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Abstract

Background and Objectives

Medulloblastomas are embryonal tumors predominantly affecting children. Recognition of
molecularly defined subgroups has advanced management. Factors influencing the manage-
ment and prognosis of adult patients with medulloblastoma remains poorly understood.

Methods

We examined the management, prognostic factors, and, when possible, molecular subgroup
differences (subset) in adult patients (aged 18 years or older) with medulloblastoma from our
center (specialty Neuro-Oncology clinic within a large academic practice) diagnosed between
1992 and 2020. Molecular subtyping corresponding to the 2021 WHO Classification was
performed. Kaplan-Meier estimates (with log-rank test) were performed for univariate survival
analysis with Cox regression used for multivariate analyses.

Results

We included 76 adult patients with medulloblastoma (62% male), with a median age of 32 years
at diagnosis (range: 18-66) and median follow-up of 7.7 years (range: 0.6-27). A subset of 58
patients had molecular subgroup characterization—37 SHH-activated, 12 non-WNT /non-
SHH, and 9 WNT-activated. Approximately 67% underwent gross total resection, 75% received
chemotherapy at diagnosis, and 97% received craniospinal irradiation with boost. The median
overall survival (OS) for the whole cohort was 14.8 years. The 2-, 5-, and 10-year OS rates were
93% (95% CI 88-99), 86% (78-94), and 64% (53-78), respectively. Survival was longer for
younger patients (aged 30 years or older: 9.9 years; younger than 30 years: estimated >15.4
years; log-rank p < 0.001). There was no survival difference by molecular subgroup or extent of
resection. Only age at diagnosis remained significant in multivariate survival analyses.

Discussion

We report one of the largest retrospective cohorts in adult patients with medulloblastoma with
molecular subtyping. Survival and molecular subgroup frequencies were similar to prior reports.
Survival was better for adult patients younger than 30 years at diagnosis and was not signifi-
cantly different by molecular subgroup or management characteristics (extent of resection, RT
characteristics, or chemotherapy timing or regimen).
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Glossary

ASCT = autologous stem cell transplant; CSI = craniospinal irradiation; GTR = gross total resection; OS = overall survival; PF =
posterior fossa; PFS = progression-free survival; RT = radiation therapy; STR = subtotal resection; TB = tumor bed.

Introduction

Medulloblastoma is a primary malignant, high-grade embry-
onal CNS tumor."” Incidence is highly variable based on age,
occurring at a rate of 0.53-0.58/100,000 in those aged 0-9
years and 0.02/100,000 in those older than 40 years.>* Given
the rarity of this diagnosis in adult patients, there is limited
evidence regarding the optimal management strategy and
long-term clinical outcomes in patients diagnosed in adult-
hood. The clinical management strategy in adult patients is
frequently extrapolated from the pediatric experience. How-
ever, clinical features and prognosis seem variable between
adult and pediatric patients,l’5 which may support manage-
ment differences depending on age. Prior prospective and
retrospective reports in adults have used various techniques
such as radiation therapy (RT) type/dose, chemotherapy, or a
combination of therapy after surgical resection.®"°

Recently, the molecular characterization of medulloblastoma
elucidated 4 distinct molecular subgroups—sonic-hedgehog
(SHH or SHH-activated), wingless (WNT or WNT-
activated), and non-WNT/non-SHH (group 3 and group
4).""" SHH-activated is further categorized based on TPS3
status as SHH-TPS3 wild-type (wt) or SHH-TPS3 mutant
(mut), with a worse prognosis in the latter."* Medulloblas-
toma molecular subtyping has been further subclassified into
4 subgroups of SHH-activated and 8 subgroups of non-
WNT/non-SHH in the updated 2021 WHO Classification of
Tumors of the CNS."* Despite improved understanding of
these molecular drivers, there is a paucity of subgroup-specific
management and long-term outcomes in adults.

To aid in our clinical approach to adult patients diagnosed
with medulloblastoma, we examined management, prognostic
factors, and molecular subgroup differences (subset) in adult
patients with medulloblastoma from our center (specialty
neuro-oncology clinic within a large academic practice) di-
agnosed between 1992 and 2020.

Methods

Demographics, Diagnosis, and Management

After approval from the Mayo Clinic Rochester Institutional
Review Board, patients were identified through search of our
electronic medical record database search tool for the di-
agnosis of “medulloblastoma” and/or through an established
Radiation Oncology dataset of patients with medulloblas-
toma. All included patients had a pathologically confirmed
diagnosis of medulloblastoma at our institution. All patients
were 18 years of age or older during initial diagnosis. Patients
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without comprehensive clinical records and/or follow-up
were excluded from analyses. Included patients were di-
agnosed from January 1992 to October 2020. The last review
date for follow-up was May 2022.

Information collected included demographics, medical his-
tory, details of initial presentation, diagnostic information
including pathology (histopathologic diagnosis, immunohis-
tochemistry, cytogenetics, etc), modified Chang stage (MO-
M4), management (extent of surgical resection, RT details,
chemotherapy type and frequency), autologous stem cell
transplant (ASCT) status, and survival outcomes. Molecular
subgroup classification was determined by immunohisto-
chemistry in 30 patients during diagnosis and in 28 patients
retrospectively for this analysis.

Statistical Analyses

We performed descriptive statistics of the whole sample and
assessed differences by molecular subgroup, age category,
gender, and ASCT status using ¢ tests or analysis of variance
(ANOVA) for continuous variables and X analyses for cat-
egorical variables. Disseminated disease (M+) at diagnosis
was defined by cytologic confirmation on CSF sample and/or
imaging findings consistent with disseminated disease
(i.e., leptomeningeal contrast enhancement in the neuroaxis).

Overall survival (OS) was calculated as time from initial di-
agnosis to death. Progression-free survival (PFS) was calculated
as time from initial diagnosis to first clinically determined pro-
gression (i.e, new symptoms) with radiographic evidence sup-
porting disease progression and, in most cases, prompting new
treatment recommendations or supportive care or death. We
calculated OS and PFS using the Kaplan-Meier method for
univariate survival analyses with log-rank used to assess for
group differences. Cox regression analysis was used for multi-
variate survival analyses adjusted for age at diagnosis and gender.

We performed survival analyses to assess for differences in
survival by age at diagnosis (younger than 30 years, 30 years or
older), molecular subgroup (SHH, TPS53-wt; WNT; non-
WNT/non-SHH), ASCT (yes or no) and ASCT timing
(initial diagnosis or recurrence), presence of disseminated
disease at diagnosis (yes or no), extent of initial surgery
(biopsy/subtotal resection [STR] or gross total resection
[GTR]), decade of diagnosis (1990s, 2000s, 2010s, or 2020s),
time of diagnosis before or after routine molecular subgroup
analysis (before or after 2012), time of subgroup character-
ization (at diagnosis or retrospective), location (midline or
lateral/hemispheric), initial chemotherapy type (platinum-

containing regimen, vincristine-containing regimen, a or
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combination of cisplatin, etoposide, and cyclophosphamide
[CisP+E+Cyclo]), neoadjuvant vs adjuvant therapy at initial
diagnosis, boost type (posterior fossa [PF] or tumor bed
[TB]), craniospinal irradiation (CSI) dose (less or greater
than/equal to the median, 36 Gy), total radiation dose (CSI +
boost, lesser or greater than the median, 54.8 Gy), or boost
dose (less of greater than the median, 19.8 Gy).

Thirty years was selected as the cutoff for “younger” vs “older”
adults in our cohort providing near-equal group distribution
(younger than 30 years, n = 35, 30 years or older, n = 41). We
assessed outcomes for age continuously in Cox regression
analyses. GTR was defined as <1.5 cm” residual tumor during
routine clinical cares based on assessment of postoperative
imaging. All analyses were performed on BlueSky Statistics
(Commercial Server Edition, version 7.40). Note that statis-
tical analyses were not corrected for multiple comparisons
and that any results with p > 0.01 (i.e., log-rank, X2, etc.)
should be interpreted with caution. Individual patient-level
data are included in Table 1. Anonymized data not published
within this article will be made available on request.

Results

Patient Characteristics

A total of 76 adult patients were identified with histopatho-
logic diagnosis of medulloblastoma and sufficient clinical
characterization and follow-up for study inclusion. All cases
were confirmed by neuropathologists at Mayo Clinic
Rochester (Minnesota). Decade of diagnosis included the
1990s (22%), 2000s (32%), 2010s (40%), and 2020s (6% );
with 36% (n = 27) being diagnosed after 2012, when mo-
lecular subgroup analyses became more integrated into clin-
ical practice. The median age at diagnosis was 32 years (range:
18-66 years). We dichotomized by age into groups of those
younger than 30 years and 30 years or older, with 3$ patients
younger than 30 years (46%) and 41 patients 30 years or older
(54%). The median follow-up time was 7.7 years (range:
0.6-27). The sample was predominantly male individuals
(male: n = 47, female: n = 29). The median time from initial
symptoms to diagnosis was 2.4 months (range: 0.1-36), with
the most common initial symptoms being headache (66%)
and gait imbalance (32%). In total, 51% of patients had dis-
ease recurrence, and 42% had died at last follow-up. See
Table 1 for demographic and management details.

Tumor Characteristics

Most tumors (71%) were hemispheric (left 59%, right 41%)
rather than midline (29%) at presentation. Histologically, most
were classic (79%), followed by desmoplastic or nodular (20%)
and anaplastic (1%). During initial histopathologic diagnosis,
disseminated disease (M+) was present in 29% of patients.

Molecular Subgroups
Of all 76 patients, S8 had molecular subgroup characteriza-

tion performed at initial diagnosis (n = 30) or retrospectively
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(n = 28). The most common subgroup was SHH-activated
(n = 37, 64%), followed by non-WNT /non-SHH (n = 12,
21%) and WNT-activated (n = 9, 15%). Of the 34 patients
with TPS3 immunohistochemistry performed, only 2 (6%)
had a TP53 mutation (TPS53-mut)—both of which were
within in the SHH-activated subgroup, and histologically,
one was anaplastic and the other desmoplastic.

Molecular Subtypes

Twenty-three patients had testing for copy number
alterations—specifically assessing for monosomy 6, MYCN or
MYC gene amplification. One patient (#1, aged 30 years at
diagnosis) within the WNT-activated subgroup had mono-
somy 6 and thus WNTa subtype—generally seen in younger
patients than with WNT subtype and comprises much of the
WNT-activated subgroup (approximately 70%). One patient
(#56, aged 28 years at diagnosis) within the non-WNT/non-
SHH subgroup was found to have MYCN gene amplification
and thus classified as group 4a subtype.'*

Management

At initial diagnosis, S1 patients (67%) had GTR with the
remainder having STR. All patients underwent RT as part of
treatment at initial diagnosis, and 25.0% (n = 19) received
proton beam radiotherapy. Of the 68 patients with RT
treatment details, all but 2 (3%) underwent CSI with a boost
either to the posterior fossa (PF, 75%) or to the tumor bed
(TB, 22%). Spine boosts were performed in 10% of patients.
The median dose of administered CSI was 36 Gy (range:
23.4-41.4, 84% with CSI dose >29 Gy), median PF/TB boost
was 19.8 Gy (range: 9-32.4), median RT total dose (CSI +
boost) was 54.8 Gy (range: 30-58.5, 97% with RT dose >S50
Gy), and spine boost was 9.9 Gy (range: 9-19.8). Boost type
was different by decade of diagnosis (X> (6) = 328, p <
0.0001), with TB boost being used more frequently starting in
the 2010s (TB use by decade—1990s: 0%, 2000s: 5%, 2010s:
32%, 2020s: 100%). There was a decrease in hematologic
laboratory values (hemoglobin, platelets, and leukocytes) after
RT (eTable, links.lww.com/WNL/D1S5). Transfusion was not
necessary secondary to RT toxicity. Proton RT tended to lead
to a lower drop in platelets than photon RT (proton: —36
x10°/L, photon: —87 x10°/L; t = —=1.79(33), p = 0.08), al-
though interpretation is limited by incomplete laboratory data.

Most of the patients (75%) received chemotherapy at initial
diagnosis, with 88% receiving chemotherapy at some point in
their care. Patients not receiving chemotherapy (n = 9) ten-
ded to be older at diagnosis (no chemotherapy: mean age
40 years, chemotherapy: mean age 32 years; t = 1.97(73), p =
0.05) and tended to be more remotely diagnosed (% of di-
agnoses by decade—no chemotherapy: 1990s: 56%, 2000s:
229%, 2010s: 22%, 2020s: 0%); however, other features were
similar between groups. The most common administration
timing was adjuvant after radiotherapy (70%), followed by
neoadjuvant (15%) and first chemotherapy at recurrence
(15%). Platinum-containing regimens were the most com-
mon initial choice (n = 60, 92%) with the combination of
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Table 1 Demographics for the Full Cohort, by Participant

Total Spine
Age at Sx to Dx OS PFS Chang Surgery Chemo at chemo CSI/Boost Boost boost
# Gender Dx(y) (Months) ECOG Deceased Cause (y) (y) Location stage Subgroup Type type initial Dx  First chemo agents Proton (Gy) type (Gy) ASCT
1 F 29.9 1.1 No — 50 50 M MO WNT C GTR Yes CisP+E+CycloP 3 Yes 23.4/30.6  PF No No
2 M 64.7 6.1 Yes unk 1.4 114 H M3 WNT C GTR No — 0 No unk/unk unk unk No
3 M 22.7 4.4 No — 20.1 201 M MO WNT C GTR No — 0 No 36/18 PF No No
4 F 26.4 7.3 Yes unk 148 148 H MO WNT C GTR Yes CisP+E+CycloP 3 No 36/19.8 PF 19.8 No
5 M 53.2 0.8 Yes unk 67 67 M MO WNT C GTR Yes CisP+E+CycloP 3 No 36/18 PF 9 No
6 M 50.0 1.2 Yes COD 93 93 H M2 WNT C STR Yes CisP+E+CycloP+V 4 No 36/19.8 PF No No
7 F 35.5 19.4 No — 98 98 M MO WNT C STR Yes CisP+CycloP+V 4 No 36/19.8 PF No No
8 F 26.8 1.7 No — 76 76 M MO WNT C STR Yes CisP+E+CycloP 3 No 36/19.8 B No No
9 F 61.2 25.8 No — 52 52 M MO WNT C STR Yes CisP+E+CycloP 3 Yes 36/16.2 B No No
10 M 33.0 0.5 Yes COD 99 48 H MO SHH C GTR Yes \Y 6 No 36/19.8 PF No SecRec
1M1 M 50.7 0.9 Yes COD 18 1.8 H M4 SHH C GTR Yes CisP+L+V 3 No 36/18 PF No No
12 M 20.1 3.5 No — 28 28 H MO SHH D GTR Yes CisP+E 2 Yes 23.4/30.6 PF No No
13 M 56.6 0.6 Yes OTHER 0.6 0.6 H MO SHH C STR No — 0 No unk/unk unk unk No
14 M 324 0.5 Yes likely 104 63 M M2 SHH C GTR Yes CisP+E+CycloP 9 No 36.2/19.8 PF 9.9 FirstRec
COD
15 F 35.2 0.5 Yes likely 99 66 M MO SHH D GTR No CisP+E+CycloP 4 No 36/19.8 PF No No
COD
16 F 33.9 0.4 No — 269 269 H M2 SHH D GTR No — 0 No unk/unk PF No No
17 F 279 1.1 No — 163 52 H M3 SHH D GTR No CisP+E+CycloP+V 6 No 30/28.5 PF No FirstRec
18 M 25.4 9.1 Yes unk 140 136 H MO SHH C GTR Yes \Y 6 No 36/18 PF No SecRec
19 F 20.1 2.0 No - 50 50 H MO SHH C GTR Yes CisP+E+CycloP 3 Yes 23.4/30.6  PF No No
20 M 20.8 1.6 No — 6.1 44 M MO SHH D STR Yes \ 4 Yes 23.4/30.6  PF No No
21 M 19.7 1.1 Yes CcoD 37 18 H MO SHH D GTR No CisP+E+CycloP+V 6 No 30/No No No SecRec
22 F 314 No Yes unk 30 24 H MO SHH, D STR No — 0 No unk/No No No No
TP53-mut
23 M 46.3 9.4 Yes likely 16.2 147 H MO SHH C STR Yes CisP+E+CycloP 3 No 36/18 PF No No
CcoD
Continued
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Table 1 Demographics for the Full Cohort, by Participant (continued)

Total Spine
Age at Sx to Dx OS PFS Chang Surgery Chemo at chemo CSl/Boost Boost boost
# Gender Dx(y) (Months) ECOG Deceased Cause (y) (y) Location stage Subgroup Type type initial Dx  First chemo agents Proton (Gy) type (Gy) ASCT
24 F 65.6 1.3 No — 59 59 H M2 SHH C GTR No — 0 Yes 36/21.6 PF No No
25 F 51.7 15.0 Yes likely 111 111 M M2 SHH C STR Unk unk unk No unk/unk unk unk No
CcoD
26 M 33.2 3.0 Yes CcoD 15.0 150 H M4 SHH C GTR Yes CisP+E+CycloP 6 No 36/19.8 B No Initial
27 M 48.9 3.2 Yes unk 164 164 H MO SHH C GTR Yes CisP+E+CycloP 3 No 36/19.8 PF No No
28 F 253 No Yes CcoD 154 10.0 H MO SHH C GTR No CisP+E+CycloP 6 No 36/20 PF No FirstRec
29 M 45.2 3.1 Yes likely 35 16 H M3 SHH C GTR Yes V> 8 No 36/19.8 PF 9 FirstRec
COoD CisP+E+CycloP+V
30 F 52.0 3.7 Yes likely 63 53 H MO SHH C GTR No CisP+E+CycloP 3 No unk/unk unk unk No
CcoD
31 F 29.2 4.7 No — 11.6 116 H MO SHH C STR Yes CisP+E+CycloP+V 4 No 36/19.8 PF No No
32 F 26.6 0.7 No — 114 41 H MO SHH, A STR Yes CisP+CycloP+V 3 No 36/19.8 PF No No
TP53-mut
33 M 26.4 2.9 No — 11.8 118 H MO SHH C STR Yes CisP+E+CycloP+V 4 No 36/19.8 PF No No
34 M 44.0 No Yes likely 2.8 28 M MO SHH C STR Yes unk unk No unk/unk unk unk No
CcoD
35 M 24.2 1.2 No — 82 82 M MO SHH D GTR Yes CisP+E+CycloP 3 No 23.4/324 PF No No
36 M 326 2.9 No — 75 75 H MO SHH D STR Yes CisP+E+CycloP 3 No 34.2/19.8 PF No No
37 M 30.1 0.2 No - 11.8 6.8 H MO SHH C GTR No CisP+E+CycloP 3 No 36/9 PF No No
38 M 374 0.7 No - 69 13 H MO SHH D GTR Yes HDCSCS 6 No 39.6/144 PF No Initial
39 F 25.1 12.6 No — 46 46 H MO SHH C GTR Yes CisP+E+CycloP 3 Yes 28.8/252 1B No No
40 F 18.3 0.9 No — 29 29 H M2 SHH C GTR Yes CisP+E+CycloP 3 Yes 36/18 B No No
M1 M 29.3 10.2 No — 33 1.1 H M3 SHH C GTR Yes CisP+E+CycloP 4 Yes 36/18 TB 18 No
42 M 20.6 0.5 No — 27 27 H MO SHH C GTR Yes CisP+E+CycloP+Vis 4 Yes 23.4/30.6 TB No No
43 M 46.8 5.8 No — 19 19 H M3 SHH C GTR Yes CisP+E+CycloP 3 Yes 36/19.5 TB 19.5 No
4 M 259 0.1 No — 16 16 H MO SHH C GTR Yes CisP+E+CycloP 3 Yes 23.4/30.6 TB No No
45 F 41.2 6.9 No — 1.8 1.8 H M2 SHH C STR Yes CisP+E+CycloP 3 Yes 36/18 TB No No
46 M 19.5 2.8 No — 14 14 H M2 SHH C GTR Yes CisP+E+CycloP+Vis 4 Yes 36/18 TB No No
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Table 1 Demographics for the Full Cohort, by Participant (continued)

Total Spine
Age at  Sx to Dx 0OS PFS Chang Surgery Chemo at chemo CSl/Boost Boost boost
# Gender Dx(y) (Months) ECOG Deceased Cause (y) (y) Location stage Subgroup Type type initial Dx  First chemo agents Proton (Gy) type (Gy) ASCT
47 M 234 36.2 2 No — 47 47 M MO non-WNT/  C GTR Yes CisP+E+CycloP 3 Yes 23.4/30.6  PF No No
non-SHH
48 F 21.9 3.0 1 No - 38 38 M MO non-WNT/ C STR Yes HDCSCS 3 Yes 36/19.8 PF No Initial
non-SHH
49 M 21.8 No 2 No — 243 243 H MO non-WNT/ C STR Yes CisP+E+CycloP 3 No unk/unk PF No No
non-SHH
50 F 20.4 3.0 0 No — 22.0 220 M MO non-WNT/  C GTR Yes \Y 1 No 36/18 PF No No
non-SHH
51 M 26.2 1.0 0 No — 131 131 M MO non-WNT/  C GTR Yes CisP+E+CycloP 3 No 36/18.8 PF No No
non-SHH
52 M 45.9 0.3 0 Yes unk 148 91 H MO non-WNT/ C GTR No CisP+E+CycloP 3 No 30/25 PF No No
non-SHH
53 M 231 23.8 0 No — 10.0 10.0 M MO non-WNT/ C GTR Yes CisP+E+CycloP 3 No 36/18 PF No No
non-SHH
54 F 335 24.7 0 No — 112 14 H MO non-WNT/  C STR Yes CisP+E+CycloP 6 No 36/19.8 PF No FirstRec
non-SHH
55 M 51.0 9.5 1 No — 83 83 H MO non-WNT/  C STR Yes CisP+E+CycloP 3 No 36/19.8 B No No
non-SHH
56 M 28.2 0.6 1 No — 54 01 M MO non-WNT/ C STR Yes CisP+E+CycloP 3 Yes 36/18 B No No
non-SHH
57 M 28.1 8.1 1 No - 25 25 H MO non-WNT/ C GTR Yes CisP+E+CycloP 3 Yes 23.4/30.6 TB No No
non-SHH
58 M 20.1 3.0 0 No — 1.7 1.7 M MO non-WNT/ C GTR Yes CisP+E+CycloP 3 Yes 36/18 B No No
non-SHH
59 F 35.4 No 0 No — 1.5 115 H MO unk C GTR Yes CisP+E+CycloP 3 No 36/19.8 PF No No
60 M 18.8 No 1 No — 254 254 H MO unk C GTR No — 0 No unk/unk PF No No
61 F 36.2 4.6 1 Yes OTHER 7.7 48 H M3 unk C STR Yes CisP+E 5 No 40.5/144 PF No FirstRec
62 M 47.2 2.0 1 Yes likely 7.8 44 H M2 unk C GTR No CisP+E+CycloP 7 No 35.2/19.2 PF No SecRec
CcoD
63 M 32.8 1.9 1 Yes CcoD 1.5 09 M M4 unk C GTR Yes CisP+E+CycloP 5 No 36/19.8 PF No No
64 M 18.6 1.9 0 Yes likely 20 16 H MO unk C GTR Yes CisP+E+IfoP 3 No unk/unk unk unk No
CcoD
Continued
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Table 1 Demographics for the Full Cohort, by Participant (continued)

Total Spine
Age at  Sx to Dx 0OS PFS Chang Surgery Chemo at chemo CSl/Boost Boost boost
# Gender Dx(y) (Months) ECOG Deceased Cause (y) (y) Location stage Subgroup Type type initial Dx  First chemo agents Proton (Gy) type (Gy) ASCT
65 M 32.0 3.6 0 Yes unk 104 61 M M3 unk C GTR No — 0 No 41.4/144  PF No No
66 F 33.9 0.9 1 No — 19.0 19.0 H MO unk D GTR Yes CisP+L+V 3 No 36/19.8 PF No No
67 F 36.3 1.0 1 Yes unk 6.1 13 H MO unk C STR Yes L 4 No 36/18 PF No FirstRec
68 F 38.0 2.7 3 No - 165 165 M MO unk C GTR Yes V -> CisP+L 3 No unk/unk unk unk No
69 M 21.8 0.1 0 No - 16.4 164 H MO unk C GTR Yes CisP+L+V 3 No 36/18 PF No No
70 M 32.0 0.4 1 Yes likely 26 16 H M3 unk D GTR Yes CisP+E+CycloP+V 5 No 36.6/19.8  PF 9 No
COD
71 M 4.7 3.0 1 Yes likely 79 58 H MO unk C STR No HDCSCS 6 No unk/unk unk unk FirstRec
CcoD
72 F 289 5.7 1 No — 124 124 H MO unk D GTR Yes CisP+CycloP+V 3 No 36/19.8 PF No No
73 F 31.0 0.7 1 Yes unk 67 42 H MO unk C STR Yes CisP+E+IfoP 3 No unk/unk PF unk No
74 M 32.1 2.0 1 Yes likely 53 29 H MO unk D GTR No HDCSCS 3 No 30.6/25.2  PF No FirstRec
COD
75 M 36.2 1.5 3 Yes COoD 07 07 H M4 unk D GTR No - 0 No 36/19.8 PF No No
76 M 21.6 4.9 1 No — 86 86 H M3 unk C STR Yes HDCSCS 3 No 30.6/23.4 PF No Initial

Abbreviations: A = anaplastic; ASCT = autologous stem cell transplant; C = classic; Cause = cause of death; CisP = cisplatin; COD = cause of death due to tumor progression without further tumor-targeted therapy, likely COD =
cause of disease likely due to tumor progression and/or treatment given progressive clinical/functional decline near time of death, OTHER = cause of death from health concern not medulloblastoma; CSI = craniospinal
irradiation; CycloP = cyclophosphamide; D = Desmoplastic; Dx = diagnosis; E = etoposide; ECOG = Eastern Cooperative Oncology Group performance status at the last in-person follow-up (0 = asymptomatic, 1 = symptomatic
but ambulatory, 2 = symptomatic in bed <50% of day, 3 = symptomatic in bed >50% of day, 4 = bedbound); F = female; FirstRec = first recurrence; GTR = gross total resection; H = hemispheric; HDCSCS = high-dose chemotherapy
with stem cell support; L = lomustine; M = male; ML = midline; OS = overall survival; PF = posterior fossa; PFS = progression-free survival; SecRec = second recurrence; STR = subtotal resection; Sx = symptoms; TB = tumor bed;
unk = unknown; V = vincristine; Vis = visomegib
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cisplatin, etoposide, and cyclophosphamide (CisP+E+Cyclo)
used as the first regimen in 68% of patients (n = 44). Vin-
cristine was used in 24% of patients (n = 18), alone concur-
rent with RT (n = 6, 9%) or vincristine in combination with
platinum-based treatment after RT (n = 12, 18%). In total, 16
different chemotherapeutic agents were used at some point in
the care of patients in our cohort, with a median of 3 agents.

Survival

The median OS (mOS) for the whole sample was 14.8 years;
with 2-, 5-, and 10-year OS rates of 93% (95% CI 88-99), 86%
(78%-94%), and 64% (53%-78%), respectively. The median
PFS (mPFS) for the whole sample was 10 years; with 2-, S-,
and 10-year PFS rates of 82% (75%-92%), 69% (59%-81%),
and 48% (36%-63%), respectively. We have included a
compilation of published case series of adults with medullo-
blastoma in Table 2 for comparison with our cohort.

In univariate survival analyses, survival was better for younger
patients ([mOS: 30 years or older: 9.9 years, younger than 30
years: estimated >15.4 years—median not met; log—rank p <
0.001], [mPES: 30 years or older: 6.3 years, younger than 30
years: 14.8 years; log-rank p < 0.005]). Survival was worse in
those with disseminated disease (M+) at diagnosis (mOS:
yes: 10.4 years, no: 15.4 years; log-rank p = 0.02). Male pa-
tients had a trend toward worse mOS than female patients
(male: 11.4 years, female: 15.4 years; log-rank p = 0.07).
There was also a trend for those receiving chemotherapy at
initial diagnosis having better mPFS (yes: 14.7 years, no: 6.1
years; log-rank p = 0.07).

There were no survival (OS or PFS) differences by location of
primary tumor (hemispheric (left, right) or midline), histo-
logic type (classic or desmoplastic), type of initial surgery
(STR or GTR), decade of diagnosis (1990s, 2000s, 2010s, or
2020s), diagnosis year (before or after 2012), initial chemo-
therapy type (platinum-containing regimen, vincristine-
containing regimen, or a combination of CisP+E+Cyclo),
neoadjuvant vs adjuvant therapy at initial diagnosis, boost
type (PF or TB), CSI dose (less or greater than the median,
36 Gy), total radiation dose (CSI + boost, lesser or greater
than the median, 54.8 Gy), or boost dose (less of greater than
the median, 19.8 Gy) or time of subgroup characterization (at
diagnosis or retrospective). See Figure for Kaplan-Meier plots
for the whole sample and by age at diagnosis, molecular
subgroup, and extent of disease.

In multivariate Cox regression analyses including the whole
cohort controlling for age and gender (Table 3), only age at
diagnosis continued to be significantly related to prognosis
(OS and PFS). We found 32 patients were dead at the last
follow-up, with cause of death primarily directly related to
tumor progression without further disease-targeted therapy
(n = 8) or cause of death likely due to tumor progression and/
or treatment, given progressive clinical/functional decline
near time of death (n = 20). Of the deceased patients, 21
(66%) had radiographic and/or clinical progression before

Neurology.org/N

death. This compares with only 18.2% (n = 8) of the 44
patients who were alive at the last follow-up (X*(1,n=76) =
17.7, p < 0.0001). Patients with clear radiographic or clinical
progression were likely to have worse survival (mOS for those
with disease progression was 9.9 months vs estimate >15 years
(median not reached) for those without progressive disease at
the last follow-up, log-rank p < 0.001).

Molecular Subgroup

We divided the SHH-activated subgroup by TPS3 status be-
cause the TP53-mut is related to worse survival relative to
TPS3-wt'>—2 patients with SHH, TPS3-mut were excluded
to ensure a more homogenous SHH-activated group for in-
terpretation. The mean age at diagnosis by subgroup was 34
years for SHH-activated, TPS3-wt, 41 years for WNT-
activated, and 29 years for non-WNT/non-SHH (F(2,53) =
2.53,p=0.09). There was no difference in gender between the
subgroups (% female: SHH, TPS3-wt: 34%, WNT-activated:
56%, non-WNT /non-SHH: 25%; X> (2) = 2.17, p = 0.3).
Tumor location was different by subgroup with SHH, TP53-
wt more commonly being hemispheric at 83%, while WNT-
activated and non-WNT/non-SHH were more commonly
midline at 67% and 58%, respectively (X* (2) = 119, p <
0.005). There was less disseminated disease at diagnosis
within the non-WNT/non-SHH subgroup (0%), relative to
the SHH, TPS53-wt (37%) and WNT-activated (22%) sub-
groups (X (2) = 6.40, p = 0.04). There were no subgroup
differences in the extent of surgical resection, chemotherapy,
or RT characteristics.

There was no significant survival difference by molecular sub-
group in univariate analysis ([mOS: SHH, TPS3-wt: 14 years,
WNT-activated: 11.4 years, non-WNT/non-SHH: estimated
>14.8 years—median not met; log-rank p = 0.12; Figure] [mPFS:
SHH, TPS3-wt: 6.8 years, WNT-activated: 11.4 years, non-
WNT /non-SHH: estimated >9.1 years—median not met; log-
rank p = 0.18]). OS at the last follow-up for the 2 patients with
SHH, TPS3-mut was 3 years (deceased) and 11.4 years (cen-
sored), respectively. There were no survival differences by mo-
lecular subgroup when incorporating all patients with subgroup
data ([mOS: SHH-activated: 14 years, WNT-activated: 11.4
years, non-WNT/non-SHH: estimated >14.8 years—median
not met; log-rank, p = 0.11] [mPFS: SHH-activated: 6.8 years,
WNT-activated: 11.4 years, non-WNT/non-SHH: estimated
>9.1 years—median not met; log-rank, p = 0.12]). There were no
survival (OS or PFS) differences by molecular subgroup in
multivariate analyses, although the small size of subgroups limited
the ability of this study to detect intergroup differences (Table 3).

Age

Given the apparent impact of age in our cohort, we further
assessed for differences in patients younger than 30 years or
30 years or older during diagnosis. Older patients were more
likely to have disseminated disease at diagnosis relative to
younger patients (42% vs 14%, X* (1) = 6.78, p < 0.01; mean
age with disseminated disease 39 years, mean age without
disseminated disease, 31 years, F(1,74) = 6.32, p = 0.01).
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Table 2 Collected Case Series of Medulloblastoma in Adults

Study # Age (y) Female Subgroup M+ GTR RT Chemo (o} PFS Country Study
1 191 27(18-32) 75(39%)  WNT (30, 16%), SHH 24(19%) 107 (84%) 107 (92%) 95 (84%) — 5-y PFS (ns): WNT: MAGIC (multiple) Coltin et al."®
(112, 59%), group 3 (6, 64%, SHH: 70%,
3%), group 4 (41, 22%) group 3: 80%,
group 4: 45%
2 99" 27 (19-63) 35 (35%) WNT (19, 19%), SHH (49, 8 (10%) 62 (85%) 61 (84%) 42 (56%) med OS: 8.5y, 5-y med PFS: 8.3y China (multiple) Wong et al.’®
50%), group 3 (13, 13%), OS (ns): WNT: 45%
group 4 (18, 18%)
3 80 26 (18-53) 39 (49%) WNT (2, 7%), SHH (24, 7 (11%) 48 (60%) 70 (88%) 57 (71%) med OS: 6.5y, 5-y — Australia (multiple) Parakh et al."””
80%), group 3/4 (4, 13%) 0OS: SHH:74%, non-
SHH: 43%
4 26 29 (18-53) 7 (27%) SHH (10, 48%), group 1 (7%) 22 (85%) 25 (96%) 21 (81%) 5-y OS: 80% 5-y PFS: 77% Canada (single) Quinones et al.'®
3/4 (11, 52%)
5 21 30 (17-46) — WNT (1, 6%), SHH (13, 2 (10%) 17 (90%) 21(100%) 20 (95%) 5-y OS: 88%, 10-y 5-y PFS: 89%, 10-y Germany (single) Hadi et al.”®
77%), group 4 (3, 18%) 0OS: 80% PFS: 81%
6 200 29 (18-63) 78 (39%) SHH (9, 90%), group 4 23 (15%) 110 (55%) 184 (92%) 105 (55%) med OS: 8.8y, 5-y med PFS: 6.6y, 5-y USA (single) Majd et al.?°
(1, 10%) OS: 74% PFS: 55%
7 156 28 (18-58) 57 (37%) — 14 (15%) 101 (67%) 154 (99%) 75 (48%) 5-y OS: 70%, 10-y 5-y EFS: 61%, 10-y France (multiple) Carrie et al.?’
0OS: 51% EFS: 48%
8 152 32 (18-85) 50 (33%) — 9.1% 87 (53%) 96.7% 86% med OS: 9.3y, 5-y med PFS: 1.9y Italy (multiple) Gaviani et al.??
0OS: 73%
9 62 25 (16-55) 25 (40%) — 14 (23%) 37 (60%) 62 (100%) 27 (43%) 5-y OS: 83%, 8-y 5-y PFS: 60%, 8-y China (single) Zhang et al
0OS: 57% PFS: 37%
10 48 25 (16-48) 12 (25%) — 5 (17%) 22 (46%) 48(100%) 1 (2%) med 05:7.9y,5y  — Canada (single) Frost et al.2*
OS: 62%, 10-y OS:
41%
1 45 31 (16-63) 13(29%) — — All Surgery  45(100%)  — med 0S:17.6y,5y  — Italy (multiple) Giordana et al.?®
0OS: 70%
12 36 25 (16-76) 14 (39%) — 8 (27%) 19 (58%) 36 (100%) 20 (56%) med 0S:10.5y, 5-y med PFS: 6.9y, 5-y Germany (multiple) Herrlinger
0S: 79%, 10-y OS: PFS: 56% et al.¥*26
56%
13 33 23 (16-49) 4 (12%) — 5 (15%) 28 (85%) 32 (97%) 5 (15%) 5-y OS: 52% 5-y PFS: 46% China (single) Jiang et al.?’
14 32 26 (16-47) 6 (19%) — 8 (25%) 17 (53%) 32(100%) 24 (75%) 5-y OS: 83%, 8-y — USA (single) Chan et al.2®
0OS: 45%
15 32 31*% (17-65) 10 (31%) — — 16 (50%) 18 (56%) 4 (13%) med survival: 2.5y, — Italy (single) Ferrante et al.?®

mean survival: 4.3y

Continued
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Figure Kaplan-Meier Plots
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(A) mOS for the full cohort was 14.8 y with 2-, 5-, and 10-y OS rates of 93%, 86%, and 64%, respectively, (B) mPFS for the full cohort was 10y with 2-, 5-,and 10-y
PFS rates of 82%, 69%, and 48%, respectively, (C) mOS (30 y or older: 9.9y, younger than 30 y: estimated >15.4 y—median not met; log-rank p <0.001) and (D)
(older than 45y, 9.3y, aged 30-45y, 9.9y, younger than 30 y: estimated >15.4 y—median not met; log-rank p <0.001) by age category showing that younger
adults had better longevity, (E) patients with disseminated disease (M+) at diagnosis had worse survival (mOS: yes: 10.4y, no: 15.4y; log-rank p = 0.02), and (F)
there were no survival differences by molecular subgroup (mOS: SHH, TP53-wt: 14y, WNT-activated: 11.4y, non-WNT/non-SHH: estimated >14.8 y—median
not met; log-rank p = 0.12). PFS = progression-free survival.
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Table 3 Output for Cox Regression Analyses (Demographics/Surgery n = 76; Radiotherapy n = 68; Chemotherapy n = 65;
Molecular Subgroup n =56 (SHH, TP53-mut Excluded))

os PFS
Full cohort Univariate Multivariate Univariate Multivariate
Characteristic HR  95%CI pValue HR 95%Cl pValue HR  95%Cl pValue HR 95%Cl p Value
Age 1.05 1.02-1.08  <0.001 1.04 1.02-1.07  0.002 1.02  1-1.05 0.06 1.02 1.0-1.05 0.07
Age Category
<30 1 1 1 1
>30 5.08 1.95-13.23 <0.001 517 1.98-1349 <0.001 271 1.32-5.57 <0.01 277 1.35-571 <0.01
Gender
Female 1 1 1 1
Male 2.03 0.94-439  0.07 1.83 0.84-4 0.13 1.63 0.82-3.21 0.16 162 0.82-32 0.17
Decade
1990s 1 1 1 1
2000s 0.9 0.42-1.93 0.79 0.53 0.23-1.23 0.14 0.68 0.32-1.43 0.31 049 0.22-1.09 0.08
2010s 0.56 0.19-1.68  0.30 0.49 0.16-146  0.20 0.76  0.33-1.73 0.51 0.67 0.29-1.55 0.35
2020s 0 NA 1 0 NA 1 0 NA 1 0 NA 1
Tumor Location
Hemispheric 1 1 1 1
Midline 0.73 0.31-1.69 0.46 0.94 0.4-2.25 0.90 0.67 0.32-142 0.3 0.76  0.36-1.63 0.49
Histologic type
Classic 1 1 1 1
Desmoplastic 0.96 0.39-2.33 0.92 1.65 0.61-4.46 0.33 146 0.69-3.08 0.33 214 0.94-4385 0.07
Subgroup
Non-WNT/non-SHH 1 1 1 1
SHH, TP53-wt 6.51 0.86-49.43 0.07 4.69 0.6-36.47 0.14 258 0.76-8.75 0.13 224 0.64-7.8 0.20
WNT 5.76  0.64-51.67 0.12 33 0.34-3222 0.30 134 03-599 070 1.05 0.22-5.06 0.95
Disseminated disease
No 1 1 1 1
Yes 23 1.13-4.69 0.02 1.76  0.82-3.8 0.15 2.08 1.09-3.97 0.03 1.76  0.87-3.56 0.11
Surgery type
GTR 1 1 1 1
STR 1.16 0.54-2.48 0.71 1.09 0.51-2.33 0.82 134 0.69-2.59 0.39 1.27 0.65-2.47 0.48
Chemo at initial diagnosis
No 1 1 1 1
Yes 0.63 0.31-1.29 0.20 0.71 0.34-1.48 0.36 0.55 0.29-1.06 0.08 0.6 0.31-1.17 0.14
Platinum containing
No 1 1 1 1
Yes 0.84 0.25-2.81 0.77 0.48 0.13-1.76 0.27 0.68 0.24-196 0.48 0.53 0.17-1.61 0.26
Continued
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Table 3 Output for Cox Regression Analyses (Demographics/Surgery n = 76; Radiotherapy n = 68; Chemotherapy n = 65;
Molecular Subgroup n =56 (SHH, TP53-mut Excluded)) (continued)

os PFS

Full cohort Univariate Multivariate Univariate Multivariate
Characteristic HR  95%CI pValue HR 95%Cl pValue HR 95%ClI pValue HR 95%Cl p Value
Vincristine containing

No 1 1 1 1

Yes 0.58 0.25-1.35 0.21 091 0.37-2.25 0.84 0.82 0.4-1.69 0.59 1.02 048-2.16 0.96
CisP+E+Cyclo

No 1 1 1 1

Yes 1.06 0.46-2.41 0.90 0.59 0.23-1.52 0.28 0.86 0.42-1.77 0.68 0.65 0.3-1.42 0.28
CSl dose

>36 Gy 1 1 1 1

<36 Gy 1.08 0.36-3.27 0.89 1.12  0.37-3.38 0.85 1.08 0.42-2.77 0.87 1.09 0.41-2.88 0.86

Age and gender were used as covariates.

The hemispheric preponderance of medulloblastoma is well
reported in adults and is likely influenced by the molecular
subgroup because SHH-activated tumors are more commonly
hemispheric and have a higher incidence in adults."** This
contrasts what is seen in childhood medulloblastoma, where
fourth ventricular non-WNT /non-SHH and WNT-activated
tumors predominate.’

We found a median OS of approximately 15 years and median
PES of approximately 10 years. Survival in our cohort is similar, if
not superior to most reports. The median mOS of series was 8.8
years (our cohort was 14.8 years) with only 1 other report de-
scribing mOS >10 years; and a median S-year overall survival of
75% (our cohort was 86%).”*"**337 A population-based study
using SEER data from 1992 to 2013 showed similar estimates of
2-, 5-, and 10-year overall survival rates for adult medulloblastoma
of 85%, 74%, and 67%, respectively.38 Although medulloblas-
toma is an uncommon diagnosis in adults, it is apparent that the
prognosis is better than many other primary CNS malignancies.4
Adults generally have similar survival as seen in children,">*
which may be affected by patient and tumor characteristics.

We found that patients younger than 30 years had better sur-
vival than adults aged 30 years or older at diagnosis, with a
median OS difference of over S years. Worse prognosis with
older age has been infrequently reported in adult cohorts, with
only 1 known report showing worse prognosis in adults older
than 37 years.** We initially divided patients into 3 age groups:
younger than 30 years, 30-45 years, older than 45 years. The
OS for the 30-45 years group was no different than that for
older than 45 years group, so we merged the 2 for further
analyses. Possible contributing factors in our cohort include
that older adults were more likely to have disseminated disease
at diagnosis, while younger patients were more likely to receive

Neurology | Volume 101, Number 12 | September 19, 2023

chemotherapy during initial diagnosis. However, older age
remained related to worse survival even when controlling for
these factors in multivariate survival analyses.

Unlike in the pediatric population, we found no apparent survival
benefit based on extent of surgery nor with minor variability in
RT or significant variability in chemotherapy treatment charac-
teristics for the whole cohort. Last, there were no survival dif-
ferences by time of subgroup characterization (during diagnosis
or retrospective) or year of diagnosis, suggesting that any value
from having subgroup information upfront was not related to
survival benefit and that any global management improvements
have either not been realized due to length of follow-up in
censored patients (proton RT, RT to the tumor bed rather than
PF) or have not made a significant impact on prognosis. Future
analyses of this cohort may prove helpful in this assessment.

There were no survival differences by molecular subgroup, which
is in keeping with prior adult cohorts with sufficient molecular
subgroup characterization.">**' In addition, we did not find the
survival advantage seen in children with WNT-activated tumors,
supporting previous reports in adults.">*" In our cohort, this may
partly be due to a trend toward WNT-activated patients being
older, which was associated with worse prognosis (in children),
potentially mitigating any survival benefit in these tumors.
However, it is more likely that WNT-activated tumors are dis-
tinct between pediatric and adult patients supported by repli-
cation of findings in several adult cohorts. Further molecular
classification in medulloblastoma now recognizes several sub-
types within the broader molecular subgroups, as highlighted in
the 2021 WHO Classification of Tumors of the CNS."?

Most of our patients underwent GTR at initial diagnosis (67%),
with the remainder receiving STR, largely due to tumor location.
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We found that prognosis was not affected by EOR in our cohort.
However, STR was a poor prognostic feature of PFS in female
patients. We would not expect any gender-specific differences due
to EOR. Thus, this may be more indicative of the male patients in
our cohort where there was a trend of worse prognosis. Notably,
recent studies assessing the EOR in medulloblastoma support a
maximal safe surgical resection in both the pediatric and adult
populations, with an approach favoring acceptance of small re-
sidual areas of tumor if the likelihood of neurologic morbidity is
high. This is backed by a large retrospective international study (n
= 787) in children showing no clear survival benefit depending on
the extent of resection when controlling for molecular subgroup, *
helping to clarify survival benefit in prior studies with conflicting
findings in the premolecular era.

RT remains a mainstay of medulloblastoma therapy,l’2 and all
patients in our cohort underwent RT at initial diagnosis, with
most of them receiving CSI and boost (97%). Two signs of
advancements in RT during our study interval include focus on
boost to the TB rather than PF and use of proton therapy, both
of which have become more common in our institutional ex-
perience since the mid-2010s. We suspect that the benefit of
these management practices could not be adequately assessed
given relatively minimal duration from time of diagnosis. Fu-
ture studies will provide insight into possible survival impact
with less long-term morbidity, including the Alliance AM-
BUSH Trial*® and PersoMed-] trial (NCT04402073). A large
phase 3 trial in children (ACNS0331; NCT00085735) showed
that tumor bed (involved field) was noninferior (event-free
survival) to PF boost RT, supporting the use of a more targeted
boost that may limit therapy-related comorbidities.**

Chemotherapy is part of standard care in medulloblastoma after
surgery and RT, commonly with the use of multiagent regimens.1
In our cohort, most patients received adjuvant chemotherapy
(70%). We focused on initial chemotherapy plan, although a total
of 16 chemotherapeutic agents were administered at any point in
patient care. Platinum-containing therapy was by far most com-
mon (92%), with the CisP+E+Cyclo being frequently used
(68%), followed by vincristine-containing regimen (24%). This is
in line with the most widely used chemotherapies in children,
from which much of the adult regimens have been derived."
While uncertainties remain, the available evidence from clinical
trials and large retrospective cohorts in adults with medullo-
blastoma supports RT with adjuvant chemotherapy (after max-
imal safe resection), with indeterminate benefit of neoadjuvant
therapy. Many guiding studies were published before widespread
molecular subgroup classification in clinical practice, which will
be important to incorporate into future clinical trials,'%'"2%*4¢

The main strength of our study is a large and well-characterized
sample, given the rarity of this diagnosis. We provide patient-
specific demographic, management, and outcome data with
known molecular subgroup classification in a majority of the
cohort. A chief limitation is the retrospective nature of our study.
While the strongest evidence regarding management and prog-
nosis is from prospective trials, medulloblastoma remains a rare
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diagnosis in adults, which serves as a prominent barrier in
performing these studies. Moreover, because this is a single-
institutional experience, management results should be inter-
preted with caution because this may be more representative of
treatment practices at our institution. An additional limitation is
incomplete management data for a small fraction of patients. We
worked to include only patients with an extended follow-up, but
because some patients were provided additional care outside of
our institution, there were a few gaps in management. It is im-
portant to note that exclusion of patients without extended
follow-up may bias our sample for overestimation of survival in
that only patients healthy enough to continue with treatment and
surveillance were observed. However, every effort was made to
eliminate bias in patient selection. Most of the initially identified
pathology-confirmed patients that were not included in analyses
were only pathology reviewed (ie., external pathology consul-
tation), and thus, clinical information was not available for this
article. Last, we would ideally have subgroup data for all patients
in our cohort; however, because our cohort included patients
diagnosed in the 1990s, this was not yet the standard practice.

We report one of the largest retrospective cohorts in adult
patients with medulloblastoma with molecular subtyping.
Survival and molecular subgroup frequencies were similar to
previous reports. Survival was longer for patients younger
than 30 years and was not significantly different by molecular
subgroup or management characteristics (extent of resection,
RT characteristics, or chemotherapy timing or regimen).
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