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Pretreatment Normal WMMagnetization Transfer Ratio
Predicts Risk of Radiation Necrosis in Patients with

Medulloblastoma
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ABSTRACT

BACKGROUND AND PURPOSE: Radiation necrosis, for which abnormal WM enhancement is a hallmark, is an uncommon complica-
tion of craniospinal irradiation in children with medulloblastoma. The magnetization transfer ratio measures macromolecular con-
tent, dominated by myelin in the WM. We investigated whether the pretreatment supratentorial (nonsurgical) WM magnetization
transfer ratio could predict patients at risk for radiation necrosis after radiation therapy for medulloblastoma.

MATERIALS AND METHODS: Ninety-five eligible patients with medulloblastoma (41% female; mean age, 11.0 [SD, 5.4] years) had baseline
balanced steady-state free precession MR imaging before proton or photon radiation therapy. Associations among baseline supratentorial
magnetization transfer ratio, radiation necrosis (spontaneously resolving/improving parenchymal enhancement within the radiation field)3,
age, and the presence of visible brain metastases were explored by logistic regression and parametric/nonparametric techniques as
appropriate.

RESULTS: Twenty-three of 95 (24.2%) children (44% female; mean age, 10.7 [SD, 6.7] years) developed radiation necrosis after radia-
tion therapy (19 infratentorial, 1 supratentorial, 3 both). The mean pretreatment supratentorial WM magnetization transfer ratio was
significantly lower in these children (43.18 versus 43.50, P¼ .03). There was no association between the supratentorial WM magnet-
ization transfer ratio and age, sex, risk/treatment stratum, or the presence of visible brain metastases.

CONCLUSIONS: A lower baseline supratentorial WM magnetization transfer ratio may indicate underlying structural WM suscepti-
bility to radiation necrosis and may identify children at risk for developing radiation necrosis after craniospinal irradiation for
medulloblastoma.

ABBREVIATIONS: bSSFP ¼ balanced steady-state free precession; CTCAE ¼ Common Terminology Criteria for Adverse Events; M0 ¼ non-MT-sensitized;
MMT ¼ MT-sensitized; MT ¼ magnetization transfer; MTR ¼ magnetization transfer ratio; PFS ¼ posterior fossa syndrome; RN ¼ radiation necrosis; RT ¼ radia-
tion therapy; ST ¼ supratentorial

Radiation necrosis (RN) is a relatively uncommon complica-
tion of radiation therapy in children with medulloblastoma,

with a reported incidence ranging from 19% to.30%.1-3 Current
pathologic studies of RN suggest that damage to vascular endo-
thelial cells and myelin-producing oligodendrocytes leads to
increased vascular permeability, gliosis, and ultimately demyelin-
ation.4,5 Accordingly, abnormal posttreatment enhancement of
nontumoral brain within the radiation field is the imaging hall-
mark of early radiation necrosis.1,2,6

For most patients with posterior fossa tumors, RN occurs
in the posterior fossa within 1 year of radiation therapy (RT)
(the “subacute” period), and symptoms are absent.1,2,4,7,8

Nevertheless, patients with medulloblastoma have shown signifi-
cantly greater long-term decline in intelligence quotient and
mathematic reasoning scores than identically treated patients
without RN.6 The ability to predict which patients are likely to
develop RN could be useful for implementing mitigation or
heightened monitoring strategies. Unfortunately, there are no
reliable clinical predictors of RN in this population, including age
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(in patients older than 3 years of age),1-3,7,9,10 chemotherapeutic
regimen,1,10 metastatic status,1 or photon radiation dose/
volume.1,9

Magnetization transfer (MT) imaging quantifies the propor-
tion of myelin (“myelin density”) within a given volume of brain
by calculating the ratio of images acquired with and without satu-
ration of myelin/macromolecular protons, the magnetization
transfer ratio (MTR).11-13 An advantage of the MTR over DTI for
the study of WM in children is the insensitivity of the MTR to
potentially confounding age-related structural changes detectable
by DTI.13

We hypothesized that patients with lower WMmyelin density
before treatment would be more susceptible to radiation necrosis.
We, therefore, investigated whether the pretreatment MTR of
unperturbed supratentorial (ST) WM could predict development
of radiation necrosis after RT in patients with medulloblastoma.

MATERIALS AND METHODS
This prospective study was performed with the approval of the St.
Jude Children's Research Hospital IRB and informed parental or
patient consent and/or assent. Between June 2013 and February
2019, one hundred sixty-four patients with previously untreated
medulloblastoma were enrolled in a prospective clinical trial
(www.clinicaltrials.gov, NCT01878617) at a single institution.
Enrollment criteria included 3 years of age or older and younger
than 22 years (younger than 40 years for sonic hedgehog medullo-
blastoma) at diagnosis.

All patients underwent attempted maximal tumor resection.
Patients were stratified into low-, standard-, and high-risk treat-
ment groups on the basis of the molecular subgroup, postsurgical
tumor volume, histology, MYC/MYCN, and metastatic status
(M0 to M4) (Fig 1).14,15 Treatment guidelines for risk-adapted
photon or proton craniospinal and conformal primary (posterior
fossa) site irradiation ranged from 15 to 51Gy (craniospinal

irradiation/primary site) for low-risk patients to 36 to 54Gy for
those at high risk, with additional boost of 45–50.4Gy to meta-
static sites when appropriate. Chemotherapy commenced 6 weeks
post-RT (Fig 1).

One hundred twenty-five patients had baseline balanced
steady-state free precession (bSSFP) MT imaging after surgery
and before RT and chemotherapy. The subacute (“early delayed”)
period was defined as up to 1 year after completion of RT.1,4,8

Patients without RN and ,1 year of follow-up imaging were,
therefore, excluded. Patients who developed late effects (.1 year
after completing RT) were also excluded because late effects tend
to be more clinically relevant and persistent and may differ in
underlying pathologic mechanism.1,4,8 Follow-up diagnostic
imaging was performed at 3-month intervals for the first 3 years,
then at 6-month intervals for 3 years. Until March 16, 2015, MT
imaging was performed in conjunction with fMRI before or
within 2weeks after beginning RT. After March 16, 2015, MT
imaging was performed at the time of baseline, pretreatment
diagnostic MR imaging.

3D bSSFP images were acquired on a 3T Magnetom Prisma or
Magnetom Skyra scanner (Siemens) with a 64- or 20-channel head
and neck coil. Parameters were a = 30°, bandwidth = 789Hz/pixel,
FOV = 256� 256 mm, matrix = 192� 192, and section thickness =
1.33mm, yielding 1.33-mm isotropic voxels. TR/TE/radiofrequency
pulse duration were 3.09/1.55/200ms and 4.39/2.2/1500ms for MT-
sensitized (MMT) and non-MT-sensitized (M0) bSSFP sequences,
respectively. Four examinations with legacy equipment Magnetom
Tim Trio (Siemens) and head matrix coil (Siemens) were excluded
from analysis.

Images were processed using in-house scripts in Matlab
(MathWorks). MT images were coregistered with 3D T1-
weighted MPRAGE images (TR/TE/TI = 1980/2.26/1000 ms,
FOV = 256 � 256 mm, matrix = 256/256, section thickness =
1mm) for segmentation. ST WM and GM were segmented using
related functions from SPM software (http://www.fil.ion.ucl.ac.

FIG 1. Risk-based treatment stratification schema. SHH indicates sonic hedgehog; WNT,wingless.
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uk/spm/software/spm12) in Matlab (Mathworks, Inc.). MTR was
calculated for STWM in percentage units (pu) as

MTR ¼ ðM0 �MMTÞ
M0

� 100pu:

A board-certified neuroradiologist with a Certificate of Added
Qualification and 10 years’ experience interpreting pediatric
oncologic neuroimaging prospectively reviewed all baseline MRIs
for early delayed RN, defined as new brain parenchymal enhance-
ment within the radiation field that improved or resolved without

additional cancer-directed therapy.2,8 Because bulky leptomeningeal
metastases could theoretically involve theWM and thereby alter the
MTR, ST brain metastases were noted if present. Medical records
for suspected cases of RN were reviewed by a pediatric oncologist
(G.R.), and symptoms were graded according to the Common
Terminology Criteria for Adverse Events (CTCAE), Version 4.03.16

All suspected cases of RN were reviewed for confirmation by a sec-
ond board-certified neuroradiologist with a Certificate of Added
Qualification and 15 years’ experience in interpreting pediatric
oncologic neuroimaging. Each confirmed case was then graded in
consensus according to the following scale (Fig 2):

1) Punctate or stippled enhancement without edema
2) Punctate or stippled enhancement with edema (even if

bilateral)
3) Nodular or confluent enhancement, some edema, does not

cross the midline, Or, nodular/confluent enhancement, no appre-
ciable edema, crosses the midline

4) Confluent enhancement and edema, bilateral or crosses the
midline for midline structures

5) Confluent enhancement and edema, restricted diffusion.
Times from completion of radiation therapy to the appear-

ance of RN and from the appearance to resolution or improve-
ment of RN were recorded.

Statistical Analysis
The associations between the development of RN and baseline ST
WMMTR, patient age, risk group (low, standard, or high), tumor
subtype, technique (proton versus photon), and the presence of
visible brain metastases were tested using the Wilcoxon rank sum
test (continuous variables) or the Fisher exact test (categoric vari-
ables). Associations between baseline ST WM MTR and age, sex,
risk/treatment stratum, and the presence of visible brain metasta-
ses were further assessed with linear/logistic regression and
adjusted for magnet and/or coil if appropriate. Maximum imag-
ing and clinical grades were compared among modalities with the
Fisher exact test. All statistical evaluations were performed with
SAS, Version 9.4. (SAS Institute). A 2-sided significance level of
P , .05 was considered statistically significant.

RESULTS
Of 125 eligible patients, 30 were excluded for technically inad-
equate imaging (n¼ 11), legacy equipment (n¼ 4), follow-up
,1 year (n¼ 14), or RN .1 year after RT (n¼ 1). Of 95 patients
included in the final analysis, 23 (24.2%) developed RN (Online
Supplemental Data). RN was initially noted on imaging a mean
of 146.4 (SD, 58.2) days (range, 34–258days) after treatment and
resolved a mean of 152 (SD, 88.9 ) days (range, 49–364days) after
onset in 20 patients. Improvement without documented resolu-
tion was noted in 3 others: 2 who died of progressive disease (43
and 295 days’ imaging follow-up) and another with persistent,
though improved, imaging findings (937 days’ follow-up).

Baseline MT imaging was acquired an average of 18.4 [SD,
10] days after surgery. ST WM MTR was significantly lower in
children who later developed RN than those who did not
(P¼ .03, Online Supplemental Data). Demographic and clinical
characteristics, including risk/treatment stratum, did not differ
(Online Supplemental Data).

FIG 2. Image grading of radiation necrosis. Arrows show enhance-
ment on postcontrast T1WI (A, C, E, G, I), and arrowheads show
edema on T2WI (B, D, F, H, J). Grade 1: Punctate enhancement of the
left pons (A) with no edema on T2WI (B). Grade 2: Punctate enhance-
ment of the left middle cerebellar peduncle (C) with edema (D).
Grade 3: Confluent enhancement of the left cerebellar tonsil (E) with
ipsilateral edema (F). Grade 4: Confluent enhancement involving the
cervicomedullary junction bilaterally (G), with bilateral edema (H).
Grade 5: Confluent enhancement (I) and edema (J) in the pons bilater-
ally (J), with restricted diffusion evidenced by increased signal on DWI
(K) and low signal on the ADC map (L).
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On logistic regression, there was no significant association of
baseline ST WM MTR with the magnet (P¼ .28). An association
between baseline STWMMTR and the coil approached significance
(P¼ .07). When we controlled for the coil, each unit decrease in ST
WMMTR at baseline increased the odds of developing RN by 56%
(estimate¼ �0.8153, OR¼ 0.44, P¼ .04). Also when we controlled
for the coil, there was no association between ST MTR and age
(P¼ .41), sex (P¼ .15), risk/treatment stratum (P¼ .60), tumor sub-
type (P¼ .67), or the presence of visible brain metastases (P¼ .69).

RN was mild (grades 1–2) on imaging in 18/23 (78.3%)
patients and asymptomatic (CTCAE grade 1) in 20/23 (87.0%).
Three patients required intervention (CTCAE$ 2). Patients with
RN (12/23, 52.2%) were more likely than those without RN (20/
72, 27.8%) to have posterior fossa syndrome (PFS, P¼ .02),
potentially confounding symptom assessment. There was no
association between baseline STWMMTR and PFS (P¼ .93).

Most imaging changes were mild (grades 1 or 2, Fig 2).
Cerebellar involvement was most frequent (12/23 patients,
52.2%), and 22/23 (95.7%) had infratentorial RN. Restricted dif-
fusion (grade 5) was observed only in the spinal cord, cervico-
medullary junction, pons, and middle cerebellar peduncle
(Online Supplemental Data).

There was no significant difference in imaging grade, clinical
grade, time to onset, or time to resolution of RN between patients
who had photon or proton beam RT or focal (primary site) RT
(Online Supplemental Data).

DISCUSSION
RN is an uncommon complication of radiation therapy in patients
with medulloblastoma and is associated with long-term cognitive
sequelae, despite occurring predominantly in the posterior fossa,
remote from ST brain centers responsible for cognition.1

In this study, we found that decreased pretreatment MTR in
normal STWM predicted posttreatment RN in patients with newly
diagnosed medulloblastoma undergoing RT. Baseline MTR was not
associated with age, sex, medulloblastoma subtype, risk/treatment
stratum, or metastatic status. As in a prior large medulloblastoma
cohort,1 the incidence of subacute RN did not differ significantly by
risk/treatment stratum or M stage. Our findings suggest that
decreased myelin density, either intrinsic or secondary to tumor
and/or surgery, may be a predisposing factor for RN.

Although demyelination is a known consequence of radiation
damage,4,5 there is currently no known association between mye-
lin density and a predisposition to radiation injury. Our current
understanding of genetic variations altering myelin development
is driven by analysis in known syndromes.17 It is possible that
other genetic differences in myelination, without clinical manifes-
tations under normal circumstances, could predispose to radia-
tion injury. The field of radiogenomics seeks to identify the
genetic basis for differences in susceptibility to radiation injury
among individuals.18 Our findings suggest that genes governing
myelin formation could be a high-yield target for investigation.

A second possibility is that the lower pretreatment ST WM
MTR we observed in patients with RN resulted from a greater
disruption in the posterior fossa from tumor and surgery, sensi-
tizing it to local radiation injury and manifesting as altered mye-
lin density in the ST compartment via diaschisis.

Diaschisis describes a phenomenon in which a focal brain
injury manifests as inflammation, degeneration, and demyelination
in brain regions connected to, but remote from, the primary
injury.19-21 Imaging studies showing decreased cortical perfusion22

and disruption of the cerebello-thalamo-cerebral WM tracts on
DTI23 after cerebellar surgery support diaschisis as the mechanism
underlying PFS, occurring in 39%–40% of children with medullo-
blastoma, with a mean latency of 1.7 days.24 Pathologic studies of
brain injury in animals show inflammation and hydropic changes
in remote diaschisis lesions.20,21 Such changes in the ST brain
would be expected to reduce myelin density and, therefore, MTR.

The patients with RN in our series had a greater incidence of
PFS (52.2%) than those without RN (27.8%), supporting an asso-
ciation between cerebellar injury and RN. The lack of a direct
relationship between baseline ST WM MTR and PFS, however,
suggests that while surgery-related diaschisis lesions within
affected WM tracts may contribute to radiation sensitivity, they
are insufficient to explain the lower baseline ST WM MTR we
observed in patients who later developed RN.

This study was limited in scope, specifically targeting predic-
tion of subacute (within 1 year post-RT), enhancing radiation
injury (RN) in patients with medulloblastoma who consented to
and underwent baseline MT imaging. It may not, therefore, rep-
resent the overall incidence, frequency, or full spectrum of radia-
tion injury in this population. Furthermore, we did not
investigate the association between RN and patient-specific radia-
tion dose or treatment volume, which could vary per the investi-
gator’s discretion. We had no reason to suspect a relationship
between pretreatment MTR and the subsequent radiation dose;
thus, this analysis was not relevant to this possibility. However, it
is quite possible for RN to occur despite a normal MTR. While
decreased MTR increases the odds of RN, it is not the sole predic-
tor of this complex pathology. RN timing specificity was limited
by imaging frequency, which was dictated by the clinical trial pro-
tocol except in rare symptomatic presentations requiring addi-
tional imaging. Finally, WM MTR values obtained with bSSFP
are typically higher than those obtained with 3D MT-prepared
spoiled gradient-recalled imaging, with which the values pre-
sented here should not be compared.25 bSSFP does, however,
offer a markedly shorter imaging time and improved resolution
and signal-to-noise ratio, important advantages over spoiled gra-
dient-recalled imaging, particularly in children.25

CONCLUSIONS
Reduced MTR in normal-appearing ST WM at pretreatment
baseline predicts the risk for radiation necrosis in patients with
medulloblastoma, potentially facilitating heightened monitoring
and mitigation strategies. Further validation and study of mecha-
nisms underlying this finding are indicated.
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