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Glioblastoma is the most common primary adult brain 
tumor in the US, with over 10,000 cases diagnosed each 
year [1]. The current standard of care for these patients  
is the removal of as much tumor as possible via neuro- 
surgery followed by radiation therapy (RT) and concurrent 
chemotherapy (typically with temozolomide) [2–5]. Two 
radiation doses are commonly used. High dose radiation 
(60 Gy) is targeted to the post-surgical cavity and residual 
disease defined by areas of enhancement on T1-weighted 
gadolinium contrast-enhanced (CE-T1w) MRI, which 
represents highly aggressive tumor which has broken 
through the blood-brain barrier. A lower dose of radiation 
(51–54 Gy) is targeted towards areas of hyperintensity on 
T2-weighted fluid-attenuation inversion recovery (FLAIR) 
MRI [6], which corresponds to a combination of tumor  
and non-tumor pathologies, including inflammation and 

Figure 1: sMRI identifies metabolic changes in glioblastoma in vivo.  
Spectroscopic MRI (sMRI) is a quantitative modality that measures whole-brain endogenous metabolism in vivo. In patients  
with glioblastoma, the ratio of choline to N-acetylaspartate (Cho/NAA) differentiates healthy tissue (1A) from tumor (1B) due to  
a simultaneous increase in choline and a decrease in N-acetylaspartate.

edema [7]. The enhancing regions on CE-T1w are also the 
target for surgical resection, and with advancements in 
neurosurgical methods, there is often little enhancement 
left; thus, much of the high dose radiation ends up treating 
the empty cavity. 

Despite aggressive treatment, glioblastomas continue  
to progress and recur – sometimes inside the initial 60 Gy 
isodose cloud but often times outside it – within months  
of treatment, and median survival remains poor at 
15 months [8, 9]. Two conclusions can be drawn from  
this poor prognosis. First, radiation doses higher than 
60Gy may be needed for long-term control of disease. 
Second, we are unable to fully identify all at high risk  
for tumor recurrence at the time of treatment. Currently, 
the NRG Oncology cooperative group is evaluating the 
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Figure 2: Clinical study schematic.  
In this clinical study, patients with glioblastoma will receive 
standard of care treatment (GTV1 and GTV2), plus an additional 
boost to regions of metabolic activity and to any residual 
contrast-enhancing lesions that could not be surgically resected 
(GTV3).

Target Definition

GTV3 Cho/NAA ≥ 2x normal white matter + 
residual contrast enhancement;  
no margin added

GTV2 Contrast enhancing tissue +  
resection cavity, per standard of care;  
5 mm margin added

GTV1 Hyperintensity on FLAIR MRI, per 
standard of care; 5 mm margin added

75 Gy

60 Gy

51 Gy

Dose

risks and benefits of dose escalating radiation to 75 Gy  
in conjunction with standard concurrent and adjuvant 
temozolomide [10], but using conventional targeting with 
much of the boosted dose going to the resection cavity. 
Therefore, even if successfully locally, there are concerns 
that conventionally targeted doses will fail to control 
regions at high risk for recurrence elsewhere in the brain – 
after all, we can’t treat what we can’t identify. Thus, better 
approaches are needed for targeting both enhancing and 
non-enhancing tumor to maximize the benefits of high 
dose radiation. 

Proton spectroscopic magnetic resonance imaging (sMRI) 
is an advanced imaging modality that enables in vivo 
acquisition of 3D whole-brain volumes of metabolic 
activity [11, 12] (Fig. 1). Two metabolites are of particular 
interest in patients with glioblastoma. Choline-con- 
taining compounds (Cho), the building blocks of the  
cell membrane, increase in proliferating tumor cells; 
N-acetylaspartate (NAA), a biomarker found in healthy 
neurons, diminishes due to neuronal displacement  
and death due to glial infiltration [11, 13]. It has been 
previously shown via histological correlation that the ratio 
of Cho to NAA is significantly elevated in glioblastoma due 
to the opposing changes in these metabolites. In particular, 
a two-fold increase in Cho/NAA compared to normal-
appearing tissue in contralateral white matter was able  
to correctly identify tumor in 100% of cases, even when 
tissue samples were biopsied from regions outside  
of contrast-enhancement per CE-T1w or even FLAIR 
hyperintensity [14]. This indicates that conventional MRI 
targeting does not identify all of the areas of tumor at  
high risk of recurrence. Further, a simulation study of 
patients with newly-diagnosed glioblastoma identified 
that two-fold elevated Cho/NAA in addition to CE-T1w 
identified future sites of disease recurrence in nine out of  
eleven patients [15]. 

However, using sMRI data in clinical care requires special- 
ized software, a local MR spectroscopist with years of 
expertise, and many hours of manual imaging processing. 
This has been a barrier to the clinical validation and 
implementation of sMRI. To address this need, we have 
developed a software package which seeks to automate 
these tasks and facilitate the use of sMRI to target RT in  
a multisite clinical study. The Brain Imaging Collaboration 
Suite (BrICS) is a web-based software designed specifically 
to integrate sMRI with clinical imaging, enabling phys- 
icians to evaluate metabolic activity, review underlying 
spectra on a voxel-basis, and delineate target volumes for 
RT planning [16]. BrICS consists of two components: a 
central server which performs computationally intensive 
image processing, and a lightweight browser client that 
can run on any modern computer or tablet. Users can  
also co-register sMRI volumes with other clinical imaging  

via a DICOM importer, and edit contours manually similar 
to standard software, with the advantage that all data  
are stored centrally and readily shared to other users.  
A demo is available for public use at our group’s website 
at https://brainimaging.emory.edu.

To assess the feasibility of sMRI-guided radiation therapy 
across institutions in a group setting, a multisite clinical 
study has begun at Emory University, the Johns Hopkins 
University, and the University of Miami, with the goal of 
enrolling a total of 30 patients with glioblastoma. In this 
trial, patients will first undergo surgical resection of their 
tumor. Next, prior to RT, patients will receive a sMRI scan 
on a Siemens 3T scanner (either a MAGNETOM Prisma 
with a 32-channel head coil, or a MAGNETOM Skyra with 
a 20-channel head coil) using a 15 minute echo planar 
spectroscopic imaging (EPSI) pulse sequence. Shimming  
is performed using the built-in auto shim capability of  
the Siemens scanners. Raw EPSI data is transformed into  
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Figure 3: Sample patient.  
The first patient enrolled in this trial was a young, 21-year-old female, who underwent surgical removal of her glioblastoma.  
(3A) While only a small nodule of contrast-enhancing tumor remains, (3B) sMRI identifies a much larger region of metabolically  
active tumor which should be targeted for high dose radiation. (3C) The escalated dose RT plan was successfully carried out  
on a standard linear accelerator setup.

3A 3B 3C

a 3D spatial volume and metabolite concentrations are 
calculated via spectral fitting using the MIDAS software 
suite, developed by Dr. Maudsley’s team at the University 
of Miami [17, 18]. 

Patients in this multisite study will also receive standard-
of-care imaging in the clinic, including CE-T1w and FLAIR 
MRI; these volumes are then imported into BrICS where  
all volumes are co-registered into the same image space. 
Contours including areas of brain with a two-fold increase 
in Cho/NAA and residual contrast enhancement are 
generated as target volumes. MR spectroscopists from at 
least two institutions review the underlying spectra within 
the contours to ensure data are of good enough quality to 
use. A neuroradiologist then reviews and edits the contours 
to ensure accuracy. Finally, the Cho/NAA and contrast-
enhancing contours are merged to form a single target 
volume, and two radiation oncologists make final edits 
based on anatomy and dose safety concerns (i.e. removing 
voxels near organs-at-risk), and validate the volume.  
The final contour is exported from BrICS into the radiation 
therapy planning system by a board-certified medical 
physicist at the treating institution, and is targeted for  
an escalated dose of 75 Gy. The remainder of the brain is 

treated per the standard of care – 60 Gy to the surgical 
cavity and 51 Gy to areas of FLAIR hyperintensity (Fig. 2). 
All doses are delivered over 30 fractions (five days per  
week x six weeks, same as standard of care). We present in 
Figure 3 the contours from our first patient, who underwent 
our dose escalated protocol in late 2017. As can be  
seen, there was only a small, nodular residual contrast-
enhancing island on the surgical cavity, but the Cho/NAA 
abnormality expanded much further out, including  
regions that crossed the midline of the brain, which is  
not apparent even in the FLAIR volume.

In addition to RT planning, sMRI can also be used to 
monitor the metabolic response to treatment. Traditional 
monitoring modalities, such as FLAIR and DWI, are 
sensitive to physiologic changes arising from radiation  
and chemotherapy, e.g. hyperintensity in FLAIR due to  
an inflammatory response to treatment. sMRI, however,  
is robust to these other physiologic changes and remains 
specific in the detection of proliferative disease. For this 
reason, we acquire a second sMRI two weeks into RT  
to evaluate whether sMRI could be an early marker of 
treatment response enabling adaptations of RT during  
the therapy course.
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In this project, we are able to bring together the multi-
institutional team via a web app to collectively manage  
a patient’s RT plan. This is normally very difficult to do 
(just try getting multiple physicians in the same room on  
a busy clinic day, let alone from different cities!), but with 
the BrICS infrastructure, we are able to accomplish the 
entire pipeline, from scanner to final treatment plan, in 
less than two days per patient. Furthermore, the addition 
of the EPSI sequence is only 15 minutes, and data process- 
ing is as fast as other modalities such as PET; the majority 
of the two days comes from treatment planning. In the 
past, sMRI has been shown to be a useful modality  
in identifying metabolically active tumor, but has thus  
far been difficult to incorporate into clinical practice due  
to the complexity of integrating its information with 
clinical volumes and the necessity of having spectroscopy 
experts available locally. BrICS solves these issues, 
enabling clinicians from multiple institutions to use sMRI 
for treating patients. Through our initial ongoing clinical 
study, we seek to validate the feasibility of sMRI guidance 
for radiation therapy, and to pave the way for a future 
consortium-level trial to ultimately assess the benefits of 
targeting high-risk, metabolically active tumor.

In conclusion, we seek to develop sMRI technology to 
improve radiation therapy guidance in patients with  
glioblastoma. Our hope is that by making whole brain 
sMRI more accessible for clinical decision-making and 
treatment decisions through an easy-to-use, collaborative 
web application, we can improve patient outcomes  
and drive future of state-of-the-art glioblastoma care.
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