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Revised clinical and molecular risk strata define the
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dose-intensive chemotherapy: results from a phase III
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Abstract

Background. We characterize the patterns of progression across medulloblastoma (MB) clinical risk and molecular
subgroups from SUMBO03, a Phase lll clinical trial.

Methods. One hundred and fifty-five pediatric patients with newly diagnosed MB were treated on a prospective,
multi-center phase lll trial of adjuvant radiotherapy (RT) and dose-intense chemotherapy with autologous stem cell
transplant. Craniospinal radiotherapy to 23.4 Gy (average risk, AR) or 36-39.6 Gy (high risk, HR) was followed by
conformal RT with a 1 cm clinical target volume to a cumulative dose of 55.8 Gy. Subgroup was determined using
450K DNA methylation. Progression was classified anatomically (primary site failure (PSF) +/- distant failure (DF),
or isolated DF), and dosimetrically.

Results. Thirty-two patients have progressed (median follow-up 11.0 years (range, 0.3-16.5 y) for patients without
progression). Anatomic failure pattern differed by clinical risk (P=.0054) and methylation subgroup (P=.0034).The
5-year cumulative incidence (Cl) of PSF was 5.1% and 5.6% in AR and HR patients, respectively (P =.92), and did
not differ across subgroups (P=.15). 5-year Cl of DF was 7.1% vs. 28.1% for AR vs. HR (P =.0003); and 0% for WNT,
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15.3% for SHH, 32.9% for G3, and 9.7% for G4 (P =.0024). Of 9 patients with PSF, 8 were within the primary

site RT field and 4 represented SHH tumors.

Conclusions. The low incidence of PSF following conformal primary site RT is comparable to prior studies
using larger primary site or posterior fossa boost volumes. Distinct anatomic failure patterns across MB
subgroups suggest subgroup-specific treatment strategies should be considered.

Key Points

Importance of the Study

The use of reduced target margins does notincrease
in primary site failure. These results support the
practice of reduced target margins to lower overall
dose to eloquent structure of the brain. High mo-
lecular and clinical risk SHH tumors fail both at the
primary site and distantly while high molecular risk
group 3 and 4 patients fail predominately at distant

Medulloblastoma is the most common malignant pedi-
atric brain tumor, accounting for the majority of CNS em-
bryonal tumors.” Due to the propensity for leptomeningeal
spread, the most commonly employed treatment paradigm
for children older than 3 years of age includes maximal safe
tumor resection, radiation therapy (RT) encompassing the
entire neuraxis followed by primary site “boost” radiation,
and multi-agent chemotherapy. With this approach, 5-year
survival rates have improved to approximately 75-85% for
patients at average-risk of relapse (i.e., patients lacking sig-
nificant residual or metastatic disease) and 60-70% for those
at high-risk.23 It is now well understood that, despite the crit-
ical role of craniospinal irradiation,*® the benefit provided
by this therapy is counterbalanced by its profound toxicities,
including lifelong deficits in neurocognition, hearing, and
endocrine function, as well as increased risk for second
malignancies and vascular injury.8® Consequently, RT has
been the most studied intervention within clinical trials for
medulloblastoma, with investigations exploring the omis-
sion and/or delay of RT, reductions of RT field size and/or
dose, sequencing of RT, and radiation quality.

Following initial pilot studies demonstrating the feasibility
of reduced primary tumor site boost volume from the tradi-
tional entire posterior fossa to the more limited postoperative
surgical bed following CSI,"*" Merchant and colleagues dem-
onstrated a cumulative posterior fossa failure rate of 4.9% in
average-risk patients treated with risk-adapted CSI to 23.4 Gy
followed by entire posterior fossa boost to 36 Gy and primary
tumor site irradiation to 55.8 Gy employing a 2-cm clinical
target volume (CTV) on the prospective phase Il SUMB96 clin-
ical trial."? Patients with High-Risk (HR) were treated with 36
Gy CSI followed by primary site irradiation using the same
CTV margin. After this, the Children’s Oncology Group (COG)

areas within the CNS. Differences in disease dis-
tribution highlight regions at reduced risk of treat-
ment failure which may be considered for radiation
avoidance to limit morbidity in future trials. Revised
clinical and molecular risk stratification successfully
identifies patients who may benefit from alternative
therapeutic strategies.

launched two, phase lll, clinical trials for medulloblastoma,
ACNSO0331 and ACNS0332.3' Recently published results
from ACNSO0331, in which average-risk patients aged 3 to
7 years were randomized to 23.4 Gy vs. 18 Gy of CSl and all
patients were randomized to boost RT to the entire posterior
fossa vs. the primary tumor site with a 1.5-cm CTV margin,
demonstrated no significant differences in event-free sur-
vival or overall survival by primary tumor boost volume,
although an increased risk for subsequent treatment fail-
ures was noted in the 18 Gy CSI arm.”® RT guidelines for
the recently closed ACNS00332 trial,'® which addressed the
potential radiosensitizing effect of adding carboplatin to vin-
cristine concurrently with radiation in HR patients, included
high-dose CSI followed by entire posterior fossa boost irradi-
ation." In parallel, the multi-institutional phase lll clinical trial
SJMBO03 was initiated in 2003'3 (Supplementary Figure 1). In
this study, two important modifications to RT guidelines from
the preceding SUIMB96 study were tested. First, the interme-
diate step of additional treatment of the posterior fossa after
the initial CSI phase was dropped in AR patients, and second,
the primary tumor CTV for both risk strata was further limited
to a 1.0-cm margin.

Based largely on DNA methylation profiling,
medulloblastoma is now known to be a heterogeneous dis-
ease comprising four distinct molecular subgroups (WNT,
SHH, G3, and G4) with diverse clinical characteristics, ge-
netic drivers of disease, and prognoses.’® In addition,
more detailed studies are showing these subgroups can be
divided into 13 subtypes. The emergence of this critical het-
erogeneity has redoubled efforts to better define the optimal
role of CSl and primary and metastatic site irradiation within
and across the disease. While retrospective data from het-
erogeneously treated patient cohorts suggest differential
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patterns of progression by molecular subgroup,?° prospec-
tive data with detailed treatment information and associ-
ated radiation dosimetry are limited. The primary objective
of this study was to evaluate the incidence of posterior fossa
failure in patients treated on SJMBO03. The dosimetric anal-
ysis was limited to patients treated at St. Jude Children’s
Research Hospital (St. Jude). Secondary objectives include
evaluating the impact of clinical risk stratification and mo-
lecular subgroups on the pattern of treatment failure and
the effect of reduced target margins employed on SUMBO03,
and the dose distribution to critical brain subregions.

Methods and Materials
Study Design and Patient Cohort

SJMBO03 (NCT00085202) was a multi-institutional, phase
Ill study of risk-adapted RT and dose-intensive chemo-
therapy with autologous stem cell rescue in patients
aged 3-21 years (range, 5.4-11.9 vyears) with newly
diagnosed medulloblastoma, supratentorial primitive
neuroectodermal tumor, or atypical teratoid rhabdoid
tumor."® Between September 9, 2003 and March 7, 2013, 330
eligible patients with medulloblastoma (MB) were enrolled,
155 of which were treated at St. Jude (100 average-risk [AR]
and 55 high-risk patients [HR]). SUMB03 was approved
by each site’s Institutional Review Board with written, in-
formed consent obtained from all patients and families.

Treatment Strategy

Patients were enrolled on SJMBO03 after maximal safe sur-
gical resection (Supplementary Figure 1). Baseline evalu-
ations of the brain and spine included MRI as well as
cerebrospinal fluid cytology. Gross total resection (GTR)
or near total resection (NTR) was defined on postoper-
ative imaging as either no remaining tumor or <1.5 cm?
residual tumor, respectively, whereas subtotal resection
(STR) was defined as >1.5cm? residual tumor. Repeat sur-
gery was allowed prior to radiation and patients were strat-
ified according to the maximum extent of resection from
the last surgery and metastatic status. Average Risk (AR)
MB criteria included 1) GTR/NTR, and 2) no radiographic,
or cytologic evidence of CNS, or extra-neural dissemina-
tion. High risk (HR) criteria included 1) the presence of met-
astatic disease within the neuraxis, or 2) STR.

Risk-adapted photon radiotherapy consisted of 23.4 Gy
CSI for AR patients or 36-36.9 Gy CSlI for HR patients, fol-
lowed by primary site irradiation to 55.8 Gy delivered in
conventional 1.8 Gy fractions using conformal techniques.
HR patients without metastatic disease or those with pos-
itive CSF cytology received 36 Gy CSI, while those with
distant intracranial or spinal metastasis received 36-39.6
Gy CSI. Intracranial metastatic disease was treated to a cu-
mulative dose of 54-55.8 Gy, while bulky spinal metastatic
disease was treated to 50.4 Gy; metastatic site irradiation
was delivered at the time of primary site RT following CSI.
CSl was administered within 31 days of definitive surgery.
Target volumes included a gross tumor volume (GTV),
a 1.0 cm anatomically constrained isotropic CTV, and a
0.5 cm planning target volume (PTV) for the primary site

and a metastatic target volume (MTV) and 0.5 cm PTV
for overt metastatic disease >5 mm in maximal diameter.
The GTV included all gross residual tumor and/or the con-
tracted or collapsed resection cavity as determined from
the initial preoperative MRI that defined the initially in-
volved tissues and the postoperative MRI that identified
any residual disease and delineated the resection cavity.
Intensity-modulated RT was used for volume-based treat-
ment plans of the primary site. Chemotherapy was initi-
ated 6 weeks after completion of RT and consisted of four
cycles of high-dose chemotherapy consisting of vincristine
(1.0 mg/m? once daily [max dose 2.0 mg] on day 24 and
6), cisplatin (75 mg/m? once daily on day 24), and cyclo-
phosphamide (2 g/m? once daily on days 23 and 22) with 4
weeks per cycle and each cycle being followed by autolo-
gous peripheral blood stem cell support on day 0.

Genome-Wide DNA Methylation Profiling and
Next-Generation Sequencing

DNA and RNA were extracted from formalin-fixed paraffin-
embedded or fresh-frozentumor samples. Genome-wide DNA
methylation profiling was performed on 155 patients using
the Infinium Methylation EPIC BeadChip array as described
previously, comprising our molecular cohort.?'?2 Methylation
classification failed in 11 patients. Epigenomic classification
was conducted on the molecular cohort, together with refer-
ence profiles obtained from a published brain tumor dataset
and using the Molecular Neuropathology (MNP) brain tumor
classifier (www.molecularneuropathology.org).?® Ten pa-
tients had inconclusive classification scores and are excluded
from methylation subgroup analyses. A revised clinical and
molecular risk classification was utilized to review clinical
events and is described in Gajjar et al.?* Briefly, SHH high-risk
patients were defined by the presence of TP53 mutation, LC/A
histology, MYCN amplification, GLI2 amplification, and chro-
mosome 17p loss. Group 3 and 4 patients could be classified
as low-risk (MO and subtype VIl), intermediate-risk (M0 and
subtype not within Ill or VII), or high-risk (M+ or subtype Il or
MYC amplified).

Patterns of Failure Evaluation

Cumulative radiotherapy dose profiles including CSI,
primary site RT, and where applicable, metastatic site
RT, were generated on the initial CSI CT simulation scan
through co-registration of the of the boost site(s) CT simu-
lation scan(s) (Supplementary Figure 2). Treatment failure
volumes were manually delineated based on the diag-
nostic MRI(s) at the time of failure. Normal brain regions
were delineated using FreeSurfer on the postoperative
MRI (Supplementary Figure 3) (https:/surfer.nmr.mgh.
harvard.edu/fswiki/FreeSurferWiki). Trial defined primary
site and metastatic disease volumes, all failure volumes,
and normal brain regions were co-registered to the dose-
accumulated CSI CT simulation scan and deformed to
an MNI brain atlas.?® Corresponding dosimetry and volu-
metric frequency maps of regions involved at diagnosis
and failure were delineated. Treatment failures were clas-
sified according to their location (IVt" ventricle, cerebellar
hemisphere, cerebellar pontine angle, or distant) and
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imaging appearance (infiltrative, nodular, laminar).2627
Each failure was then assessed for its relationship to the
treatment planning volumes (GTV, CTV, PTV), radiation
dose profile (central, in-field, marginal, distant),2%-3° and
overlap with normal brain structures. Briefly, central and
in-field failures were defined as a treatment failure volume
that was completely encompassed either by the 95% or
80% prescription isodose line, respectively.

Statistical Analysis

Competing risk analysis was conducted using PSF or DF
as the outcome variable. The following events were con-
sidered as competing risks: failure of the other type, sec-
ondary malignancy, or death without prior failure. Per
this definition, one patient who experienced second ma-
lignancy prior to disease progression was counted as
having a competing event in the competing risk analysis.
The cumulative incidence functions of PSF and distant
failure since date of diagnosis were calculated using Gray’s
method. Fisher’s exact test was used to investigate asso-
ciations between categorical variables. Statistical analyses
were performed using SAS -9.4 (Cary, NC).

Results

Demographics, Clinical Characteristics, and Risk
Stratification

Of 155 patients, 100 (64.5%) were AR, and 55 (35.5%) were
HR (Table 1). Eight (5%) were metastatic by cytology (M1)
while 46 (29.7%) were metastatic due to the presence of
disseminated disease by imaging (M2/M3). A GTR was
achieved in 147 (94.8%) patients and a Subtotal Resection
(STR) in 8 (5.2%). Patients were stratified into AR or HR
arms (Table 1). Large cell anaplasia was present in 13
(16.8%) of patients, while 114 (73.5%) had classic histology.
Methylation group was WNT, SHH, Group 3, Group 4,
and unknown in 14.2%, 17.4%, 20.6%, 40.6%, and 7.1% of
patients.

Primary Site and Distant Failure by Clinical Risk
Group and Molecular Subgroup

With a median follow-up of 11.0 years (range, 0.3-
16.5 years) for patients who remain at risk, 32 patients
have experienced treatment failure although one patient
had second malignancy prior to disease progression. Data
for the remaining 31 patients are shown in Figure 1A.The
overall 5-year cumulative incidence of primary site failure
was 5.1% (95% Cl, 1.9-10.8%) and 5.6% (95% ClI, 1.5-14.2%)
in the average-risk (n = 6 of 100) and high-risk strata (n=3
of 55) (P = .92) (Figure 1B, Supplementary Figure 6A and
B). The 5-year cumulative incidence of distant failure was
71% (95% ClI, 3.1-13.4%) and 28% (95% Cl, 16.8-40.6%)
in the average and high-risk group (P =.0003) (Figure 1C,
Supplementary Figure 6C and D).

The b5-year cumulative incidence of primary site
failure was 0%, 15.3% (95% Cl 4.6-31.7%), 6.7% (95%
Cl 1.1-19.6%), and 3.2% (95% CI 5.9-10.0%) in the WNT,
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Table 1. Patient and Disease Characteristics

Patient Characteristics

Average Risk

High Risk
(n=100) (n=55)

n %

Age (years median IQR) 9.0 (6.7, 11.9) 72 (5.4,9.7)
Sex

Male 67 67.0 32 58.2

Female 33 33.0 23 41.8
Disease extent

MO 100 100.0 1 1.8

M1 0 0 8 14.5

M2 0 0 15 273

M3 0 0 31 56.4
Extent of resection

STR 0 0 8 14.5

GTR/NTR 100 100.0 47 85.5
Histology

Classic 74 74.0 40 72.7

Large cell anaplasia 13 13.0 13 23.6

Other 13 13.0 2 3.6
Subgroup

WNT 19 19.0 3 5.5

SHH 20 20.0 7 12.7

Group 3 16 16.0 16 29.1

Group 4 38 38.0 25 45.5

Unknown 7 7.0 4 73

IQR: interquartile range, n: number, SHH: sonic hedgehog, M: metas-
tasis, NTR: near total resection, GTR: gross total resection, STR: sub-
total resection, NTR: near total resection, GTR: gross total resection, n:
number, SHH: sonic hedgehog, M: metastasis.

SHH, Group 3, and Group 4 subgroup (P = .15) (Figure
1D). When comparing SHH (n=27) vs. others (combined
Group 3/Group 4/WNT, n = 117), we observed a signifi-
cant increase in the cumulative incidence of primary site
failure in the SHH subgroup (Gray’s test P-value = .0358)
(Figure 1D). The 5-year cumulative incidence of distant
failure was 0%, 15.3%, 32.9%, 9.7% and in the WNT, SHH,
Group 3, Group 4 and subgroup (P=.0024) (Figure 1E).

Primary Site Imaging Characteristics at Diagnosis
and Failure

The extent and localization of the primary tumor varied
by methylation subgroup at diagnosis with SHH patients
tending to be more hemispheric while Group 3 and Group 4
cases frequently extended craniocaudally and were pre-
dominately confined in and around the fourth ventricle
(Figure 2). Of the nine cases of primary site failure, the im-
aging appearance included a nodular (9/9), cystic compo-
nent (2/9), subependymal (2/9) and leptomeningeal (2/9)
component. All but three of these failures occurred within
the fourth ventricle (Table 2).
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Fig. 1
tailing the timeline of treatment, failure, and overall outcome for each patient by trial strata. Each failure event is detailed as to the corresponding
type (i.e. distant, extra-CNS, posterior fossa and primary site failure). Primary site failures are also described according to the relation of the
failure event and the delineated treatment volume (CTV) and corresponding radiation dosimetric coverage. B. Cumulative incidence of primary
site failure stratified by risk category. C. Cumulative incidence of distance failure stratified by risk category. D. Cumulative incidence of primary
site failure by subgroup. E. Cumulative incidence of distant failure by subgroup. ID: Patient Identify number, SHH: sonic hedgehog, RT: radio-
therapy, CNS: central nervous system, CTV: clinical target volume.

Analysis of Primary Site Failures According to
Targeting and Prescription Coverage

Primary site treatment failure volumes were evaluated ac-
cording to the initial delineated CTV volume (Figure 1A,
Supplementary Figure 4). Two cases showed >45% non-
union (47.3% outside pCTV, and 67.1% outside pCTV) with
the initial clinical target volume. Despite the CTV discord-
ance in these cases, the reduced conformality of photon
target volumes still resulted in the classification of each
failure as central and in-field, respectively, relative to the
95% isodose line. All primary site failures were central with
respect to their position relative to the 95% isodose line.

Analysis of Metastatic Site Failures According to
Location

All metastatic site failures were delineated volumetrically
on the failure brain MRI and deformed to an MNI brain atlas
for comparison across subjects (Figure 2A, Supplementary
Figure 5). Group 3 patients failed in the supratentorial brain
and third ventricle more commonly than SHH, and Group 4
patients (Supplementary Figure 5B). While most metastatic
site failures approximated the cerebellum beyond the pri-
mary site in the form of leptomeningeal seeding or nodular
metastases, mass like supratentorial lesions were not in-
frequent. In initially MO patients who experienced distant

Swimmer plot and cumulative incidence of primary site and distant failure by clinical risk and methylation group. A. Swimmer plot de-

failure, we evaluated the frequency of normal brain re-
gions involved by metastatic disease at the time of failure
to better evaluate the potential for future region avoidance
strategies. Potential areas of interest such as the hippo-
campus and hypothalamus were involved in 15% and 18%
of patients, respectively (Supplementary Figure 5B and C).

Failure Status by Novel Risk Grouping

Prior analyses of the entire study cohort identified three
low-risk groups (WNT, low-risk SHH, and low-risk combined
group 3 and 4) with excellent progression-free survival and
two very high-risk groups (high-risk SHH, high-risk com-
bined group 3 and 4) with poor progression-free survival.'330
To that end, we evaluated PSF (Figure 2B) by this revised
risk stratification (Supplementary Table 1, Figure 3). Figure
3A and B shows the cumulative incidence of local failure
by the revised risk stratification. The SHH high subset had
a b5-year cumulative incidence of local failure of 28% (95%
Cl 8.0-53.2%), while the Group 3 and Group 4 high and in-
termediate strata were 4.6% (95% Cl 0.8-13.8%) and 6.9%
(95% 1.2-20.2%), respectively. Most primary site and pos-
terior fossa failures occurred in the SHH high group and
the Group 3 and 4 intermediate or high-risk group (Figure
2B, Figure 3A and B, Supplementary Figure 6A, B, and E).
The impact of surgical extent on local failure was not sig-
nificant in the context of the revised stratification, although
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Fig. 2 Pretreatment and failure disease distribution by risk, molecular subgroup, and revised risk stratification. Probabilistic disease distribu-
tions are shown on sagittal, coronal and axial projections of a patient neutral MNI brain atlas at diagnosis and relapse. A. Pretreatment disease
volumes are shown as a stratified by clinical risk group and molecular subgroup. B. Treatment failure disease volumes are shown as stratified by
molecular subgroup, and the revised risk stratification proposed by Gajjar et al.2*.

the low rate of subtotal resections precluded assessment
(Supplementary Figure 6G and H).

I
Discussion

The radiotherapy paradigm for medulloblastoma has
evolved out of necessity over the course of the last three dec-
ades. The long-term morbidity associated with craniospinal
radiotherapy has prompted investigators to consider a
range of approaches including patient selection, dose
de-escalation, field reduction, and alternative radiotherapy
quality metrics to lessen the burden of cognitive, endo-
crine, hearing, and subsequent malignancies on childhood
cancer survivors. SUMB03 evaluated the use of reduced
target margins for the primary site regardless of clinical risk
in medulloblastoma patients ages 3-21. In the interim, sub-
stantial advances in our understanding of the biology of the

disease prompted re-analysis of the results to better risk
stratify and select patients for future interventions. Here we
report our analysis of the impact of the novel radiotherapy
targeting paradigm on local and distant failure outcomes in
155 patients treated with photon radiotherapy and make sug-
gestions for the targeting paradigms in future clinical trials.
Clinical risk stratification had dominated risk-stratified
radiotherapy treatment paradigms up until the discovery
of the four biologic subgroups in 2010-2011.%"32 Risk-
stratified radiotherapy consisted of intermediate dose
(23.4 Gy) radiotherapy to the craniospinal axis with a
subsequent cone down to treat the volumetric extent of
the primary site or posterior fossa. High-risk cases were
treated to a dose of 36-41.4Gy depending on the extent
of disease following by a selective cone down to the IVt
ventricle or posterior fossa and areas of known radio-
graphic metastatic disease in the brain and spine ranging
from 45-55.8 Gy. Trials as recently as the early 2000s ap-
plied a similar approach, but investigators varied in their

ABoroouQ
-0InaN


http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab284#supplementary-data

™
(=]
s
]
n
=
fT=1
<]
-
=
)
-
©
i
o
o
n
[=]
f=
[<*]
-
iy
)
Ay
)
4+
<]
n
[¢]
O
=}
|

"YUN04 i/ ‘BSS04 J0LIB1S0 :d ‘UIUNM :Ul/M ‘aur] 8sopos| @] ‘awnjop 18bae] [eaiu) ;A LD ‘awnjop 18bue] [eatulg Atewnd :A19d ‘aus Atewiid ;o) ‘Aawisop uoijeIpes ayj 03 UONE|aJ PUB ‘BWN|OA A1)
pajeaulap ay} wouj aauepioasip ‘adAy aunjiey buibew ‘adAy ainjiey ‘sisoubelp 1e aseasip ay3 jo diysuone|as ay} 03 Buipioaae paqiiasap SeM ased ainjie) Juelsip pue ays Atewnd pauiquod pue ays Atewnd yoeg

(a1 %G6 u!
/M %€E°Z6) Play-u]

|edua)
|equa)
|equa)

|equa)

|esua)

|eJua)

|esua)

|equa)

adA| aujawiisoqg

(ALDd 8pISIN0 % 79) SOA
ON
(ALDd 8pISIN0 %ELY) SOA
ON
ON

ON

(ALDd 8pisino %g°0L) ON

OoN

ON

1uep.09sIQ ALD

211sA2 “ie|NpON
lenpopN
Je[npopN
JenpopN
Je[npopN

Je|npoN

AN ‘lewApuadagns
‘1e[npoN

A1 ‘lewApuadagns
‘1e[npoN

213SAD “Je|NpON

adA] ainjieq Buibew

9US oL
9US oL
9US oL
9US oL
9US oL

SNO-841X3 4d ‘@US ol

jueisig 4d ‘eHs ol

uelsiq 4d ‘eHS ol

dliS,l

adA] ainjieq

d1N/d19
d1N/d19
d1N/d19
d1N/d19

SHES)

d1N/H19

HIN/HLO

d1N/H1O

HIN/HLO

uo09say
10 1U81Xg

13410
aIsse|)
a1sse|)
aIsse|)
aIsse|)

eise|deue
1190 abueq

eise|deue
1190 abueq

alsse|)
eise|deue

1190 abueq

ABo|o1sIH

asaydsiway Je|jaqaia)
asaydsiway Je|jaqaia)
JUBA wAl
UBA Gl

UBA Al ‘SILIA

UBA wAl

WUBA Rl

UBA wAI

SIWIBA

sisoubeiq 1e a1g Alewiid

HHS

HHS
 dnoup

 dnoup
HHS

¢ dnoup

 dnoup

¢ dnoup

HHS
adAigng

LEL
L8
SL
G9
9

4]

1474

ov

9€

uonejAyls|N Qj 1weloid

Arewwng ainjie4 aug Alewd  z ajqer



Lucas et al. Patterns of failure in SJMBO03

A Primary site failure by revised risk grouping B Primary site failure by revised risk grouping
0.6 New strata 0.6 New strata
SHH High G3/4 High
------ SHH Low ---- G3/4 Int
........... G3/4 Low
(0] Q
o o
c C
g 0.4 g 0.4
o o
£ £
() [0
= —t t =
kS kS
> >
g 0.2+ £ 0.2
] ]
O O
- R R R QR | U I N U 1 R §
0.0 —--------------- + -+ - -+ H-—4++
T T T T T T I T
0 5 10 15 0 5 10 15
C Distant failure by revised risk grouping D Distant failure by revised risk grouping
0.5 New strata 0.5 New strata
SHH High G3/4 High
------ SHH Low ---- G3/4Int
0.4 0.4+ G3/4 Low
(0] Q
o o
c c
3 3
5 987 —t ; 5 037
£ <
2 2
kS T 0.2
> >
IS IS
] )
© © 0.1+
0.0

Time from diagnosis (years)

5 10
Time from diagnosis (years)

Fig.3 Primary site and distant failure by revised risk grouping. Cumulative incidence of Primary site failure by the revised risk grouping for SHH
(A) and Group 3 and 4 (B). Distant failure by the revised risk grouping for SHH (C) and Group 3 and 4 (D). G3/4: Group 3 and Group 4. Int: interme-

diate, SHH: sonic hedgehog.

application of a targeting paradigm, which included either
the entirety of the posterior fossa or selective volumetric
targeting of the IV ventricle.3334 This prompted investi-
gators to consider randomization of both the volumetric
targeting of the primary site (all patients) as well as selec-
tive dose reduction to the brain and spine axis in standard
risk patients (in those 3-7 years of age).®® A boost to the
entirety of the posterior fossa is still often used in high-
risk patients, but institutional studies such as SJMB96
and SJMBO03 have substantially limited the clinical tar-
geted volume expansion from 2 cm to 1 cm with poten-
tial gains in function preservation in the form of reduced
hearing loss and reduced cognitive decline.'236-38

The present study highlights sustained disease control
in the setting of interval reductions in the integral dose
to eloquent structures of the brain, although a substan-
tial influence of methylation subgroup was observed.
No WNT patients experienced a clinical relapse. This has

been observed by others and has led to two clinical trials
(SJMB123°, ACNS142249) that seek to de-escalate therapy
for this subset while maintaining excellent outcomes by
reducing the total craniospinal and primary site dose,
as well as the systemic therapy exposure in the main-
tenance phase of therapy.*® Conversely, a primary site
failure rate of 15.2% was observed in the SHH methyl-
ation subgroup, although this was most pronounced in
the high-risk strata (32% vs. 10%). Other groups have
noted adverse outcomes for subsets of SHH patients in-
cluding those with TP53 alterations*' although, no one
has related this to primary site failure risk. Group 3 pa-
tients with standard risk disease were also at increased
risk for primary site failure, although this effect was lost
in the setting of competing risk for distant failure as ob-
served in Supplementary Figure 6A-D. The revised risk
stratification proposed in the full analysis of the results
of SUMBO03, was also accompanied by a corresponding
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increased cumulative incidence of local failure for the
SHH high-risk subgroup. While the recently completed
ACNSO0331 study documented an excess of local fail-
ures in SHH patients with posterior fossa radiotherapy
(15.8%, 95% Cl 2.8-28.7%) relative to those treated with
primary site only radiotherapy (0%, 95% CIl 0-0%), imbal-
ances in biologically relevant alterations and nuances in
risk reporting may confound the interpretation of these
results.™ Concurrent systemic therapy with conven-
tional chemotherapy during radiation therapy has not
proven to be useful in this population, although concur-
rent novel systemic therapies are being explored.*? The
combined results of these studies highlight the need for
alternative strategies in M+ SHH high-risk patients, and
improved therapies for Group 3 medulloblastoma. It re-
mains unclear if varied radiotherapy fields and dosing,*?
or concurrent systemic therapy*? are the pathway
forward.

While we show excellent disease outcomes with reduced
volume primary site radiotherapy, this study was limited
by a reduced sample size and lack of randomized cohorts
demonstrating expected improvements in functional out-
comes. It remains unclear whether we should expect
diminishing returns with successive reductions in the ex-
tent targeted. Our data highlighting the influence of meth-
ylation subgroup and molecular risk stratification raise the
potential for differential strategies according to clinical and
molecular risk profiles. The latter provides justification for
lower cumulative dose and tighter margins for molecularly
low-risk tumors. Conversely, molecularly high-risk tumors
may require alternative strategies, such as the incorpo-
ration of radiation sensitizers, to mitigate against distant
failure. These small incremental improvements may poten-
tially lessen the acute and late toxicity burden in childhood
medulloblastoma survivors and improve overall disease
outcomes.

Conclusion

The differential spatial disease distribution of the varied
molecular subgroups of medulloblastoma has a corre-
sponding impact on the pattern of local and distant failure.
Revised molecular risk stratification was able to identify
subsets of patients with low risk of local and posterior
fossa, and metastatic failure which may facilitate innov-
ations in radiotherapy targeting in future studies. Revisiting
therapeutic strategies should be considered in molecularly
defined subsets where the risk of failure remains high.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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