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MRI Characteristics of Primary Tumors and Metastatic Lesions
in Molecular Subgroups of Pediatric Medulloblastoma:
A Single-Center Study

D. Mata-Mbemba, ““’M. Zapotocky, *='S. Laughlin, “’M.D. Taylor, ““V. Ramaswamy, and ““'C. Raybaud

ABSTRACT

BACKGROUND AND PURPOSE: Molecular grouping of medulloblastoma correlates with prognosis and supports the therapeutic strat-
egy. We provide our experience with the imaging features of primary and metastatic disease in relation to the molecular groups.

MATERIALS AND METHODS: One hundred nineteen consecutive patients (mean age, 7.3 = 3.8 years at diagnosis; male, 79 [66.4%]) with
a confirmed diagnosis of medulloblastoma and interpretable pretreatment MRIs were retrieved from our data base from January 2000 to
December 2016. Each patient was assigned to wingless, sonic hedgehog, group 3, or group 4 molecular groups. Then, we determined the
imaging features of both primary and metastatic/recurrent disease predictive of molecular groups.

RESULTS: In addition to recently reported predictors based on primary tumor, including cerebellar peripheral location for sonic hedgehog
(adjusted odds ratio = 9, P < .0001), minimal enhancement of primary group 4 tumor (adjusted odds ratio = 5.2, P < .0001), and
cerebellopontine angle location for wingless (adjusted odds ratio = 14, P = .03), ependymal metastasis with diffusion restriction and
minimal postcontrast enhancement (“mismatching pattern”) (adjusted odds ratio = 2.8, P = .001) for group 4 and spinal metastasis for
group 3 (adjusted odds ratio = 1.9, P = .01) also emerged as independent predictors of medulloblastoma molecular groups. Specifically, the
presence of a metastasis in the third ventricular infundibular recess showing a mismatching pattern was significantly associated with group
4(P=.02).

CONCLUSIONS: In addition to imaging features of primary tumors, some imaging patterns of metastatic dissemination in medulloblas-
toma seem characteristic, perhaps even specific to certain groups. This finding could further help in differentiating molecular groups,

specifically groups 3 and 4, when the characteristics of the primary tumor overlap.

ABBREVIATIONS: aOR = adjusted odds ratio; CPA = cerebellopontine angle; SHH = sonic hedgehog, WNT = wingless

edulloblastoma is a highly malignant tumor (World
Health Organization grade IV) and is also the most com-
mon malignant posterior fossa tumor in children. It has a high
propensity for leptomeningeal spread. Approximately 20%-—
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35% of patients present with metastatic disease at diagnosis' ;
and 30%-50%, late during the treatment/surveillance period.*
In 1 series of 86 patients with medulloblastoma, 19 (22.1%)
patients had metastases at diagnosis and 22 (25.6%) patients
had metastases late during the surveillance period.’

Recent molecular studies have shown that medulloblas-
toma is not a single entity but rather a constellation of groups,
each with a distinct developmental origin, meaning that each
may therefore benefit from subgroup-specific treatments.®™®
These groups are wingless (WNT), sonic hedgehog (SHH),
group 3, and group 4.>”* However, high cost and lack of access
to this molecular grouping in most centers in the world con-
stitute a main limitation in its routine clinical use to guide
treatment. MR imaging of the brain and spine is however rou-
tinely performed in all patients with medulloblastoma before
treatment to characterize the primary tumor, to aid with sur-
gical neuronavigation, and to assess intracranial and spinal
metastases. The presence of the latter worsens the prognosis
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and would upstage therapeutic strategies from average risk to
high risk.’

A handful of recent reports based on a smaller number of
patients investigated the possibility of using imaging features of
the primary tumor on MR imaging as surrogate markers for mo-
lecular groups.'®'" None of them have evaluated the relationship
between imaging features of metastatic disease and molecular
grouping.

The aim of this single-institution study was 2-fold: 1) to vali-
date the predictive value of imaging features of primary tumor
with respect to their molecular group assignment, and 2) to test
the hypothesis that imaging patterns of metastatic disease spread
also correlate with the molecular groups.

MATERIALS AND METHODS

Patients

After institutional review board approval and a waiver of consent,
119 consecutive patients (mean age at diagnosis, 7.3 * 3.8 years;
male, 79 [66.4%]) with a confirmed diagnosis of medulloblas-
toma and interpretable pretreatment MRIs were retrieved from
the data base at the Hospital for Sick Children, Toronto, Canada,
during a 17-year period (from January 2000 to December 2016).
The pathologic diagnosis and the subtypes (large-cell anaplastic, clas-
sic, or desmoplastic) of the primary tumor based on hematoxylin-
eosin-stained slides of formalin-fixed paraffin-embedded mate-
rial were also available in our data base for all 119 included
patients. Patients referred from outside hospitals without an ini-
tial MR imaging study available were excluded.

Molecular Analysis

The 4 molecular groups (WNT, SHH, group 3, and group 4) of
medulloblastoma were determined using NanoString nCounter
system (nanoString Technologies, Seattle, Washington), as previ-
ously described from both formalin-fixed paraffin-embedded tis-
sue and frozen tissue.””'>'? Molecular grouping data were avail-
able for all 119 patients.

MR Imaging
All patients underwent brain and spine MR imaging at either 1.5
or 3T on different magnets and using different protocols during
the 17-year period. The MR imaging protocol used presently for
brain tumor in our institution includes at least the sequences
shown in On-line Tables 1 and 2.

Most patients included in this study underwent DWI, except
for 24 (20.2%) patients who were examined before the implemen-
tation of DWTI in our routine MR imaging protocol.

Imaging Analysis of the Primary Tumor

A neuroradiology fellow and 2 attending neuroradiologists re-
viewed the MR images. Before starting the review, the 3 readers
defined the imaging features to be assessed, including the location
and the degree of enhancement of the primary tumor. Ten ran-
domly selected cases were assessed by each reviewer to refine and
standardize the definition of these parameters. Afterward, 2 of
these readers independently reviewed the MR images blinded to
clinical, pathologic, and molecular data. For discordant readings
between the 2 first readers, the third reader reviewed the cases and
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a consensus was reached among the 3 readers at the end. The
initial results of the 2 first readers were used to generate the inter-
reader agreement.

The readers evaluated the following MR imaging features: tu-
mor location in relation to the fourth ventricle, tumor size, tumor
margin, diffusion restriction, enhancement pattern, cyst/cavita-
tion change, hemorrhage or calcification, the presence of peritu-
moral vasogenic edema, and the presence of supratentorial
hydrocephalus.

The tumor location was categorized as follows: 1) fourth ven-
tricle, which was further divided in 3 groups: fourth ventricle-
midline, fourth ventricle with unilateral extension along the lat-
eral recess, and fourth ventricle with bilateral extension along the
lateral recesses; 2) cerebellopontine angle (CPA); 3) cerebellar pe-
riphery, which was defined as tumor involving the cerebellar cor-
tex; and 4) paraventricular region, which was defined as tumor
located close to the fourth ventricle in the deep cerebellar white
matter without extending into it. The tumor size was a mean of
the 3 orthogonal diameters of the primary tumor. The tumor
margin was characterized as ill-defined if >50% of the margin
could not be distinguished from the surrounding cerebellar pa-
renchyma on the basis of all imaging sequences.'' The diffusion
restriction was characterized by the presence of any low signal
area within the tumor on ADC maps, which was determined
visually. The degree of diffusion restriction was quantified by
ROI-based ADC analysis following the approach of Yeom
etal."* The degree of tumor enhancement was defined as one of
the following: 1) none or minimal (ifless than one-third of the
mass was enhanced), 2) incomplete (between one-third and
two-thirds of the mass was enhanced), and 3) diffuse (if more
than two-thirds of the mass was enhanced). Hemorrhage or
mineralization was defined as foci of blooming on 2D gradient
recalled-echo sequence.

Imaging Analysis of Metastatic Disease

Blinded to molecular and pathologic data, a neuroradiology
fellow and another attending neuroradiologist reviewed the
imaging features of metastatic disease, which were defined as
early (at diagnosis, ie, before the treatment including chemo-
therapy, radiation, and/or an operation) or late/recurrent (af-
ter treatment initiation including chemotherapy, radiation,
and/or an operation) metastases, which were further charac-
terized as ependymal or leptomeningeal. Ependymal metasta-
ses were searched specifically along the ependyma of the lateral
and third ventricles, especially in the third ventricular in-
fundibular recess. The recurrent tumor was searched at the site
of primary tumor, including within the fourth ventricle. Lep-
tomeningeal metastases were divided into supratentorial, in-
fratentorial, and spinal. Furthermore, signal patterns of all in-
tracranial metastatic disease were evaluated and characterized
as diffusion restricting or not and as postcontrast enhancing or
not. Imaging characteristics of metastases were called “mis-
matching pattern” when the metastatic lesion showed diffu-
sion restriction but no/minimal postcontrast enhancement
and “matching pattern” when the lesion showed both diffusion
restriction and postcontrast enhancement. Consensus was
used to resolve disagreement among the readers.



Table 1: Patient demographics with respect to molecular groups

Parameters WNT (n=15) (%) SHH(n=26)(%) Group3(n=29)(%) Group4(n=49)(%) Total(n=19)(%) P
Sex .02%
Male 7 (46.7) 13 (50) 20 (69) 39(80) 79 (66.4)
Female 8(53.3) 13(50) 9(31) 10(20) 40 (33.6)
Age at diagnosis (yr)° 87(3)) 62(4.6) 61(3.8) 81(3.2) 73(3.8) <.000°
Histology .022
LCA 1(67) 9(34.6) 13 (44.8) 7(14.3) 30(252)
Classic 14 (93.3) 8(30.8) 15 (517) 39 (79.6) 76 (63.9)
Desmoplastic 0(0) 9 (34.6) 1(3.5) 3(6.) 13(10.9)
Note:—LCA indicates large-cell anaplastic.
2 Statistically significant.
> Mean with SDs.
Table 2: Locations of primary tumors with respect to molecular groups
Fourth Ventricle
No. Midline-Vermis 4th-uniCPA 4th-biCPA  Subtotal CPA Paraventricular Cerebellar Periphery
Subgroup (n=119) (%) (n = 40) (%) (n=25)(%) (n=17)(%) (n=81)(%) (n=6)(%) (n=12) (%) (n=19) (%)
WNT 15 (12.6) 5(12.5) 3(12) 1(5.9) 8(9.9) 3(50) 3(25) 0(0)
SHH 26(21.8) 3(7.5) 0(0) 0(0) 3(37) 3(50) 2(167) 18(94.7)
Group 3 29 (24.4) 1(27.5) 8(32) 6(353)  25(30.9) 0(0) 4(333) 0(0)
Group 4 49 (41.2) 21(52.5) 14 (56) 10(58.8)  45(55.5) 0(0) 3(25) 1(53)

Note:—4th-uniCPA indicates fourth ventricle with unilateral extension along the lateral recess toward the CPA; 4th-biCPA, fourth ventricle with bilateral extension along

bilateral recesses toward the CPAs.

Statistics and Analysis

First, we evaluated the relationship between the molecular groups
and MR imaging features of primary or metastatic disease using
the Fisher exact test. Afterward, to test the overall performance of
MR imaging patterns of metastatic disease spread in predicting
the molecular grouping, we conducted a stepwise multivariable
multinomial logistic regression in which variables related to the
patterns of metastatic disease spread were put in the model along
with the previously reported predictors (ie, MR imaging features
of primary tumors previously reported as independent predictors
of molecular grouping, including CPA location for WNT, mini-
mal enhancement of group 4 tumors, and cerebellar peripheral
location for SHH) to determine the overall independent predic-
tors of molecular grouping. All statistical analyses were performed
using JMP Pro version 13 software (SAS Institute, Cary, North
Carolina), and P values <.05 were considered statistically
significant.

RESULTS

Patients

The results of our patients, including the distribution of their
demographic data and pathologic subcategorization of the pri-
mary tumor, are shown in Table 1.

Of the 119 patients, NanoString assay revealed 15 WNT
(12.6%), 26 SHH (21.8%), 29 group 3 (24.4%), and 49 group 4
(41.2%) medulloblastoma molecular groups. SHH and group 3
patients were younger (P = .02). Male patients were predominant
(P =.02).

Primary Tumor

There was an almost perfect (reference, 0.81-1.0) agreement

among the readers in determining both the location (k = 86%)

and the degree of enhancement (k = 82%) of the primary

tumor.'’
Depending on the group, tumor locations were highly as-

sociated with molecular groups. Their distribution is shown in

FIG 1. Coronal postcontrast TIWI (A) showing SHH tumor within the
fourth ventricle. The postoperative sagittal postcontrast T1 (B) con-
firmed that the tumor was arising from the flocculonodular lobe.

Table 2. In 20% (3/15), WNT tumors were strictly limited to the
CPA, but this was not exclusive to WNT because 3 (11.5%) of 26
SHH tumors were also centered in the CPA. Four of 15 WNT
tumors were centered in the fourth ventricle while extending lat-
erally along 1 (in 3 cases) or both (in 1 case) lateral recesses. This
location was also observed in groups 3 and 4. The cerebellar pe-
riphery (cerebellar cortex) was the primary location of 69% of
SHH tumors (P < .0001); this corresponds to a positive predictive
value of 94.7% (95% CI, 84%—100%) for SHH. Three SHH tu-
mors were located in the fourth ventricular midline (Fig 1), but
none them extended from the fourth ventricle into the CPA via
the lateral recess (P = .0002).

Groups 3 and 4 were primarily located in the fourth ventricle
(P < .0001) and remained within the midline of the fourth ven-
tricle in 80% of cases (P = .02). Of the 12 tumors noted in para-
ventricular locations, 4 (33.3%) were group 3, but this association
was not statistically significant (P = .45).

There was a statistically significant difference in the degree of pri-
mary tumor enhancement among molecular groups (P < .0001)—
that is, minimal enhancement was noted in 55.1% of group 4 patients
(P < .0001), showing a positive predictive value of 75% (95% CI,
60%—89%). Only 4 (13.8%) group 3 patients demonstrated minimal
enhancement. On the other hand, 86.3% of SHH tumors demon-
strated strong avid enhancement (P <.0001).
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No significant statistical difference was found among the mo-
lecular groups regarding the following tumor characteristics: tu-
mor margin, ADC value, cystic change/necrosis, hemorrhage or
calcification, the presence of a peritumoral vasogenic edema, and
the presence of supratentorial hydrocephalus (P > .05).

Metastatic Disease

Ofthe 119 patients, 34 patients (28.6%) were diagnosed with met-
astatic disease, including 25/34 (73.5%) initial and 9/34 (26.5%)
later metastases. These metastatic diseases were distributed as fol-
lows: 1 of 15 WNT (6.7%) (none at diagnosis, 1 late); 2 of 26 SHH
(7.7%) (2late), 13 0of 29 group 3 (44.8%) (8 at diagnosis, 5 late); 15
of 49 group 4 (30.6%) (14 at diagnosis, 1 late). In 3 cases, multi-

FIG 2. Multifocal (synchronous) SHH tumors at diagnosis. The multi-
ple tumors on this axial postcontrast T1are located in, and presumably
originate within, the cerebellar cortex (A). In the second patient (B),
there is 1 large fourth ventricular mass with an associated separate
cortical mass posteriorly. In this case, the main tumor is lobulated and
appears more like a conglomerate of multiple masses.

Table 3: Imaging features of initial metastases with respect to their molecular group

nodular SHH tumors were initially diagnosed at presentation as
metastases; it is now thought that this pattern may rather repre-
sent multicentric primary tumors, which were all confined within
the cerebellar cortex (Fig 2). This feature distinguished SHH from
others (P = .002), with a positive predictive value of 100%.

Initial Metastasis

Imaging characteristic of initial metastases are shown in Table 3,
and the locations of initial metastases are shown in On-line
Table 3.

In group 3, metastases demonstrated a matching pattern re-
gardless of their ependymal and leptomeningeal locations and
were often massive (P = .003), fitting the so-called descriptive
“sugar coating” pattern (Fig 3A, -B). In 25% of group 3 patients,
the primary tumor was smaller than the largest metastatic tumor
(P = .01) (Fig 3C). Seven (87.5%) of the 8 group 3 patients
showed initial spinal metastases (P = .02).

In group 4, of the 14 patients with initial metastasis, 6 (42.9%)
showed ependymal metastases with a mismatching pattern (Table
3 and Fig 4A, -B). Four of these 6 patients showed a mismatching
metastatic lesion in the ependyma of the third ventricular in-
fundibular recess, a finding that was specific for group 4 (P = .02)
(Fig4C), corresponding to a positive predictive value of 100% for
group 4. One group 4 patient (7.1%) showed an ependymal me-
tastasis, which did not restrict or enhance.

On the other hand, leptomeningeal metastases were seen in 12
(85.7%) of 14 group 4 patients and demonstrated 3 different im-
aging patterns: metastases showing a matching pattern in 5 pa-
tients, a mismatching pattern in 3 pa-
tients, and postcontrast enhancement

assignment® o e
Initial Metastasis (1= 25] and no diffusion restriction in 4 pa-
tients. This mixture of patterns of lepto-
WNT SHH Group 3 Group 4 . L.

MRI Signals (n=0)(%) (n=3)(%) (n=8)(%) (n=14)(%) P Value® memflgeal m.etastases was significantly
Ependymal C—/D+ 0(0) 0(0) 0) 6(428) NG associated with group 4 (P = .0002)
3rd V.IR, C—/D+¢ 0(0) (0) 0) 4(28.6) 02° only.

Ependymal C+/D+ 0(0) 0(0) 3(37.5) 0(0) 02°

Leptomeningeal C—/D+ 0(0) 0(0) 0(0) 3(214) 05

Leptomeningeal C+/D+ 0(0) 3(100) 5(62.5) 5(35.7) 7 Late Metastases/Recurrence
Leptomeningeal C+/D— 0(0) 0(0) 0(0) 4(28.6) 02° Of'the 9 patients with late metastasis, lo-

Note:—C— indicates no contrast enhancing; D+, diffusion-restricting; D—, no diffusion-restricting; C+, contrast-

enhancing; 3rd V.IR, third ventricle infundibular recess.

#The sum of metastases in some locations is higher than the total number of patients in the group because each case

could have multiple metastases in >1compartment.
5P value determined using the Fisher exact test.
© Statistically significant.

9 Subgroup of patients with mismatching ependymal metastasis in the third ventricle infundibular recess.

cal tumor recurrence was seen in only 1
group 4 patient, who showed a mass le-
sion within the surgical bed (Fig 5A, -B).
In the 8 remaining patients, recurrent
metastatic disease in the posterior fossa
presented as multiple scattered lesions.
One patient in the WNT group had
ependymal metastases that demon-
strated diffusion restriction and post-
contrast enhancement, with an en-
hancing leptomeningeal metastasis in
the anterior interhemispheric fissure.
Of the 2 patients in the SHH group,
one showed only 1 spinal metasta-
sis, while the other showed multiple

FIG 3. Metastatic group 3 tumor. In the first patient (A and B), the leptomeningeal “sugar coating”
metastases demonstrate both diffusion restriction (A) and leptomeningeal enhancement on an
axial postcontrast T1image (B). In the second patient, the primary tumor appears smaller than its
leptomeningeal suprasellar, avidly enhancing metastasis (C). An avidly enhancing nodular metas-
tasis involving the cortex in the cerebellum posteriorly is also noted.
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supra- and infratentorial leptomeningeal
metastases.

Five of the 9 late metastases were from
group 3 (P = .02). Four (80%) of these 5



FIG 4. Metastatic group 4 tumors. In the first patient (A and B), the ependymal metastases seen
in the anterior horns of the lateral ventricles and in the splenium of corpus callosum demonstrate
diffusion restriction (B) without enhancement on contrast-enhanced T1 (arrows, B), while the
leptomeningeal metastasis seen along the right temporal lobe demonstrates enhancement with-
out appreciable diffusion restriction (arrowheads, B). In the second patient (C), the primary tumor
demonstrates minimal enhancement on the contrast-enhanced T1 (arrowheads). The patient has
a metastatic tumor in the suprasellar region with 2 components: One is ependymal in the
infundibular recess and shows no enhancement (thin arrow), while the second is leptomen-
ingeal and enhances strongly (thick arrow) like other metastasis in the posterior fossa, or
supratentorially.

‘_

FIG 5. A recurrent group 4 tumor. A, The primary tumor demonstrates minimal postcontrast
enhancement. Four years later, a recurrent tumor appeared along the lower margin of the post-
operative cavity (arrows, B) as well as a metastasis in the infundibular recess and along the tuber

imaging features of these tumors are re-
liable in predicting the molecular
groups. For the primary tumors, for in-
stance, we validated the previous re-
ports''—that is, SHH tumors were
mainly located in the cerebellar periph-
ery with strong postcontrast enhance-
ment, and group 4 tumors were located
mainly in the fourth ventricles with usu-
ally minimal enhancement. However, in
our series, only a small proportion (3/
15, 20%) of WNT tumors were truly lo-
cated in the CPA; the CPA site was not
specific for WNT tumors because SHH
tumors may develop in the same loca-
tion when they originate from the floc-
culus (2/26) (Fig 1).

Our findings are concordant with the
report by Patay et al,'"” who found that
most WNT tumors were close to the
midline but might lateralize toward the
CPA. Gibson et al'” stated that WNT tu-
mors develop in the midline within the
fourth ventricle, while on the contrary,
Perreault et al'' reported a positive pre-
dictive value of 100% for CPA tumors
being WNT. Indeed, the lateral recess
contains the portion of the lower rhom-

cinereum (arrow, C), both of which are nonenhancing.

patients had spinal metastases (P = .003). Of the 5 group 3 patients
with late metastases, 4 (80%) showed leptomeningeal and ependy-
mal metastases demonstrating a matching pattern (P = .003).

One group 4 patient (the same patient described above who
had a local recurrence within the fourth ventricle) showed a late
single metastasis in the third ventricular infundibular recess,
demonstrating a mismatching pattern (Fig 5C), as well as diffuse
spinal intradural extramedullary and intramedullary metastases.

Overall Predictors of Molecular Groups

The stepwise multivariable multinomial logistic regression model
revealed that in addition to recently reported predictors based on
primary tumor, including cerebellar peripheral location for SHH
(adjusted odds ratio [aOR] = 9, P < .0001), minimal enhance-
ment of primary group 4 tumor (aOR = 5.2, P <.0001), and CPA
location for WNT (aOR = 1.4, P = .03), ependymal metastasis
with diffusion restriction and minimal postcontrast enhancement
(mismatching pattern) (aOR = 2.8, P = .001) for group 4 and
spinal metastasis for group 3 (aOR = 1.9, P = .01) also emerged as
independent predictors of medulloblastoma molecular groups.
Specifically, the presence of a metastasis in the third ventricular
infundibular recess showing mismatching pattern was signifi-
cantly associated with group 4 (P = .02).

DISCUSSION

In this article, we evaluated the relationship between the molecu-
lar groups and the imaging features of both primary and meta-
static pediatric medulloblastoma tumors and found that some

bic lip, which has a strong WNT expres-
sion.'® The tumor might originate from
there and extend either laterally to the CPA or, more often, de-
velop medially to finally appear centered within the fourth ven-
tricle, while other tumors centered in the fourth ventricle may
extend laterally into 1 lateral recess or both.

Most (69.2%) SHH tumors were located at the periphery of
the cerebellar hemisphere. This result matches the existing litera-
ture that states that SHH tumors originate from the glutamatergic
neuron precursor granule cells of the upper rhombic lip and form
the external granular layer, a secondary proliferative zone that
persists on the surface of the cerebellum until the second year.'”
SHH tumors therefore develop from the cerebellar cortex and are
commonly associated with a leptomeningeal desmoplastic reac-
tion. Most develop in the cerebellar convexity of the hemispheres
and vermis, but they may also develop from the flocculus, which is
located within the CPA, or from the nodulus, which is located
within the fourth ventricle.'® In our patients, 30.8% of SHH tu-
mors were located either in the CPA or the lumen of the fourth
ventricle. Even in atypical locations, SHH tumors may still be
distinguished from the other groups because they commonly
present with a very strong postcontrast enhancement (seen in
86.3% of SHH tumors), which is thought to be due to leptomen-
ingeal desmoplasia, which is associated with this cortical location.
Another distinguishing feature of the SHH group tumor is the
multinodularity and/or synchronous multifocal tumors at pre-
sentation. In 3 cases, patients presented with cortical cerebellar
masses that were associated with several large cortical nodules
scattered in other parts of the cerebellum, initially considered as
metastases present at diagnosis. However, these may, in fact, rep-
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resent metachronous primary tumors rather than metastatic dis-
semination. In our data, this feature appears to be specific for the
SHH group because nothing comparable was observed in the
other groups.

In our series, most of the group 3 and 4 medulloblastomas
were located in the fourth ventricular midline (89.7%) or, un-
commonly, in a paraventricular location (9%). In 25% of the
cases, the primary tumor in group 3 was small, possibly smaller
than their largest metastasis, and then was unassociated with hy-
drocephalus. This finding suggests an aggressive malignancy with
early metastases in a “young” tumor that did not give the ventri-
cles time to expand. One may speculate that metastatic dissemi-
nation in group 3 could be an early clonal event, meaning that the
tumor metastasizes earlier during its growth, which is consistent
with the very poor prognosis of group 3 patients compared with
other groups.'®'? Regarding tumors of group 4, they typically
show no or only minimal enhancement, as was reported by Per-
reault etal.'' This contrasts with the usual demonstration in these
tumors of prominent intratumoral vessels, consistent with high
perfusion; it reflects a preserved blood-tumor barrier, an unex-
pected finding for a highly malignant embryonal tumor. This
minimal or lack of enhancement, though not absolutely specific
(found in 18.8% of group 3 tumors as well), is still a good identi-
fication mark of group 4 as opposed to other groups.

Regarding metastases, group 3 metastases showed a matching
pattern (restricting and enhancing) regardless of their ependymal
or leptomeningeal location. This contrasted with most (but not
all) ependymal metastases of group 4 tumors, which showed a
mismatching pattern (restricting but not enhancing), while most
of their leptomeningeal metastases enhanced. The biologic mean-
ing of this finding is not known.

Evaluation of late metastases also demonstrated different fea-
tures for different molecular groups. Most the late metastatic dis-
ease belonged to group 3 and spread away from the primary site
into the spinal theca. On the other hand, only 1 of the group 4
patients showed late metastases, including a local recurrence
within the surgical site and metastasis in the third ventricular
recess. Also, only 1 patient with a WNT tumor and 2 with SHH
tumors showed late metastases; this finding is consistent with the
less malignant character of the tumors of these groups compared
with group 3.'®"°

Third ventricular metastases have been known for a long time
to occur in medulloblastoma.”® Most reports are case reports
published before the era of molecular grouping, some of which
were based on CT images, making it difficult to differentiate lep-
tomeningeal from intraventricular masses.”' > The description
of Shelton et al** resembles what we noted in at least 1 of our
patients (Fig 4C): a suprasellar metastasis with an enhancing lep-
tomeningeal component associated and contrasting with a non-
enhancing infundibular ependymal component; molecular
grouping was not available then. Recently, Nagashima et al*® re-
ported a case of a large suprasellar metastasis from a non-SHH/
non-WNT type, without further determination of group 3 or 4. In
our series, it was clearly significant that all tumors that presented
with a metastasis in the anterior third ventricular infundibulum
belonged to group 4 tumors. Besides medulloblastoma, supra-
sellar, third ventricular seeding is known to occur for high-grade
gliomas and pineoblastomas. For some authors, the pattern of
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“bifocal germinoma” also corresponds to a pattern of metastatic
disease spread.”® Therefore, it is not so much the suprasellar/an-
terior third ventricular location that is surprising in medulloblas-
toma but that this seemingly occurs in group 4 tumors and not in
other groups. Another peculiarity of group 4 metastases is that
they enhance in the subarachnoid space but not in the ventricles
and that in the ventricles, they may even demonstrate no diffusion
restriction. Metastases that do not enhance or show restricted
diffusion would be easily missed in the leptomeninges, but not in
the ventricles.

This study provides further indications that some of the imag-
ing patterns of primary tumors and metastatic spread in medul-
loblastoma may be characteristic, though further studies may be
needed. This finding is consistent with the idea that medulloblas-
tomas of different groups are biologically different diseases, with
different behavior and, possibly, distinct preferences for specific
environments. The findings of group-specific patterns of meta-
static disease spread complements the already described group-
specific radiologic features of the primary tumors.

The main limitation to this study is that it is retrospective; and
because it covers a 17-year period, it includes cases with very dif-
ferent MR imaging. Diffusion imaging was not routinely used
during the earlier reviewed cases. Similarly, postcontrast FLAIR,
which may allow detection of more leptomeningeal metastatic
lesions, was not part of the MR imaging protocol during the pe-
riod covered by this study. In addition, fewer spinal metastases
detected in this study may be because we used only contrast-en-
hanced TIWI. The ongoing development of MR imaging se-
quences such as spine DWT and steady-state free precession could
help in detecting more spinal metastases in the future.

CONCLUSIONS

In addition to imaging features of primary tumors, some of im-
aging patterns of metastatic dissemination in medulloblastoma
seem characteristic, perhaps even specific to certain groups. This
finding could further help in differentiating molecular groups,
specifically groups 3 and 4, when the characteristics of the primary
tumor overlap.
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