerous conventional MRI parameters (ie, hemi-
spheric location, peritumoral edema, and metastatic disease)
were identified that specifically allowed for the noninvasive
diagnosis of an aggressive SHH pathway activation, possibly
yielding a quicker (presurgical) initiation of proper therapy reg-
imens in patients suffering from this specific genetic subtype.
Moreover, we calculated mean ADC values within the solid tu-
mor components that showed no significant association with the
genetic but rather the histopathologic subtypes of medulloblas-
toma; the ADC values were also associated with the tumor’s
proliferation rate.

Several studies investigated conventional MRI parameters
in medulloblastoma patients in order to detect potential cross-
sectional biomarkers.11–15 Similar to other authors,12,14,15 in the
present study seven of eight (87.5%) hemispherically located
tumors showed a SHH pathway activation, which was statisti-

cally significant when compared to the other genetic subtypes.
Thus, we conclude that a tumor location within the cerebel-
lar hemisphere is typical for SHH-activated medulloblastoma.
However, we agree with Teo and colleagues15 that this subtype
may also be located in the CPA or within the midline/cerebellar
vermis (this study: n = 6/13 SHH-activated tumors). In here,
most common midline neoplasms were non-WNT/non-SHH
medulloblastomas (n = 14/20), resulting in a significant dif-
ference when compared to the SHH-activated subtype alone.
These results confirm findings of other studies.12,14,15 However,
our data illustrate that —similar to the findings of Patay and
colleagues28— the WNT-subtype is also frequently located in the
midline (two of 3 patients, 67%), disabling further differentia-
tion between WNT-activated and non-WNT/non-SHH medul-
loblastoma solely based on anatomic distribution. Of note, Per-
reault and colleagues12 located WNT-activated tumors more
commonly in the CPA (75%).

In this study, the strongest MRI parameter was the pres-
ence of peritumoral edema, which was documented in eight
of 32 (25%) patients with first diagnosis of medulloblastoma.
Each of these eight tumors showed activation of the SHH
pathway, yielding a specificity and positive predictive value
of 100%, each. A similar tendency was reported by Keil
and colleagues,11 who calculated a significantly larger edema
volume in the SHH-activated subtype when compared to
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Fig 5. Non-Wingless/non-sonic hedgehog medulloblastoma (patient #29): Neuropathological tumor characteristics were a classic subtype in
histopathology, a TP53 wild type, and a Ki67 of 40%. T2-weighted imaging showed a midline/cerebellar vermis tumor location with a volume of
17.9 cm3 and tiny intratumoral cysts (white arrows, A). Tumoral edema and hemorrhage were absent. No cerebrospinal fluid diapedesis was
seen (B). Apparent diffusion coefficient (ADC) map with a calculated mean ADC (10−6 mm2/s) of 510 ± 46 standard deviation (C). Contrast-
enhanced T1-weighted imaging (CET1WI) showed heterogeneous moderate contrast enhancement of the solid tumor (white bold arrows, D).
CET1WI of the spine depicted leptomeningeal seeding (example level Th11, E; white slim arrows, F).

non-WNT/non-SHH group 4 medulloblastoma, and Perreault
and colleagues.12 On the other hand, five of 13 (38.5%) SHH-
activated tumors of our study yielded no peritumoral edema,
resulting in a relatively low sensitivity of 61.5%.

Univariate analysis did not reveal any statistically signifi-
cant difference between genetic subtypes regarding several fur-
ther conventional MRI parameters assessed in this study. In
particular, differentiation of genetic subtypes was neither pos-
sible regarding the parameter hemorrhage (according to Keil
and colleagues a prerequisite for non-WNT/non-SHH group 4
medulloblastoma11) nor contrast enhancement (Perreault and
colleagues suggested a predominantly minor contrast enhance-
ment in non-WNT/non-SHH group 4 medulloblastoma12).
However, each of the three WNT-activated medulloblastomas
in the present study harbored at least small cysts but showed
neither peritumoral edema nor MRI signs of metastatic dis-
ease (similar to the findings of Keil and colleagues11), enabling
differentiation to the SHH-activated subtype with a sensitivity
and negative predictive value of 100%, each, in the multivari-
ate testing. Thus, particularly the absence of metastatic disease
at the time of initial diagnosis underlines the relatively benign
biology of the WNT-activated subtype.6 According to our data,
MRI-based differentiation between WNT-activated and non-
WNT/non-SHH subtypes was not reliable, as both genetic sub-
types were commonly located in the midline and showed no
peritumoral edema. However, 50% of non-WNT/non-SHH tu-
mors showed MRI signs of metastatic disease, even though this

difference was not statistically significant. Midline tumors were
associated with obstructive hydrocephalus, as they showed a
significantly larger volume than hemispheric or CPA medul-
loblastomas. But, in contrast to other authors,11 the tumor vol-
ume was not significantly different between the genetic sub-
types.

A major goal of the present study was to assess potential asso-
ciations between the genetic subtypes and immunohistochem-
ical parameters of medulloblastoma using quantitative (ADC)
MRI, as comparable literature data are sparse. Considering the
whole study population (n = 32), the calculated ADCmean within
the solid tumor components was 586 (10−6 mm2/s), which is in
the range of data reported by other authors who did not explic-
itly investigate genetic subtypes.13,20,22 Similar to the results of
Perreault and colleagues,12 difference of the ADCmean between
genetic subtypes did not reach statistical significance, which was
possibly caused by the low sample size of the WNT-activated
subgroup (P = .080). However, the mean ADC value was low-
est in this subgroup (480 [10−6 mm2/s]); this finding is com-
parable to recently published data of Reddy and colleagues.29

They reported the same distribution of ADC values between
genetic subtypes, with the lowest and highest ADC values
within the solid tumor components of WNT-activated (594
[10−6 mm2/s]) and non-WNT/non-SHH subtypes (719 [10−6

mm2/s]), respectively.29 Comparison of the ADCmean between
the histopathological subtypes of medulloblastoma yielded a
significant difference between the desmoplastic and extensive
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Fig 6. Quantitative analysis of mean apparent diffusion coefficient (ADC) values. Comparison of the mean ADC between genetic subtypes
did not yield significant differences (P = .080; A). Regarding histopathology, the calculated mean ADC was significantly lower in desmoplastic
subtypes when compared with medulloblastomas characterized by extensive nodularity (509 vs. 673 [10−6 mm2/s], P < .0001; *, B). A
significant negative correlation was found between mean ADC and the proliferation index Ki67 (r = –.364, P = .040, n = 32; C).
ADC = apparent diffusion coefficient; DP = desmoplastic; EN = extensive nodularity; LCA = large cell/anaplastic; n = number of patients;
SHH = sonic hedgehog pathway activation; WNT = wingless pathway activation.

nodular subtype (509 vs. 673 [10−6 mm2/s]), even though this
finding has to be interpreted with caution due to the low sam-
ple size of the latter group. In contrast, Yeom and colleagues13

reported a significantly lower ADCmean in classic versus large
cell/anaplastic medulloblastoma. In our study, SHH-activated
medulloblastomas were associated with a desmoplastic, and
both WNT-activated and non-WNT/non-SHH medulloblas-
tomas with a classic histopathological subtype, which is con-
gruent to previously published neuropathological data.4,30

It is still unclear whether the immunohistochemical pa-
rameters in medulloblastoma patients may affect the ADC
value within the solid tumor components as mentioned above.
In this study, we found a significant negative correlation be-
tween ADCmean and Ki67, contradicting the findings of other
authors.10 Our data suggest that a low ADC value (ie, high
cellular density) within the solid tumor may be associated
with an increased proliferation rate. Moreover, the ADCmean

was statistically similar when comparing both TP53 wild
type with aggressive TP53-mutated and nonmetastatic with
metastatic medulloblastoma. We therefore believe that the
ADC value does not necessarily reflect the tumor malignancy.
This hypothesis is underlined by the relatively low ADCmean

in WNT-activated medulloblastoma calculated in this study

when compared to the more malignant subtypes (even though
not statistically significant).

The results of the present study serve as hypothesis-
generating only as they have to be evaluated in light of sev-
eral limitations. A major drawback is the limited sample size
particularly of WNT-activated tumors (n = 3/32, 9.4%) which
clearly reflects the low overall incidence of this subtype. Fur-
thermore, detailed non-WNT/non-SHH subtype information
(group 3 or 4) is missing due to the retrospective study de-
sign. Finally, the ADCmean was significantly lower in the 3 Tesla
group (494 [10−6 mm2/s]) when compared to the 1.5 Tesla
group (603 [10−6 mm2/s]; P = .04). However, control ADC
measurements in healthy regions (gray and white matter, pure
CSF) yielded no significant differences between magnetic field
strengths. Thus, we believe that this difference was probably at-
tributed due to the tumor itself. This hypothesis is underlined
by the fact that the parameter “patient age” as a potential ad-
ditional bias was also not associated with ADC values in nor-
mal appearing central nervous regions. We analyzed this pa-
rameter due to the wide age range (1-57 years) in our study
population.

In conclusion, peritumoral edema was exclusively present
in the aggressive SHH-activated subtypes and therefore the
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Fig 7. Relationship between mean apparent diffusion coefficient (ADC) values in selected healthy appearing central nervous regions and
age with regard to the field strength of the MRI scanners. No significant correlations between ADC values and age were found. ADC values of
the corresponding regions of interest were not significantly different between the field strengths.
ADC = apparent diffusion coefficient; GM = gray matter; n = number of patients; WM = white matter.

most valuable MRI parameter to distinguish this entity from
the other genetic subtypes. A hemispherical location was also
strongly associated with SHH activation. Thus, presence of
these two MRI parameters may yield a quicker initiation of
SHH-targeted therapy regimens even before tumor resection.
Differentiation between WNT-activated and non-WNT/non-
SHH medulloblastoma was not suitable using MRI parame-
ters, as both entities (among further imaging parameters) were
commonly located in the midline and yielded no peritumoral
edema. Albeit, none of the WNT-activated tumors showed signs
of metastatic disease. ADC measurement alone was not re-
liable for genetic characterization of medulloblastoma, possi-
bly caused by the low sample size of WNT-activated tumors.
However, we found a trend toward lower and higher mean
ADC values within solid tumor components of WNT-activated
and non-WNT/non-SHH medulloblastoma, respectively. Fur-
thermore, a low ADC value was associated with an increased
proliferation rate. We recommend further ideally prospective
multicenter studies with larger patient cohorts (particularly
WNT-activated subtype) implementing follow-up MRI data,
for example, to investigate the suggested MRI parameters in
recurrent medulloblastoma.
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