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ABSTRACT

SUMMARY: PT promises to reduce side effects in children with brain tumors by sparing normal tissue compared with 3D conformal or
intensity-modulated radiation therapy. Information is lacking about the combined effects of PT and chemotherapy in young children. We
describe imaging changes in 8 very young childrenwith localized brain tumorswho received PT after chemotherapy.Mostly transient signal
abnormalities and enhancement in brain parenchyma were observed by serial MR imaging, which were consistent with radiation-induced
effects on normal-appearing tissue. Correlation with PT planning data revealed that the areas of imaging abnormality were located within
or adjacent to the volume that received the highest radiation dose. Radiologists should be aware of these findings in children who receive
PT after chemotherapy. In this report, we describe the time course of these PT-related imaging findings and correlate themwith treatment
and clinical outcomes.

ABBREVIATIONS: AT/RT� atypical teratoid rhabdoid tumor; CGE� cobalt gray equivalent; CPC� choroid plexus carcinoma; PNET� primitive neuroectodermal
tumor; PT� proton therapy

Radiation therapy is the most effective adjuvant therapy in chil-

dren with CNS tumors. Historically its use has been limited in

very young children because of concern for late effects in normal

tissues impacting neurologic, endocrine (growth and develop-

ment), and cognitive outcomes. On the basis of the limited side

effects observed in the treatment of children with conformal and

intensity-modulated radiation therapy by using photons, the use

of radiation therapy in the front-line management of very young

children with localized brain tumors has been reintroduced dur-

ing the past decade.1

PT is a method of radiation therapy that may further decrease

side effects because the physical properties of protons result in

significant reductions in the dose to nontargeted normal tissues.2

In particular, PT appears ideally suited for the treatment of brain

tumors in very young children to avoid or minimize the potential

late effects associated with even low-dose radiation on normal

tissue. The improved dose distribution of PT may permit inten-

sification of chemotherapy in multitechnique regimens, previ-

ously prohibited by the synergistic effects of chemotherapy and

radiation dose in nontargeted normal tissue. However, limited

information is available about the potential side effects of PT in

very young children, owing to the scant number of patients

treated with this technique.

We designed and activated a prospective study in 2007 for very

young children (3 years of age or younger) with CNS embryonal

tumors, including medulloblastoma, supratentorial PNET, and

AT/RT. The intermediate risk arm of the study included 4 cycles

of postsurgical induction chemotherapy administered for 4

months, followed by focal irradiation and maintenance chemo-

therapy. The study was later amended to include other histo-

pathologic subtypes (ependymoma and choroid plexus carci-

noma), older patients with CNS embryonal tumors, and the

option of PT.

Children in this series were treated with the protocol-specified

treatment regimen and prospectively followed after treatment;

this follow-up provided unique insight into the temporal nature

and possible clinical and treatment factors that may contribute to

posttreatment phenomena. Transient imaging changes were ob-
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served early after PT in some patients. Because clinical and MR

imaging changes after PT are not well-documented, we describe

the time course of imaging changes associated with PT correlated

with treatment and clinical outcomes.

CASE SERIES
Children with localized (nonmetastatic) CNS embryonal tumors

(excluding desmoplastic medulloblastoma), ependymoma, and

CPC were treated in an institutional review board–approved clinical

trial of postsurgical induction chemotherapy, focal irradiation, and

maintenance chemotherapy. The induction chemotherapy regimen

consisted of four 28-day cycles of high-dose methotrexate, cyclo-

phosphamide, cisplatin, and vincristine. A second surgery was per-

formed as appropriate before radiation therapy for those with resid-

ual disease after 2–4 cycles of induction chemotherapy. All patients

were to receive focal radiation to a dose of 54 Gy administered over 30

fractions by using a 5-mm anatomically confined clinical target vol-

ume margin surrounding the residual tumor and/or tumor bed. The

planning target volume margin was a 3-mm geometric expansion of

the clinical target volume. A total of 18 patients participating in the

clinical trial have received PT rather than photon-based therapy to

date. Postirradiation chemotherapy in-

cluded oral cyclophosphamide; topotecan

and erlotinib (medulloblastoma and

ependymoma); or oral cyclophosphamide,

topotecan, and etoposide (other diagnoses)

for 6 months.

One of the 18 patients treated with PT

for a transtentorial PNET developed pro-

gressive disease while receiving PT. This

child did not complete treatment and

died just over 2 months after therapy was

stopped with no post-PT follow-up imag-

ing. Seventeen patients completed PT as

part of their treatment regimen. Eight of

the 17 patients (47%) developed changes

on brain MR imaging after irradiation

and are the subject of this report. Clinical

and treatment data for these patients are

shown in Table 1. There were few devia-

tions from the chemotherapy regimen.

One patient received an additional induc-

tion course of cyclophosphamide, carbo-

platin, and etoposide; and 1 patient did not receive maintenance

chemotherapy. All had follow-up MR imaging studies of the brain

performed within a median of 1 week (range, 1–3 weeks) after

completion of PT and at 3-month intervals as required by the

protocol. Maintenance chemotherapy was initiated within 2

weeks of completing PT. MR imaging examinations consisted of

pre- and postcontrast T1-weighted, precontrast T2-weighted,

pre- and postcontrast FLAIR, postcontrast sagittal magnetiza-

tion-prepared rapid acquisition of gradient echo, axial diffusion-

weighted and axial susceptibility-weighted pulse sequences. In-

travenous gadopentetate dimeglumine (Magnevist; Bayer

HealthCare Pharmaceuticals, Wayne, New Jersey) was given be-

fore obtaining the postcontrast images.

On follow-up MR imaging studies of these 8 children, there was

evidence of radiation-related brain parenchymal changes within in-

tracranial tissue structures that demonstrated no abnormal signal or

enhancement before PT (Figs 1–3). The locations of these findings

and accompanying time courses are shown in Table 2. Imaging

changes included hyperintensity on T2-weighted and FLAIR images

in the affected structures with corresponding low signal intensity on

precontrast T1-weighted images. For 5 of the 8 patients, foci of re-

stricted water diffusion were present in the areas of abnormality. One

of the patients who had findings in posterior fossa structures also had

abnormalities in the upper cervical spinal cord. Lesions in the brain

stem, cerebellum, and upper cervical spinal cord enhanced; however,

an area of signal abnormality in the right thalamus in 1 patient did

not. Three of the children with brain stem lesions and the child with

the right thalamic lesion underwent dynamic susceptibility contrast

perfusion MR imaging, which provided satisfactory evaluation of the

areas of signal abnormality. The regions of signal change in these 4

patients were hypoperfused.

Subsequent brain MR imaging examinations of 5 of the 6 pa-

tients with posterior fossa lesions performed 2.2–3.5 months after

the appearance of the abnormalities showed a significant decrease

FIG 1. Axial T2-weighted (left) and axial postgadolinium T1-weighted (right) images through the
posterior fossa of patient 2, acquired 3.6 months after completion of PT, reveal prominent T2
prolongation and heterogeneous enhancement within the pons. This portion of the pons was in
the high-dose volume of irradiation.

Table 1: Clinical data for 8 patients with imaging changes after
proton therapy

Patient Sex Diagnosis Location

Age at
Diagnosis
(yr)

Age at
Proton

Therapy (yr)
1 F EP Fourth ventricle 1.7 2.2
2 M EP Fourth ventricle 1.9 2.4
3 F CPC Left lateral ventricle 1.2 2.6
4 F PNET Left parietal lobe 2.7 3.2
5 F MB Fourth ventricle 1 1.4
6 F EP Fourth ventricle 3 3.5
7 F AT/RT Posterior fossa 0.6 1
8 M EP Fourth ventricle 2.2 2.6
Median 1.8 2.5
Mean 1.8 2.4

Note:—EP indicates ependymoma; MB, medulloblastoma.
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or complete resolution of the findings. A patient with synchro-

nous extracranial AT/RT with MR imaging changes noted at 3

months posttreatment died of progressive extracranial tumor be-

fore a subsequent follow-up study could be performed. In 1 pa-

tient, the posterior fossa abnormalities increased on a follow-up

study performed 2.1 months

later. This patient developed

progressive symptoms and im-

aging evidence of necrosis. The

symptoms and imaging changes

subsequently improved with hy-

perbaric oxygen therapy though

some imaging changes persisted.

A follow-up MR imaging study

for the patient with the right

thalamic lesion, acquired at an

outside institution 1 month af-

ter the abnormality was first de-

tected, showed an increase in the

size of the abnormal signal be-

fore the finding gradually de-

creased in prominence on later

studies. Most patients with im-

aging changes in our series had

posterior fossa tumors and clin-

ical evidence of tumor and sur-

gery-related brain stem manip-

ulation with postoperative

neurologic sequelae. Only 1 pa-

tient in the current series had

more than 1 surgical procedure.

Four of the children (patients 2,

4, 6, and 8) had subtle and tran-

sient neurologic signs related to

their post-PT lesions, including

unilateral weakness (n � 3) or increased

ataxia (n � 1).

The areas of greatest imaging change

were contoured on coregistered MR im-

ages and PT dose distributions for each

patient. For 6 of the 8 patients, the areas of

abnormal signal and enhancement ap-

proximately corresponded to areas of

high dose (Fig 4). Among the 9 patients

who did not show imaging changes after

PT, 5 had supratentorial tumors

(PNET � 4, ependymoma � 1) and 4 had

posterior fossa tumors (ependymoma �

3, AT/RT � 1) in contrast to the 8 patients

who developed radiation-associated

changes, of which most (6/8) were poste-

rior fossa tumors. The median age at di-

agnosis for the children who did not have

changes after PT was 1.9 years, and the

median age at the start of PT was 2.4 years,

similar to the median age of diagnosis and

start of PT of 1.8 and 2.5 years, respec-

tively, in the patients with PT-related changes. One patient re-

ceived only 50.4 CGE of therapy rather than the complete 54 CGE

and died of progressive disease 8 months after completion of PT.

Another patient, without evidence of radiation effect, died of pro-

gressive disease approximately 9.5 months after receiving 54 CGE.

FIG 2. Axial FLAIR (A) and postgadolinium coronal T1-weighted (B) images for patient 6, obtained 4.2 months
after completion of PT, demonstrate patchy hyperintensity (FLAIR) and focal irregular enhancement
(arrows in B) within the pons. Diffusion-weighted (C) and apparent diffusion coefficient map (D) images
reveal small areas of restricted diffusion in the areas of abnormal signal and enhancement. This portion of
the pons was in the high-dose volume of irradiation. The abnormalities improved on anMR imaging study
obtained 1.5 months later and were no longer visible 4 months after they first appeared (E and F).

FIG 3. Axial T2 (left) and axial postgadoliniumT1-weighted (right) images through the level of the
thalami for patient 4 demonstrate enlargement of the right thalamuswith hyperintensity on the
T2-weighted image without enhancement (arrows).
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DISCUSSION
Eight of 17 young children with localized brain tumors treated

with PT as part of a prospective protocol developed mostly tran-

sient imaging changes at a median time of 3.9 months and a mean

time of 4.2 months after the completion of PT. The median time

to resolution or the beginning of resolution of the imaging

changes was 2.3 months.

Radiation therapy–related changes in the pediatric brain on

MR imaging are similar to those seen in adults. Acute radia-

tion-induced effects are those observed up to 6 weeks after

treatment.3 These are often characterized by T1 and T2 pro-

longation associated with edema without enhancement.3 Early

delayed radiation–induced effects are those observed 3 weeks

to a few months after therapy.3 These are characterized by focal

or multiple T1 hypointense and T2 hyperintense white matter

lesions, with or without enhancement, and may represent de-

myelination or edema.3 Late delayed radiation–induced effects

are observed several months to years after treatment and are

characterized by T1 and T2 prolongation, enhancement, ne-

crosis, and mass effect.3 The time course for presentation and

regression of the lesions in our 8 patients is compatible with an

early delayed radiation–therapy effect, the contributions of

pre- and postirradiation chemotherapy notwithstanding.

The imaging appearance of PT-related lesions in this se-

ries—mostly transient, T2 hyperintense enhancing lesions

with associated T1 hypointensity and, in most cases, postgado-

linium enhancement—is similar to that described in children

treated with photon radiation therapy.4-7 However, median

and mean ages at diagnosis and treatment of the patients in our

series, 1.8 and 2.4 years respectively, were much younger than

the median ages of 7.1 years and 8.1 years at presentation in 2 of

those series6,7 and mean age of 5.4 years in 1 of those studies.5

Median and mean times to lesion development in our series of

children post-PT are shorter than the time to appearance of

photon radiation therapy–related lesions, which have been re-

ported to arise a median of 6 –10 months after the start or

completion of radiation therapy.4-7 The lesions in our series

also tended to regress sooner (1.5–3.5 months) than the time

interval of 2–26 months described for patients treated with

photons.4-7 The differences in the time course may be related

to the use of PT, the induction or maintenance chemotherapy

regimen, the age of the patients included in our series,8,9 or

other factors coincident with the performance of the protocol,

including surgical sequelae.10-12

The signal changes and enhancement demonstrated in our series

of children resemble the imaging findings of tumor pseudoprogres-

sion. Pseudoprogression is an increase in MR imaging findings of

edema and enhancement in an area of tumor, suggestive of tumor

progression, after a patient has received combination radiation and

chemotherapy. The findings characteristically diminish or resolve on

follow-up studies, with the patient not receiving additional ther-

Table 2: MRI findings observed in 8 patients after proton therapy
Time from

Completion of Proton
Therapy to First MRI
with Changes (mo)

Time from Appearance of
Changes to Start of

Resolution of Changes (mo)
Location of Abnormal
Signal/Enhancement

Physical
Examination
Findings

Patient
1 5.3 2.2 Brain stem, cerebellum, upper cervical

spinal cord
None

2 3.6 2.3 Brain stem Unilateral weakness
3 5.6 3 Cerebellum None
4 3.4 3.1 Right thalamus (no enhancement) Unilateral weakness
5 6.3 2.2 Brain stem None
6 4.2 1.5 Brain stem and cerebellum Unilateral weakness
7 3 Patient died of disease before

follow-up
Brain stem None

8 3.2 3.5 Brain stem Ataxia
Median 3.9 2.3 (of 7 with follow-up MRI)
Mean 4.3 2.5 (of 7 with follow-up MRI)

FIG 4. Reformatted axial postgadolinium T1-weighted magnetiza-
tion-prepared rapid acquisition of gradient echo image through the
posterior fossa of patient 8, coregistered to the proton therapy treat-
ment plan, demonstrates 2 areas of enhancement within the pons
(outlined in yellow) located within the high-dose volume of irradia-
tion (orange wash).
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apy.13,14 The findings of pseudoprogression typically occur within 3

months after completion of treatment, though the imaging changes

may first appear up to 6 months after therapy ends.14 Although the

MR imaging changes for all except 1 of the children in our series fit

within the timeframe for pseudoprogression, the abnormalities in

our patients were not within the areas from which tumor was re-

sected and were not located within structures to which the treated

neoplasms characteristically extend. The findings in our patient se-

ries, therefore, are not in keeping with pseudoprogression.

Although several prior studies have described imaging

changes after PT in the brains of adult patients treated for skull

base tumors,12,15,16 description of PT-related imaging findings

in the brain in pediatric patients is limited to a report of a

14-year-old boy treated with 54 Gy without chemotherapy for

residual tectal oligodendroglioma along the left thalamus fol-

lowing resection of recurrent disease, who subsequently devel-

oped left thalamic enhancement and mild associated mass ef-

fect 6 months after PT, which resolved 9 months later

following a 1-month course of corticosteroids.17 Ours is the

first series to systematically document PT-related imaging

changes in young children with brain tumors following che-

motherapy. We observed that the onset of imaging changes and

regression was earlier after the completion of PT than that

observed in previous reports of patients treated with photon

radiation therapy. We also noted that the imaging changes

usually had minimal clinical significance. Beyond the inherent

susceptibility of the pediatric brain to therapy-induced neuro-

toxicity, the combined effects of gross-total resection, pre- and

postirradiation chemotherapy, and the inherent physical and

radiobiologic differences of protons compared with photons

should be considered as potential causes of the MR imaging

findings. Further study is necessary to clarify the pathophysi-

ology of PT-related imaging changes.
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