ABSTRACT:

Purpose: Proton beam therapy (PBT) is now well established for the treatment of certain
pediatric brain tumors. The intrinsic properties of PBT are known to reduce long term
negative effects of photon radiotherapy (PRT). To better understand the intracranial effects of
PBT we analyzed the longitudinal imaging changes in a cohort of children with brain tumors

treated by PBT with clinical and radiotherapy dose correlations.

Materials and methods: Retrospective imaging review of 46 patients from our hospital with
brain tumors treated by PBT. The imaging findings were correlated with clinical and dose

parameters.

Results: Imaging changes were assessed by reviewing serial magnetic resonance imaging
(MRI) scans following PBT over a follow-up period ranging from 1 month to 7 years.
Imaging vhanges were observed in 23 patients undergoing PBT and categorized as
pseudoprogression (10 patients, 43%), white matter changes (6 patients, 23%) parenchymal
atrophy (6 patients, 23%) and cerebral large vessel arteriopathy (5 patients, 25%). Three
patients had more than one type of imaging change. Clinical symptoms attributable to PBT

were observed in 13 (28%) patients.

Conclusion: In accordance with published literature we found evidence of varied intracranial
imaging changes in pediatric brain tumor patients treated with PBT. There was a higher
incidence (10%) of large vessel cerebral arteriopathy in our cohort than previously described
in the literature. 28% of patients had clinical sequelae as a result of these changes,
particularly in the large vessel arteriopathy subgroup, arguing the need for angiographic and

perfusion surveillance to pre-empt any morbidities and offer potential neuro-protection.
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ABBREVIATIONS:

AT/RT = Atypical teratoid rhabdoid tumour; CA = Cerebral arteriopathy; CT =
Chemotherapy; FA = Fractional Anisotropy; HA = Headache; LGG = Low Grade Glioma;
MB = Medulloblastoma; MRI = Magnetic resonance imaging; MRS = Magnetric resonance
spectroscopy; NF = Neurofibromatosis; OPG = Optic Pathway Glioma; PBT = Proton Beam
Therapy; PRT = Photon Radiotherapy; RBE = Relative Biological Effectiveness; SWI =

susceptibility weighted imaging; WM = White matter

INTRODUCTION

Proton beam therapy (PBT) is now established as a treatment for certain pediatric brain
tumors. Although PBT is not more effective in treatment of brain tumors, its potential
benefits stem from the intrinsic properties of the radiation, such as absence of an exit dose,
optimal dose distribution, and reduced radiation dose to adjacent normal tissue. This
potentially reduces some of the negative long-term or delayed effects associated with photon
radiotherapy (PRT) such as cognitive deficits, endocrine and vascular abnormalities and
development of secondary malignancies.[1, 2, 3]

As treatment with PBT becomes commonplace, the incidence of treatment-related effects,

both clinical and radiological have also become apparent.
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In this paper, we present the findings of a descriptive study highlighting the imaging changes
in a cohort of children with different types of brain tumors treated with PBT. The imaging

findings have been correlated with clinical and dose parameters.

We anticipate that this will help inform clinicians, oncologists and neuroradiologists of the

spectrum of imaging changes associated with PBT and their potential implications.

METHODS

We retrospectively interrogated the neuro-oncology database of our hospital for all children
with intracranial tumors treated with single dose PBT between 2008-2016. All children also
underwent adjuvant surgery and/or chemotherapy as a part of institutional and nationally
approved treatment protocols (Table 1). Institutional board approval was obtained for this

review (audit registration number 2089).

Our inclusion criteria included newly diagnosed primary brain tumors, single course of PBT
and no PRT. Extracranial tumors were excluded. Of 56 patients undergoing PBT, 46 were

selected as per the inclusion criteria.

All the patients received PBT in external centres where standardized dose calculating

algorithms were used.

Neuro-oncology protocol MRI sequences (comprising a minimum of axial and coronal T2-
weighted spin echo, axial T2-FLAIR, axial diffusion weighted imaging, pre and post-contrast
axial and coronal T1-weighted spin echo) were acquired in all patients. Imaging was

performed using 1.5 T Siemens (Erlangen, Germany) Avanto scanners.



Two paediatric neuroradiologists conducted a consensus read of the pre-treatment and serial

post-treatment imaging. The follow-up time period for imaging ranged from 1 to 87 months.

The adopted parameters for defining pseudoprogression were an increase in the tumoral
volume or new abnormal enhancement, an increase in tumor size or new abnormal
enhancement, occurring 3-4 months after the completion of radiotherapy, which subsequently

resolved without treatment. This definition is commensurate with the data in the literature.

RESULTS

Imaging changes were noted in 23 (50%) patients (13M:10F). The age range of these patients
was 4-13 years. The imaging changes were sub-classified as white matter changes,
pseudoprogression, cerebral arteriopathy and parenchymal atrophy (Figure 1). More than one
imaging change was identified in three patients. The imaging changes were correlated with
tumor type and location, clinical course of the patient and the PBT radiation dosage (Table

1).

Figure 1: Schematic illustration of the patient cohort and subgroups

Table 1: Imaging and clinical changes correlated with tumour type

White matter changes
White matter changes were observed in six patients (26%) and defined as signal abnormality,
typically hyperintense on T2 and T2-FLAIR weighted imaging, in the cerebral or cerebellar

white matter (Figure 2). Changes were only included in this subcategory if there was no



associated abnormal enhancement or corresponding changes on diffusion weighted imaging.

The white matter changes were assessed qualitatively and were transient in all but one case.

In two patients the white matter changes were distant (at least 3 cm) from the area of
irradiation. In the remaining case the changes were confined to the region of the irradiated

tumour.

The white matter changes were not considered to be related to natural evolution of the tumour
or surgical treatment (such as drainage of tumoral cysts or direct surgical manipulation of
tissue) on the basis of the time interval since surgery. Apart from transiently increased

headaches, there was no relevant correlation with clinical symptomatology.

Figure 2: Example of white matter change.

Large vessel cerebral arteriopathy
Definite, and to a certain extent progressive macrovascular cerebral arteriopathy (vessel
narrowing and irregularity) was seen in five (22%) patients with coexistent parenchymal

ischemic changes in some cases (Figure 3).

In a few cases, there were territorial arterial infarcts, with other potential causes of infarction
having been excluded. We confirmed necrosis on biopsy in one patient. The case was
biopsied as there was discrepancy amongst the clinical team if the lesions represented true
progression or not, with indeterminate results on advanced imaging (MR

perfusion); being a posterior fossa lesion , MR spectroscopy also was inconclusive because of

technical limitations.



Figure 3: Example of cerebral arteriopathy.

Figure 4: Example of cerebral arteriopathy

Clinical signs and symptoms around arteriopathy were a spread of children presenting with
obvious stroke like manifestations, and those in which the arteriopathy was asymptomatic, or
even transient. We do appreciate that some of the patients with craniopharyngiomas had
surgical interventional procedures, which could be a confounding factor especially when

assessing atrophy.

Pseudoprogression

The adopted parameters for defining pseudoprogression were an increase in tumor size or
new abnormal enhancement, occurring 3-4 months after the completion of radiotherapy ,
which subsequently resolved without treatment.[4, 5, 6, 7, 23] Pseudoprogression was

observed in 10 patients (43%).

For simplification, we have included those changes that may be considered as radiation
necrosis in this category, as radiation necrosis is a histological diagnosis and conventional
imaging does not easily discriminate between the two entities [24]. Most of our cohort did not

have advanced MR imaging such as perfusion and spectroscopy.

Some of these patients also showed concomitant changes described in other categories. For
example, the vascular changes in a case of a posterior fossa anaplastic ependymoma were

also accompanied by presumed radionecrosis in the adjacent brain parenchyma. Tissue
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obtained from the area of signal abnormality due to diagnostic uncertainty in the latter case

revealed scar tissue.

Clinically, the patients were not severely symptomatic, and the changes if any resolved along
with resolution on imaging, thus there was good correlation between neuroimaging findings

and clinical presentation.

Figure 5: Example of concurrent cerebral arterioriopathy and radionecrosis

Figure 6: Histology of from biopsy of an area of radionecrosis

Parenchymal atrophy

Generalised atrophy was noted in six (26%) cases. Specific pituitary volume was observed
loss in two patients with craniopharyngiomas (Table 5). Atrophy was qualitatively judged by
consensus opinion between the two neuroradiologists as the imaging set did not always

include a volumetric T1 or T2-weighted sequence.

The criteria for atrophy were change in ventricle size as well as enlargement of the
subarachnoid spaces. [24] Atrophy did not correlate with obvious clinical (general
growth/cognitive) deterioration in our cohort although dedicated cognitive assessment data
were not available or the follow up not adequate to evaluate for cognitive changes

appropriately.

Types and chronology of imaging changes



The onset of imaging changes ranged from one month in cases of white matter changes and
pseudoprogression, to 65 months in a case of pseudoprogression and radiation induced

arteriopathy.

The duration of changes ranged from 1 to 61 months. In the cases of arteriopathy and
parenchymal atrophy, the changes were irreversible. In the remaining two categories, there
were some instances of transient change, as per the definition of the categories. The
chronological parameters for these categories are as shown in the below bar diagrams

(Figure 7 and Figure 8).

Figure 7: Duration of white matter changes

Figure 8: Duration of pseudoprogression changes

There was no clear relationship between imaging change type, tumor type and imaging

change chronology.

Radiation doses
The radiation dose was recorded in 21 patients; dosages could not be obtained for 2 patients.
The doses ranged from 50-60 Gy (RBE). Some posterior fossa tumors received localized

boost radiation doses with no individual fractionated dose exceeding 2Gy.

Correlation of imaging changes to clinical symptoms



Clinical data were available for 22 of the 23 patients who had imaging changes. Clinical

symptoms were noted in 13 patients at time of the imaging changes.

Although the clinical symptoms in most of this cohort were transient and self-resolving, there
were significant morbidities in a few patients. Patients with radiation induced arteriopathy
had worse and permanent neurological deficits. Examples of these included a patient who
required carotid revascularization for cerebral arteriopathy. The patient was left with residual
neurological deficits. Another patient who presented with acute cranial nerve palsies and
focal weakness showed significantly delayed presumed radiation necrosis-type changes with
arteriopathy. A further patient who had pseudoprogression-type changes in the brainstem had

diplopia requiring corrective lenses.

Other presentations included focal seizures in one patient with an ependymoma with cerebral
pseudoprogression type changes requiring treatment with anticonvulsants. Generalised
weakness, problems with walking and vomiting were seen in a patient with posterior fossa

volume loss requiring neuro-rehabilitation.

The symptoms in the remaining patients were mostly comprised of transient headaches and

episodic dizziness.

DISCUSSION:




The effects of treatment with PBT have been of increasing interest for some time. Previous
studies have looked at imaging changes in isolation in certain specific tumor groups and at
certain individual clinical aspects. Most studies have also been limited by relatively short

follow up times, notable exceptions being a study by McGovern et al. looking at toxicities

after PBT in patients with AT/RT, following up patients up to 53 months.[8]

There are also studies examining the effects of PBT in isolation, as well as comparing them
to PRT cohorts.[9, 10] Sabin et al. looked at imaging changes in eight very young children
with a mean age of 1.8 years with a variety of brain tumors. The changes described were
those of pseudoprogression with transient neurological symptoms.[11] Gunther et al. found
post-radiation imaging changes in pediatric intracranial ependymoma patients to be more
common when treated with PBT, compared to photon-based intensity modulated radiotherapy
(IMRT).[12] Uh et al. looked at radiation dose effects on the structural integrity of cerebral
WM using DTI data in a series of 51 craniopharyngioma patients treated with surgery and
PBT, with findings indicating transient reduction in FA values, and greater reductions with

higher doses.[9]

Our study had a much wider range of tumor types, as well as longer follow up times, up to 87

months. As expected, the treatment histories were also more complex.

Our study showed the bulk of changes to include white matter signal changes and
pseudoprogression. Given the recognised overlap between the definitions of
pseudoprogression and radiation-induced change,[9, 12, 13] we chose to include changes that

other authors may describe as radiation necrosis as part of the former term.
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Pulsifer et al. studied the cognitive and adaptive outcomes following PBT in a series of 155
patients with a mean follow up of 3.6 years, with encouraging results; a higher intelligence
quotient (1Q) decline was shown in patients under 6 years of age with craniospinal irradiation
whilst other patients showed only a slight 1Q decline.[14] In our cohort, one patient with an
astrocytoma with WM changes in the brainstem showed transient acute behavioural changes,
falls and worsening headaches. He was also diagnosed with autism during this period. We did
not observe any obvious cognitive decline within the study period in our cohort, though this
may occur later in life and warrants further long term evaluation, which is currently

underway.

Cerebral arteriopathy

Radiation induced cerebral arteriopathy is a recognized phenomenon in patients who have
undergone PRT. Until recently it was not reported widely in patients undergoing PBT.[15,
16] Traditionally authors have suggested that one of the important positives while using PBT
to treat tumors such as sellar craniopharyngiomas is the potential to reduce radiation dose to
the circle of Willis, which may reduce the risk of future cerebrovascular complications.[17]
However, five patients in our cohort (22%) had large vessel arteriopathy, including two with
suprasellar craniopharyngiomas. 3 of these patients developed focal parenchymal ischemic
lesions and one patient required carotid revascularization. These patients had been assessed
for and cleared of other risk factors of stroke, such as hypercoagulable states, autoimmune
diseases and infection, among several other potential causes. Previous surgery may be an

additional confounding factor in some cases.

The pathophysiology of cerebral large vessel arteriopathy still remains unclear in PBT

patients. In PRT subgroups, hallmarks of large vessel arteriopathy are intimal thickening and
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medial necrosis. We are awaiting vessel wall histopathological analysis in our PBT cohort to
confirm if the changes are similar. Some authors have postulated the potential of increased
risks of developing vasculopathy with larger doses of radiation;[18] this however does not

apply to our subgroup, with standard radiation doses.

Secondary Malignancies
No radiation-induced tumors were noted in our patient cohort. In the sole patient who

underwent a biopsy, histopathology confirmed necrotic tissue with no tumor.

Development of changes distant to field of irradiation

One of the important rationales for PBT is its superior dose distribution compared to PRT
suggesting sparing of the normal tissue from the adverse effects of the radiation. Redial et al.
reported a case of delayed onset acute remote demyelination after focal PBT for an optic
nerve meningioma.[19] We also noticed white matter changes distant to the area of

irradiation in a few cases. These were however transient with no clinical deterioration.

The aetiology of similar non-contiguous changes in patients undergoing PRT have been
suggested as a vascular insult secondary to the combination of PRT with more-potent
antiangiogenic therapy [25]. While these have not been reported in PBT patients so far, and
our patient cohort did not receive any antiangiogenic therapy, we postulate that a

microvascular ischaemic process would be the most likely explanation in these cases.

12
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Radiation doses

Although correlation of radiation doses with imaging changes was not performed for
individual cases, given that the total radiation dose as well as individual fractionated doses in
our cohort were well below the levels associated with radiation-induced adverse effects[10],
we did not feel that cumulative radiation doses were a causative factor behind the imaging

changes.

Atrophy

The importance of parenchymal volume loss in the maturing young brain cannot be
overemphasised, in spite of no formal clinical correlate, and the absence of a control group in
our study. We also realise that previous surgery can be a confounding factor in our cohort,
especially in the case of the craniopharyngiomas. Further comparison with parenchymal
volumes in purely surgically treated patient cohorts would be needed to more accurately

assess the effects of PBT on brain and pituitary volumes.

Role of chemotherapy

Of the patients showing imaging changes, three had chemotherapy before PBT. All of these
were low grade astrocytic tumors. The imaging changes comprised of white matter changes,
pseudoprogression and one case of cerebral arteriopathy. While pseudoprogression can be
associated with combined radio-chemotherapy, we did not feel the cerebral arteriopathy was
aetiologically linked to the chemotherapy. This assumption was based on the description of
the chemotherapy induced brain changes in literature which were different from those in our

cohort. [11]
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LIMITATIONS:

Our study does have certain limitations. Only conventional imaging sequences as available in
this retrospective cohort were analysed. We are aware that complementary imaging
sequences such as MR perfusion, MR spectroscopy and susceptibility-weighted imaging
would be useful adjuncts for the assessment of treatment related changes, and these have
been prospectively included in our imaging protocol. As we are a tertiary referral centre, not
all cases followed up elsewhere had volumetric data available for quantitative assessments of
atrophy or tumor volume change. The strength of evidence can be further improved with
further follow up of this cohort, and additional patients, specifically in relation to their

cognitive outcomes.

The limitations of our study also include a degree of overlap between pseudoprogression,
radionecrosis and white matter changes; this is in part due to the evolving understanding of
the pathophysiology of these changes, and we felt a broader classification would better serve

the scope of this descriptive study.

Other factors such as effects of previous surgery could be considered as confounding factors

in some categories; however, we feel these effects were not significant in our patient cohort.
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CONCLUSION

Our findings reconfirmed the occurrence of imaging changes in patients who were treated
with PBT; some of these changes were in concordance with those reported by previous
authors, such as pseudoprogression and radiation necrosis.[6, 20, 21] However, we also found
incidence of large vessel progressive cerebral arteriopathy as recently described with PBT,
more than previously reported by Kralik et al. [22] This argues the need for dedicated
angiographic imaging as part of routine tumor surveillance imaging in post PBT patients, to
detect these changes at an early stage, before the onset of debilitating morbidities. The role of
advanced imaging such as vessel wall imaging has been postulated by other authors,[16]
which could be considered given increasing documentation of macrovascular arteriopathy, as

well as perfusion imaging and MR spectroscopy (in anatomically suitable lesions).

We also noted the appearance of transient white matter changes distant to the region of
irradiation; along with our findings of large vessel arteriopathy, we feel this does challenge
the existing concepts of PBT delivering radiation within a defined radiation track length, with

virtually no dose beyond the intended target.

Some previous authors perceived the imaging changes to have minimal clinical significance;
while this was true for the majority of our cohort, we did have a few patients who were left
with significant residual morbidities as a result of post treatment changes, as well as patients

who required major revascularization surgery.

Our findings stress the need for continued close follow-up of pediatric patient populations
treated by PBT to further document radiological and clinical changes, thus enabling us to

assess the long term effects and true benefits of this treatment method.
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FIGURES and LEGENDS:

Figure 1 Schematic illustration of the patient cohort and subgroups

Figure 2 Example of white matter change in large OPG: Axial T2W sequences of
posttreatment scan at 6 months showing large prepontine tumour (A); Symmetrical bilateral
focal brainstem signal changes appearing after 13 months (arrows in B) and gradual
resolution (C, D) 29 months after PBT

Figure 3 Example of cerebral arteriopathy (CA) . Axial T2W (A,B) and TOF MRA(C)
sequences showing narrowing of L MCA 16 months post-PBT, with axial DWI sequences
showing acute infarction in L MCA territory(E), with post-infarction gliosis(D). The patient
required carotid revascularization.

Figure 4 Example of CA: Axial T2W(A-C) and TOF MRA(D-F) sequences showing
progressive narrowing of L ICA after PBT in craniopharyngioma

Figure 5 Example of CA and radionecrosis type changes: Self-resolving ischaemic changes
in patient with posterior fossa anaplastic ependymoma. Axial FLAIR (A,B) axial DWI (C)
and axial post contrast TIW (D) sequences showing progressive abnormal signal change ,
diffusion restriction and enhancement, respectively in pons and R MCP (biopsy confirmed
necrotic tissue) (Fig 5). Axial T2W and DWI sequences (E, F) showing resolution of changes
after 1 year.

Figure 6 Histology for radionecrosis. (A) Haematoxylin and eosin (HE) stain showing
reactive gliotic brain tissue containing eosinophilic spheroids. (B) Staining for
phosphorylated high-molecular weight neurofilament (NF) showing that some of the
spheroids were positive (arrow) and some negative (arrowhead). Hyalinization of the vessel
walls with histological evidence of tumor. (Scale bar 25 micrometers)

FIG 7 Duration of white matter changes

FIG 8 Duration of pseudoprogression changes
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