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Abstract: Radiation therapy (RT) is a critical part of definitive therapy for pediatric high-grade
glioma (pHGG). RT is designed to treat residual tumor defined on conventional MRI (cMRI), though
pHGG lesions may be ill-characterized on standard imaging. Spectroscopic MRI (sMRI) measures
endogenous metabolite concentrations in the brain, and Choline (Cho)/N-acetylaspartate (NAA)
ratio is a highly sensitive biomarker for metabolically active tumor. We provide a preliminary report
of our study introducing a novel treatment approach of whole brain sMRI-guided proton therapy
for pHGG. An observational cohort (c1 = 10 patients) receives standard of care RT; a therapeutic
cohort (c2 = 15 patients) receives sMRI-guided proton RT. All patients undergo cMRI and sMRI, a
high-resolution 3D whole-brain echo-planar spectroscopic imaging (EPSI) sequence (interpolated
resolution of 12 µL) prior to RT and at several follow-up timepoints integrated into diagnostic
scans. Treatment volumes are defined by cMRI for c1 and by cMRI and Cho/NAA ≥ 2x for c2. A
longitudinal imaging database is used to quantify changes in lesion and metabolite volumes. Four
subjects have been enrolled (c1 = 1/c2 = 3) with sMRI imaging follow-up of 4–18 months. Preliminary
data suggest sMRI improves identification of pHGG infiltration based on abnormal metabolic activity,
and using proton therapy to target sMRI-defined high-risk regions is safe and feasible.
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1. Introduction

Pediatric high-grade glioma (pHGG) is a highly aggressive disease with a 3-year
overall survival of less than 30% and is responsible for over 40% of childhood brain tumor
deaths [1,2]. While there is overlap in imaging and histologic features between pHGG
and adult HGG, pHGG present distinct genetic and molecular differences that have ham-
pered the success of novel therapeutic treatments based on adult HGG research [3,4]. The
current standard of care for pHGG treatment utilizes a multimodal approach of surgery,
radiation therapy (RT), and chemotherapy [3,5]. Although RT has been shown to sig-
nificantly increase survival and is essential in maintaining effective long-term control, it
has also been associated with treatment-related toxicities. With increased survival out-
comes, long-term comorbidities can especially impact quality of life in the vulnerable
pediatric population as they may contribute to the development of secondary cancer, neuro-
psychological disorders, growth retardation, and poor social adjustment. Furthermore,
multiple studies have correlated RT-related toxicities with substantial neuro-cognitive
functional impairment [6–9].
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Proton therapy has significant dosimetric advantages compared to photon RT. Previous
studies applying proton therapy to the pediatric population have shown decreased risk for
toxicity by lowering irradiation of healthy organs while still targeting the tumor [10–14].
Current standard of care photon RT in pHGG includes targeting the residual gross disease
and/or resection cavities as defined by contrast enhancing T1-weighted (T1w-CE) MRI
with a high dose (60 Gy) and T2-weighted fluid attenuated inversion recovery (T2 FLAIR)
MRI with a lower dose (51–54 Gy) with a homogenous margin expansion of 5–15 mm
in all directions. This technique is suboptimal as pHGG lesions may be non-contrast
enhancing and diffuse with indistinct borders making them ill-characterized in standard
imaging. Furthermore, tumor margins are difficult to define due to post-operative changes,
heterogeneous textures, and lesion irregularity as tumors do not infiltrate homogenously.
There is a critical unmet need for better detection of tumor margins to avoid exclusion of
viable tumor tissue when RT targets are planned.

Spectroscopic MRI (sMRI) is a non-contrast imaging technique measuring endogenous
metabolite concentrations within tissue and can identify regions of high-risk brain tumor
beyond anatomical MRI. N-acetylaspartate (NAA) is a biomarker for normal, healthy
neurons that has been shown to decrease in tumors due to the replacement of normal
neuronal elements by tumor cells [15,16]. Choline (Cho) is found in cell membranes and
typically will be increased in regions of tumor cell proliferation. Due to the reduction of
NAA and an increase in Cho, sMRI provides a highly sensitive biomarker for regions of
metabolically active tumor via characterization of the Cho/NAA ratio [17,18]. Our group’s
recent multi-institutional trial using sMRI to guide high-dose RT in adult glioblastoma
(GBM) patients demonstrated a 7-month prolonged overall survival compared to standard
RT control guided by standard MRI [19]. While the benefits have been documented in adult
GBM, sMRI has yet to be applied to pediatric glioma patients. This study aims to combine
the technical advantages of sMRI with the favorable outcomes of proton therapy in a
pediatric study using sMRI to guide the RT treatment target. For the first time, sMRI is now
integrated directly into the clinical workflow allowing its use not only for RT planning but
also for the assessment of long-term treatment response as well. Design, methodology, and
two preliminary patient cases with non-enhancing tumor are shown with a longitudinal
follow-up. Applying sMRI to pHGG is an exciting and innovative approach to improve
glioma detection and RT planning.

2. Materials and Methods

This study was conducted at Emory University (Atlanta, GA, USA) and approved by
the institutional review board. The study was registered with the National Clinical Trials
Network (NCT04908709).

2.1. Study Design

This study evaluates the role of whole brain sMRI to guide the high-dose target of pro-
ton therapy in pHGG patients. This study includes an observational cohort (c1 = 10 patients)
receiving standard of care RT and a therapeutic cohort (c2 = 15 patients) being treated
using sMRI-guided proton RT. A flowchart detailing the study design is shown in Figure 1.
All patients will be imaged with the same protocol consisting of standard clinical MRI
(T1w-CE and T2 FLAIR) and sMRI with a high-resolution 3D whole-brain echo-planar
spectroscopic imaging (EPSI) sequence. Baseline images (sMRI and standard clinical MRI)
will be acquired prior to RT for treatment planning. Treatment volumes based on standard
MRI will be created, and for c2 the 60 Gy high-dose target will be guided by the T1w-CE
contrast-enhancing region combined with sMRI Cho/NAA ≥ 2x (metabolite ratio elevated
to twice the value of the mean Cho/NAA in normal appearing white matter contralateral
to the primary tumor) volume. In the absence of an enhancing tumor, subjects will be
treated with a single intermediate dose level of 54 Gy guided by the summation of FLAIR
abnormality with Cho/NAA ≥ 2x volume. After 6 weeks of RT, follow-up standard MRIs
will be obtained beginning at 1 month post-RT completion and every 3 months afterwards
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for 3 years. sMRI will be acquired alongside standard imaging for the first three follow-ups
(1, 4, and 7 months) and then as needed or at suspected tumor progression. Our EPSI
sequence was installed and tested on the hospital scanner, which enabled seamless acqui-
sition of the sMRI scan with clinical diagnostic MRIs beginning at the 4 month post-RT
timepoint in Subject 2. Given the novelty of this study in the pediatric population, we
needed to establish an infrastructure for sMRI to be performed in a clinical setting, with
an easily accessible pipeline for obtaining longitudinal sMRI data via our Brain Imaging
Collaboration Suite (BrICS) [20]. This infrastructure will provide the foundation necessary
for this study and future studies incorporating sMRI, which require longitudinal imaging
follow-up.

Tomography 2023, 9, FOR PEER REVIEW 3 
 

 

will be treated with a single intermediate dose level of 54 Gy guided by the summation of 

FLAIR abnormality with Cho/NAA ≥ 2x volume. After 6 weeks of RT, follow-up standard 

MRIs will be obtained beginning at 1 month post-RT completion and every 3 months af-

terwards for 3 years. sMRI will be acquired alongside standard imaging for the first three 

follow-ups (1, 4, and 7 months) and then as needed or at suspected tumor progression. 

Our EPSI sequence was installed and tested on the hospital scanner, which enabled seam-

less acquisition of the sMRI scan with clinical diagnostic MRIs beginning at the 4 month 

post-RT timepoint in Subject 2. Given the novelty of this study in the pediatric population, 

we needed to establish an infrastructure for sMRI to be performed in a clinical setting, 

with an easily accessible pipeline for obtaining longitudinal sMRI data via our Brain Im-

aging Collaboration Suite (BrICS) [20]. This infrastructure will provide the foundation 

necessary for this study and future studies incorporating sMRI, which require longitudi-

nal imaging follow-up. 

 

Figure 1. Flowchart of study design. Following consent and enrollment, all patients receive cMRI 

and sMRI. Their imaging data are processed and edited in BrICS to generate sMRI target volumes 

before exporting to the RT planning system for execution. The target volumes for c1 are based solely 

on cMRI, and they receive photon RT based on standard of care. The target volumes for c2 are based 

on cMRI + sMRI, and they receive proton therapy. Both cohorts receive the same post-RT follow-up 

imaging protocol of cMRI beginning at 1 month post-RT and continuing in 3-month intervals up to 

3 years with concurrent sMRI for the first three timepoints and then followed as needed or at the 

time of tumor recurrence. 

Figure 1. Flowchart of study design. Following consent and enrollment, all patients receive cMRI
and sMRI. Their imaging data are processed and edited in BrICS to generate sMRI target volumes
before exporting to the RT planning system for execution. The target volumes for c1 are based solely
on cMRI, and they receive photon RT based on standard of care. The target volumes for c2 are based
on cMRI + sMRI, and they receive proton therapy. Both cohorts receive the same post-RT follow-up
imaging protocol of cMRI beginning at 1 month post-RT and continuing in 3-month intervals up to
3 years with concurrent sMRI for the first three timepoints and then followed as needed or at the time
of tumor recurrence.



Tomography 2023, 9 636

2.2. Enrollment Eligibility Criteria

Patients eligible for enrollment in this study met all eligibility criteria. The inclusion
criteria were that the patient must be less than 21 years old at the time of registration,
have a diagnosis of WHO grade III–IV glioma confirmed pathologically, primary tumor
located within supratentorial brain, recommended to receive RT treatment, and were able
to receive MRI scans. No gender, race, or ethnic criteria are required to be met. Patients
were excluded if they had pacemakers, non-titanium metal surgical clips, implants, or other
MRI-incompatible non-removable medical devices. Additional exclusion criteria include
any significant medical illnesses that would prevent the patient from tolerating an MRI or
if the tumor was demonstrated by pathology to be either not a glioma or low-grade glioma.

2.3. Image Acquisitions/sMRI-Based Target Generation

Clinical imaging for this study was performed at Children’s Healthcare of Atlanta
Scottish Rite Hospital. All patients enrolled underwent the standard brain tumor protocol.
For the RT planning, this included a CT simulation (≤1 mm slice thickness) and a T1w-CE
and T2 FLAIR MRI. The sMRI was either integrated into the same clinical imaging ses-
sion as the standard sequences or obtained in a separate appointment around the same
time period. The whole brain EPSI had a scan time of 14 min and was acquired with
GRAPPA parallelization on Siemens 3T Prisma scanners using either a 32- or 20-channel
head and neck coil (echo time [TE] = 70 ms, repetition time [TR] = 975 ms, flip angle
[FA] = 71◦) [21–25]. The scan had an FOV of 170 mm × 260 mm × 120 mm and a matrix
size of 64 × 50 × 22 with a nominal voxel size of 74.34 µL. Following post-processing, the
final matrix size is 85 × 130 × 40 with an interpolated resolution of 2 mm × 2 mm × 3 mm
and a final voxel size of 12 µL. The sequence had no inversion recovery for fat suppres-
sion allowing for a shortened TR to ensure a clinically acceptable scan time while also
achieving 9x smaller interpolated voxel size than that in our previously reported adult
GBM study [18,19]. During the same imaging session as the sMRI, a pre-contrast T1w MRI
with 1 mm isotropic resolution was acquired. Data were transferred and processed offline
using the MIDAS software suite (University of Miami, Miami, FL, USA)/BrICS (Emory) to
create co-registered spatial–spectral data and normalized metabolite ratio maps overlaid on
clinical images [20,26]. For spectral quality assurance, MIDAS includes two preset filters,
which eliminate poor spectra with linewidth greater than 12 Hz for water T2 or 13 Hz for
metabolic spectra.

The sMRI-guided high-dose target volumes were generated using high-resolution
color maps demonstrating Cho/NAA ≥ 2x abnormality co-registered to high-resolution
structural MRI sequences in BrICS, our customized cloud platform for integrating sMRI
with RT planning [20]. Images were first sent in DICOM format to a localized HIPAA-
compliant server and uploaded into BrICS. All anatomical images, single metabolite maps,
and metabolite ratio maps were interpolated and co-registered to a single coordinate system
based on the high-resolution isotropic T1w MRI. Contours at the Cho/NAA ≥ 2x threshold
were generated in BrICS [18,20]. The residual contrast-enhancing (rENH) volumes on the
T1w-CE MRI excluded post-surgical related enhancing regions. Segmentation volumes
were reviewed and manually edited by an MR spectroscopy expert and pediatric neurora-
diologist and subsequently exported from BrICS in the DICOM format and imported into
the RT planning system for execution (Eclipse/VelocityAI, Varian Medical Systems).

2.4. RT Planning

Pre-operative and post-operative diagnostic MRIs are co-registered to the CT simula-
tion to provide improved resolution for target and normal structure identification. Gross
tumor volumes (GTV) are defined by the treating radiation oncologist based solely on the
conventional MRI (cMRI) prior to viewing the sMRI for both cohorts. For pHGG with a
contrast enhancing tumor, the GTV2 is defined as the resection cavity and any residual
contrast-enhancing disease. In c2 only, the sMRI Cho/NAA ≥ 2x volume is added to the
GTV2. The GTV1 includes GTV2 and any adjacent T2/FLAIR signal abnormality. The
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corresponding clinical target volumes (CTV1 and CTV2) are defined using a 5 mm and 7
mm anatomically modified expansion margin from GTV1 and GTV2, respectively. CTV1 is
prescribed 54 Gy (RBE) in 1.8 Gy per fraction and CTV2 is prescribed 60 Gy (RBE) in 2 Gy
per fraction using a simultaneous integrated boost.

In the setting of non-enhancing diffuse disease with infiltrative involvement or a
supratentorial diffuse midline glioma, no CTV2 is defined, and the cumulative prescription
dose is 54 Gy (RBE). No planning target volume (PTV) margin was used for proton therapy.
All proton therapy treatment employs pencil beam scanning prescribed to the CTV with
robust optimization using a ±3 mm robustness margin and ±3.5% range uncertainty.

Standard photon RT plans using a 3 mm PTV margin expansion and volumetric
modulated arc therapy (VMAT) are generated for both cohorts for comparative data analysis
of target volume and normal tissue dose statistics.

2.5. RT Treatment Delivery

All enrolled patients received RT treatment in 30 fractions over 6 weeks. Patients
were seen by the treatment radiation oncologist weekly for history and physical exam,
and all adverse events were prospectively recorded, graded according to the Common
Terminology for Adverse Events (CTCAE v5.0), and assigned an attribution score of either
unrelated, unlikely related, possibly related, probably related, or definitively related to RT.
Chemotherapy was not required but may be prescribed at the discretion of the treating
pediatric neuro-oncologist.

2.6. Longitudinal Imaging Follow-Up

Follow-up MRIs are obtained 1 month post-RT and continued every 3 months after-
wards for 3 years, or until unequivocal progression or the patient is removed from the study.
sMRI will be acquired alongside standard imaging for the first three time points (1, 4, and 7
months) and then as needed or at suspected tumor recurrence. A longitudinal database
was built to quantify treatment response through lesion and metabolite volumes. Each
follow-up was uploaded into the BrICS Longitudinal Image Tracker (BrICS-LIT) module for
analysis along with RT dose plans [27]. Regions of tumor progression were determined by a
multi-disciplinary translational research team consisting of a pediatric radiation oncologist,
pediatric neuroradiologist, and MR spectroscopy experts. The T1w-CE and T2 FLAIR
images were contoured using the semi-automated algorithm in BrICS-LIT prior to being
manually adjusted by an experienced pediatric neuroradiologist. Each time point was
analyzed and scored according to criteria defined by the Brain Tumor Reporting and Data
System (BT-RADS) [28–32]. At the time of progression, recurrent volumes are contoured
and compared to the initial GTV and radiation dose distribution to be scored as either
local (in-field), marginal (immediately outside margin-of-field), or distant (away from
margin-of-field) recurrences.

3. Results

We have currently enrolled 4 subjects (c1 = 1/c2 = 3) with imaging timepoints spanning
4 to 18 months. This study presents initial observations comparing differences between
target treatment volumes determined by cMRI and sMRI, as well as their corresponding
longitudinal treatment response. Using our ultra-high-resolution EPSI sequence, the aver-
age brain coverage across all subjects is 80.14%. Three patients presented tumor without
enhancement and were treated to a maximum intermediate dose of 54 Gy, and one patient
in c2 was treated with a high-dose target of 60 Gy. The median difference between the
GTV1 cMRI only and GTV1 with Cho/NAA ≥ 2x guidance is 10.68 cc.

3.1. Subject 1

The first subject is a 9-year-old male with IDH wild-type WHO Grade III diffuse HGG
with anaplastic astrocytoma morphology in the right temporal lobe; he was enrolled in the
trial 1 month after resection. Initial pre-RT Cho/NAA ≥ 2x volume was 165.00 cc compared
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to FLAIR volume of 207.21 cc including an additional region in the left temporal lobe,
which is non-hyperintense on FLAIR. The sMRI changed the treatment plan significantly
by revealing the presence of disease infiltration to the contralateral brain previously not
detected on cMRI (Figure 2). The resultant volume for GTV1 cMRI + sMRI was 297.84 cc
compared to 207.21 cc from GTV1 cMRI. The subject received 54 Gy (RBE) proton therapy
to GTV1 cMRI + sMRI. After a follow-up period of 18 months, the most recent imaging time
point was determined as tumor progression (15 months post-RT) both local and distant to
the RT field. The patient’s proton RT plan is shown in Figure 3 alongside a comparative
standard of care photon RT with a corresponding dose–volume histogram.
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Figure 2. Comparison of GTV1 contours. Target volumes based on cMRI alone (green) and
cMRI + sMRI (blue) are shown overlaid on axial slices of the T1 (left) and T2 FLAIR (right) im-
ages. The sMRI detected an additional lesion in the left temporal lobe which is non-hyperintense on
FLAIR and absent on the T1 imaging as well (white arrow). The volume of GTV1 cMRI was 207.61 cc
compared to the GTV1 cMRI + sMRI volume of 297.84 cc.

All available follow-up time points are shown in Figure 4 in the BrICS-LIT interface.
The clinical imaging shows initial positive response to treatment and then gradual disease
progression. The tumor remained non-enhancing on clinical imaging throughout follow-
up. T2 FLAIR volumes decreased and remained stable with less than 5% volumetric
increase between 1 and 7 months post-RT. Between 10 and 15 months, there was a greater
than 25% increase in T2 FLAIR volumes, and the 15 month follow-up was the officially
determined date of progression (BT-RADS Score 4). The sMRI follows a similar trend with
Cho/NAA ≥ 2x volumes decreasing 40% from pre-RT to 7 months post-RT, then increasing
greater than 25% across the subsequent 10 and 15 months post-RT follow-up dates.

Out-of-field recurrence in the left occipital lobe was identified at the 15 months post-RT
progression date. There is a clear metabolically active mass (30.50 cc) encompassed within
the Cho/NAA ≥ 2x volume (Figure 5). Signs of this lesion first appeared on the 10 months
post-RT sMRI, but it did not meet the 2x threshold. This lesion is not identifiable on the
T1w-CE, and diffuse hyperintensity on the T2 FLAIR is shown. The treated area shows
NAA and Cho/NAA ratio variation, possibly due to increased lipids from treatment effects.
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Figure 3. Comparison of photon (VMAT) and proton dose plans. The photon plan was created using
cMRI with the target volume (green contour) based on the FLAIR (A). The proton plan was based on
sMRI (Cho/NAA ≥ 2x) and FLAIR with target volume (blue contour) corresponding to the union of
the sMRI + FLAIR abnormality (B). Both targets show volume treated to 54 Gy intermediate dose due
to lack of enhancing tumor on T1w-CE. Heat map shows 54 Gy area in orange with a larger target
volume for tumor and much less scattering radiation to normal tissue in the proton plan versus the
photon plan as shown in the brain dose volume histogram graph (C).
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Figure 4. Subject 1 longitudinal follow-up imaging shown in BrICS-LIT. Five follow-up images and
their corresponding sMRI, T1w-CE, and T2 FLAIR are shown chronologically from right to left, with
the pre-RT treatment planning image first. Lesion volumes have been segmented, and each follow-up
is scored by a neuroradiologist. No contrast enhancing tumor was seen in follow-ups. The imaging
shows a positive response to treatment with decreasing volumes on sMRI from pre-RT to 7 months
post-RT; the FLAIR volumes decreased and remained stable during this time period. Beginning
at 10 months post-RT both sMRI and FLAIR volumes began to increase, with a greater than 25%
volumetric increase from 10 months to 15 months post-RT. An out-of-field metabolically active mass
is present on the 15 months post-RT sMRI in the left occipital lobe.
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Figure 5. Out-of-field recurrence in Subject 1. Imaging of the sMRI, T1w-CE, and T2 FLAIR at the
recurrence date (15 months post-RT) with the site of tumor progression indicated by the white arrow
on sMRI. The green contour shows the additional 30.50 cc metabolically active mass at the Cho/NAA
≥ 2x threshold on the sMRI. The spectra identified by the boxed ROI on the sMRI map shows clearly
elevated Cho and decreased NAA (gray arrows), corresponding to presence of tumor. The lesion is
not identifiable with confidence on the T1w-CE and is better seen on sMRI than T2 FLAIR.

3.2. Subject 2

The second subject is a 19-year-old female diagnosed with multi-focal IDH mu-
tant WHO Grade III anaplastic astrocytoma; she was enrolled in the trial 1 month after
biopsy and received 54 Gy proton therapy. To date, the subject has a follow-up period
of 10 months (7 months post-RT). The pre-RT Cho/NAA ≥ 2x volume was 91.37 cc, and
the tumor was non-enhancing. The GTV1 cMRI (FLAIR) volume was 126.59 cc, and the
GTV1 cMRI + sMRI volume was 130.78 cc. Four longitudinal time points are shown in
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Figure 6. Lesion size in the sMRI and FLAIR volumes consistently decreased, and the
Cho/NAA ≥ 2x volume agreed well with the FLAIR abnormality. Each follow-up is scored
as BT-RADS 1a corresponding to improvement in disease.
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Figure 6. Subject 2 longitudinal follow-up imaging shown in BrICS-LIT. Four follow-up images and
their corresponding sMRI, T1w-CE, and T2 FLAIR are shown chronologically from right to left, with
the pre-RT treatment planning image first. Lesion volumes have been segmented, and each follow-up
is scored by a neuroradiologist. Little to no contrast enhancing tumor was seen in follow-ups. The
imaging shows a positive response to treatment with decreasing volumes on sMRI from pre-RT to
7 months post-RT; the FLAIR volumes also decreased during this time period. Each follow-up is
scored as BT-RADS 1a corresponding to disease improvement.

4. Discussion

pHGG are highly aggressive brain tumors that have become the leading cause of
cancer-related death in the pediatric population due to the limited efficacy of currently
available treatment options [33–35]. This is the first description of a study design in pHGG
patients, which combines the high specificity of both whole-brain high-resolution sMRI
tumor detection with precise proton therapy treatment targeting. The primary objective is
to determine the feasibility of sMRI-guided proton RT and to determine the value of sMRI
to predict regions of brain at high risk for tumor recurrence. This trial has implemented
a clinically translatable treatment pipeline by integrating sMRI into the standard clinical
workflow. The single 14-minute whole-brain sMRI sequence was added into the standard
brain tumor imaging protocol for planning and follow-up. Our new ultra-high-resolution
EPSI sequence increased resolution from our previous study from a nominal voxel size of
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314 µL to 74 µL with the final interpolated resolution decreasing from a 108 µL to 12 µL
voxel size and average brain coverage across subjects of 80.14%. This sequence appeared
more optimal in younger patients as the differences in water and lipid composition in
pediatric compared to the adult brain may reduce artefactual lipid contribution in the
sMRI data [19,36]. After acquisition, data from the sMRI are processed and available in the
RT planning systems with a 1.5 day turnaround time (including all quality control steps),
fitting well within the standard clinical treatment timeline [20].

Each of our cases show that sMRI identifies infiltrating tumor where there is no
contrast-enhancing lesion on standard MRI and the Cho/NAA ≥ 2x volume either agrees
with or further reveals disease not detectable on FLAIR. Especially, as pHGG is often non-
enhancing, the T1w-CE does not demonstrate the extent of disease. In both Subjects 1 and
2, the tumor is grossly non-enhancing with absent rENH volume with diffuse infiltrative
disease. Even in the absence of any contrast-enhancing region, the sMRI was informative
for guiding an intermediate dose target. While the sMRI-defined targets are larger than
targets defined by conventional imaging, the use of proton therapy allows safe delivery of
high-dose radiation to high-risk regions without increased treatment morbidity to patients.
Furthermore, proton therapy treats tumor targets with greater precision, thus reducing
radiation exposure in normal developing brain, which may attenuate acute and long-term
toxicity effects and improve quality of life.

A longitudinal imaging database was built in the BrICS-LIT module containing all
available follow-up MRIs to visualize a comprehensive disease history. Each follow-up
MRI was given a BT-RADS score classifying disease state. Although BT-RADS has been
successfully implemented in adult gliomas at multiple institutions with ongoing stan-
dardization for management-based structured reporting, it has yet to be adapted for
pediatrics [28,30]. Therefore, in addition to the BT-RADS score, final clinical determination
of pseudo-progression or tumor progression was based on multi-disciplinary group con-
sensus following image review. As more data is accrued, scoring guidelines for pediatric
brain tumor applications will be optimized; implementation of structured clinical reporting
criteria in an objective manner is advantageous for informing outcome measurements
of clinical trial datasets. Additionally, the BrICS-LIT database identifies failure patterns
with relation to radiation field by displaying an overlay of the dose map on top of the
anatomic MRI. The database entry for Subject 1 shows gradually worsening imaging before
progression was called (Figure 4). Visualization of the Cho/NAA maps for this subject
alongside the clinical MRIs can prospectively identify out-of-field recurrence; early signs
of elevated Cho/NAA in the left occipital lobe began as soon as 7 months post-RT. Al-
though there is some mild T2 FLAIR hyperintensity in the same region beginning from
10 months post-RT, the abnormality is more clearly visible on sMRI generated color maps.
Additionally, T2 FLAIR changes are not always tumor specific, and may be a result of
numerous other etiologies, such as vasogenic edema, cytotoxic edema, treatment related
changes, or artifact [37]. Our results demonstrate that elevated Cho/NAA ratio obtained
with sMRI represents a novel high-resolution neuroimaging biomarker for pHGG with
increased specificity over FLAIR and T1w-CE imaging.

As this is the first on-going study using sMRI to define a quantitative volume for high-
dose target, the long-term treatment-related effects and outcomes are unknown. Previous
studies prospectively collecting health outcomes for children treated with proton therapy
defined the boosted high-dose area as post-surgical cavity combined with rENH, and they
showed similar survival outcomes but significantly favorable long-term neurocognitive
function compared to photon RT [12–14].

5. Conclusions

This is the first report of sMRI-guided proton therapy to treat pHGG. This methodol-
ogy, combining the high specificity of sMRI with the precise targeting of proton therapy,
can more specifically identify tumors and deliver effective radiation doses to a specified
target while minimizing radiation scatter, lowering volumetric radiation dose in the devel-
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oping brain, and potentially reducing side effects of RT for the pediatric population. Our
preliminary results show that sMRI identifies metabolite changes beyond lesions shown in
clinical MRI (both T1w-CE and FLAIR) and may predict sites of tumor progression. This
study will further elucidate knowledge of disease control and acute effects of proton RT in
children and investigates long-term metabolic changes in pediatrics.
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