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Abstract

Purpose—Magnetic resonance (MR) imaging and computed tomography (CT) are used almost 

exclusively in radiation therapy planning of glioblastoma multiforme (GBM), despite their well-

recognized limitations. MR spectroscopic imaging (MRSI) can identify biochemical patterns 

associated with normal brain and tumor, predominantly by observation of choline (Cho) and N-

acetylaspartate (NAA) distributions. In this study, volumetric 3-dimensional MRSI was used to 

map these compounds over a wide region of the brain and to evaluate metabolite-defined 

treatment targets (metabolic tumor volumes [MTV]).

Methods and Materials—Volumetric MRSI with effective voxel size of ~1.0 mL and standard 

clinical MR images were obtained from 19 GBM patients. Gross tumor volumes and edema were 

manually outlined, and clinical target volumes (CTVs) receiving 46 and 60 Gy were defined 

(CTV46 and CTV60, respectively). MTVCho and MTVNAA were constructed based on volumes 

with high Cho and low NAA relative to values estimated from normal-appearing tissue.

Results—The MRSI coverage of the brain was between 70% and 76%. The MTVNAA were 

almost entirely contained within the edema, and the correlation between the 2 volumes was 

significant (r=0.68, P=.001). In contrast, a considerable fraction of MTVCho was outside of the 

edema (median, 33%) and for some patients it was also outside of the CTV46 and CTV60. These 

untreated volumes were greater than 10% for 7 patients (37%) in the study, and on average more 

than one-third (34.3%) of the MTVCho for these patients were outside of CTV60.

© 2014 Elsevier Inc. All rights reserved.

Reprint requests to: Radka Stoyanova, PhD, Department of Radiation Oncology, University of Miami Miller School of Medicine, 
Hope Lodge, Suite 307, 1121 NW 14th St, Miami, FL 33136. Tel: (305) 243-5856; RStoyanova@med.miami.edu. 

Conflict of interest: none.

Supplementary material for this article can be found at www.redjournal.org.

HHS Public Access
Author manuscript
Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2015 October 01.

Published in final edited form as:
Int J Radiat Oncol Biol Phys. 2014 October 1; 90(2): 376–384. doi:10.1016/j.ijrobp.2014.03.049.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.redjournal.org


Conclusions—This study demonstrates the potential usefulness of whole-brain MRSI for 

radiation therapy planning of GBM and revealed that areas of metabolically active tumor are not 

covered by standard RT volumes. The described integration of MTV into the RT system will pave 

the way to future clinical trials investigating outcomes in pa tients treated based on metabolic 

information.

Introduction

Current practice for radiation therapy (RT) of glioblastoma multiforme (GBM) uses T1-

weighted, gadolinium enhanced, fluid attenuation inversion recovery (FLAIR) and/or T2-

weighted magnetic resonance imaging (MRI) to define target volumes. Two target volumes 

are defined, where 46 Gy is prescribed to a larger volume that includes contrast-enhancing 

tumor and/or surgical cavity (gross tumor volume [GTV]), and the region indicated by the 

FLAIR/T2 abnormality (edema), with an additional 2-cm margin (clinical tumor volume 46 

[CTV46]). The second volume includes the GTV with a margin of 2 to 2.5 cm and receives a 

boost to an additional 14 Gy for a total dose of 60 Gy (CTV60). The CTVs for GBM are 

based on the 1980 study by Hochberg and Pruitt (1) that showed, using computed 

tomography (CT), 78% of recurrences of GBM were within 2 cm of the margin of the initial 

tumor bed and 58% were within 1 cm. Additional studies have confirmed that the majority 

of recurrences appear within the high-dose regions of current RT plans (2-4). Based on MRI, 

it is now accepted that 90% of all GBM recurrences occur 2 to 3 cm from the tumor 

margins.

MRI and CT are almost exclusively used for RT planning of GBM; yet the limitations of 

these structural imaging modalities with regard to characterizing tumor infiltration and tissue 

viability are recognized. Histological investigations have shown tumor cells in the 

surrounding edema and in the adjacent normal-appearing brain that are not associated with 

any radiographic findings (5); hence, there may be tumor cells left outside of the treatment 

fields. Conversely, areas with radiological abnormalities may not contain any tumor cells, 

resulting in normal brain tissue in the treatment volume and unnecessarily increasing 

toxicity.

Unlike standard MRI, proton (1H) magnetic resonance spectroscopy (MRS) has the ability to 

characterize biochemical patterns associated with normal brain, tumor histopathology, and 

changes in tissue function, thereby providing indicators for the diagnosis, classification, and 

progression of disease in the brain (6-8). MRS can detect several metabolites in vivo, in 

particular choline (Cho) and N-acetylaspartate (NAA), which have been strongly associated 

with primary brain tumors (6). Cho is a marker of increased cell membrane proliferation and 

is increased in brain tumors (6, 7). High levels of NAA are a marker of mature neuronal 

density and viability, and are therefore decreased in tumor tissue where the neuronal cell 

density is reduced (6, 7, 9).

MRS imaging (MRSI), which enables MRS acquisition from multiple volumes covering a 

region of the brain, has shown great promise to identify areas of metabolic activity and to 

guide the radiation oncologist in targeting malignant regions (10-12). Encouraging results 

from current phase 2 trial of radiosurgery to MRSI-defined high-risk tumor volumes in 
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patients with GBM were recently published (13). In another study, MRSI was integrated into 

treatment planning system for GBM using dose painting with integrated simultaneous boost 

(14). It should be noted that in these studies, MRSI covered only part of the brain/tumor.

In this report, volumetric 3-dimensional (3D) MRSI acquisition was used, which included 

sampling of the entire brain volume to carry out a comprehensive assessment of 

metabolically suspicious areas. Metabolic tumor volumes (MTVs) are translated into a 

Radiation Workstation and compared with standard RT volumes for GBM.

Methods and Methods

MRSI acquisition and analysis

A total of 19 treatment-naive patients (13 men and 6 women, aged 30-69 years, mean 49 

years) (Table 1) with postimaging histopathologically confirmed GBM were retrospectively 

reviewed from a larger imaging glioma study (15).

The comprehensive imaging studies (pre- and post-contrast T1; T2-weighted, perfusion, and 

diffusion MRI) were carried out on a 3T Signa (GE, Milwaukee, WI) as described in detail 

elsewhere (15). MRSI data were obtained using a volumetric acquisition resulting in full 

coverage of the brain with field of view (FOV) 280 × 280 × 180 mm3 and 64 × 64 × 32 

voxels with effective voxel size ~1.0 mL (16). A second MRSI dataset from the water 

signal, referred to as the “water reference,” was acquired simultaneously in an interleaved 

fashion and with parameters identical to those for the metabolite MRSI signal.

Imaging and spectroscopy data were processed using the Metabolite Imaging and Data 

Analysis System (MIDAS) package (17). Although a number of processing steps are used 

for the MRSI reconstruction, those relevant for this project are summarized in Figure 1A. 

T1-based brain segmentation was carried out using automatic brain segmentation tool/

library FSL/FAST (18). First, the metabolite signal was quantified by using an automated 

parametric spectral analysis procedure (19), with a Gaussian lineshape model and basis 

functions for the metabolite spectra obtained by spectral simulation (20). Second, the 

spectral analysis was followed by a simple quality evaluation procedure that created a 

“quality image” that reflects areas of MRSI with water linewidth of ≤20 Hz. This image, 

MRSIQ, was used as a mask for excluding from further consideration image regions with 

suboptimal spectral quality (Fig. 1A, spectral quality mask). The water map was used for 

fusion of the MRSI with the subject T1 MRI, which was done in the radiation treatment 

software MIM (MIM Software Inc., Cleveland, OH) (Fig. 1A, registration box), and this 

transformation applied to the metabolite maps from MRSI analysis. Third, the individual 

metabolite concentrations (Cho, Creatine [Cre], and NAA) were normalized using tissue 

water as an internal reference. The effect of partial volume of cerebrospinal fluid (CSF) on 

the metabolite relative concentrations in the normal tissue region was also corrected for, as 

CSF content dilutes the real metabolite concentration (Fig. 1A, tissue segmentation and 

metabolic maps) (18).
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Radiation treatment volumes and metabolic tumor volumes

GTV was defined on postcontrast T1-weighted images and included all areas of contrast 

enhancement. CTV46 was defined as GTV+FLAIR/T2 abnormality plus a 2-cm 

circumferential margin. Here, and in the rest of this article, we will refer to the FLAIR/T2 

abnormality as “edema.” CTV60 was defined as the GTV+2.5 cm circumferential margin. 

Contouring was done by a single radiation oncolo-gist, and the CTVs were automatically 

calculated using MIM (Fig. 1, top right-hand block, shaded green).

The direct measurement of relative concentration (in institutional units [i.u.]) of Cho and 

NAA was used to determine the pertinent areas of infiltrating/aggressive disease (21). 

Normal-appearing tissue (NAT) were areas outside of (CTV60+2.5 cm)U(CTV46+2 cm). 

Because the distributions of Cho/NAA in NAT failed the Kolmogorove–Smirnov test for 

normality, extreme values were not well characterized by distance from the mean expressed 

as a multiple of the standard deviation. Instead, maps of aberrant high Cho (MTVCho) and 

low NAA (MTVNAA) were constructed using threshold values set for each patient by 

applying Tukey's rule to identify outlier values from the metabolite distribution in NAT 

(22). Before this calculation, the cerebellum, brainstem, and ventricles were excluded from 

the NAT calculations because of their specific metabolic signatures (Fig. 1, normal-

appearing tissue box).

The relationships between RT volumes and MRSI-derived MTVs were investigated using 

the MIM toolbox for volume comparisons. In particular, the fractions of MTVCho and 

MTVNAA outside of GTV, edema, CTV60, and CTV46 were calculated.

Results

The analysis pipeline for comparison of metabolic and RT target volumes is displayed in 

Figure 1A. The MRSI was co-registered with the MRI in MIDAS (17); but nevertheless, for 

generalization of the workflow, the water reference map was fused with the T1 MRI. Indeed, 

the transformation parameters were small: mean translation/rotation in (x,y,z): 0.29, 1.46, 

and 1.15 mm/0.36 °, 2.04 °, and 0.81°, respectively. Figures 1B and 1C illustrate the 

delineation of brain structures (cerebellum and brain stem) and CSF, as well as the RT target 

volumes. Although the data are acquired from the entire brain, a number of spectra, mainly 

in the frontal part of the brain, are eliminated because of poor quality. The MRSI coverage 

of the brain, MRSIQ, is depicted in light blue in Figure 1B. The brain and MRSIQ volumes 

(Table 1, columns 4 and 9) indicate that the MRSI coverage of the brain was between 70% 

and 76% (median 74%). The median percentage of coverage of the RT volumes were 89%, 

85%, 81%, and 79% for GTV, edema, CTV60, and CTV46. To assess the limitation of MRSI 

for full coverage of the RT targets based on tumor location (superior/inferior, anterior/

posterior), the fractions of the RT volumes outside of the MRSIQ were calculated (Fig. 1D). 

Tumors in the frontal part of the brain have limited coverage, with about 20% to 30% of the 

CTVs located outside of the spectroscopy assessment volume.

“Normal” metabolite values were estimated in the NAT (Fig. 1C, purple) and box plots of 

Cho and NAA distributions are shown in Supplemental Figure 1. Considerable variation was 

found among patients with respect to Cho, NAA, and Cr (data not shown) in NAT; the 
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coefficient of variation (CV) was 22%, 15%, and 17%, respectively. The CV for Cho, 

however, was higher than for the other 2 metabolites, indicating that additional covariates 

other than the common experimental and physiological may be contributing to Cho. The 

vertical bars in the plots indicate thresholds (or inner fences), above/below which values are 

considered to be outliers by Tukey's rule (22). MTVCho consists of pixels with Cho 

concentrations above the upper fence in the Cho graph, and the pixels in MTVNAA are 

below the lower fence on the NAA.

An example of the construction of the metabolic volumes is shown in Figure 2. A portion of 

the axial T1 post–contrast MRI from patient T7 is overlaid with the spectral data; 

representative spectra (Fig. 2B) from normal brain, edema, and enhancing lesion are shown 

in the column to the right, which illustrate Cho amplitude increasing and reaching the 

highest values in GTV, whereas NAA is absent in this region. MTVCho depicting areas of 

high Cho (blue) and MTVNAA (purple) are shown in Figure 2C. The MTVNAA conforms 

almost entirely to the edema seen on the T2-weighted MRI, whereas 93%, 25%, 16%, and 

3% of MTVCho are outside of the GTV, edema, CTV60, and CTV46, respectively. In Figure 

3, a portion of the T2-weighted MRI is shown from patient T1, overlaid with the 

corresponding spectral data. Here Cho is the highest outside of enhancing lesion and the 

edema. Figure 3B again demonstrates strong overlap of MTVNAA (purple) and the edema, 

whereas MTVCho (blue) extends outside of GTV and the edema region. The blue region 

appears more anteriorly on the metabolic map in comparison with the T2 MRI, because edge 

voxels are commonly removed due to poor quality and lipid contamination. Figure 4 shows 

an example of a larger tumor T15 with a necrotic center and variable metabolic content in 

the edema. The spectra from within the edema region at the top and leftmost regions of the 

image in Figure 4A are characterized by high Cho, whereas the one at the upper left shows 

reduced content for all metabolites. The spectrum at the lower left has “normal” Cho values. 

In this example, the GTV contains mostly necrotic tissue. Figure 4C shows the MTVCho 

location along 3 orthogonal directions to illustrate the extent of the tumor and the 3D MRSI–

derived information. In this example, MTVNAA again conforms to the edema (data not 

shown). In Figure 5, coronal views of MTVCho and MTVNAA are shown for patient T6, with 

these overlaid on the T1 postcontrast (Fig. 5C). There was no discernible edema in this 

patient's MRIs. The high Cho in this case corresponds to the enhancing portions of the lesion 

that surround a necrotic center.

The RT and metabolic volumes are summarized in Table 1. As shown in the examples, 

MTVNAA are almost entirely contained within the edema. Indeed, a small fraction of 

MTVNAA (with median of 8%) is outside of the edema. In addition, the correlation between 

the 2 volumes (MTVNAA and edema) is significant (r=0.68, P=.001; Fig. 5D). In contrast, a 

considerable fraction of MTVCho is outside of the edema (median 33%). More importantly, 

large fractions of MTVCho for some of the patients are also outside CTV46 and/or CTV60 

(Fig. 5E). For 7 patients (37%) in the study, these untreated volumes were greater than 10% 

of the proposed MTVCho, with an average 34.4% of MTVCho outside of CTV60. In addition, 

4 of these 7 patients, as well as 1 patient with 7.4% MTVCho outside CTV60, had more than 

10% MTVCho outside of CTV46.
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Discussion

In this work, we describe a unique approach to semi-automatic delineation of target tumor 

volumes based on 3D MRSI in patients with GBM. The value of spectroscopy to guide RT 

planning has been discussed in previous reports (11, 12, 14,23-25); however, this is the first 

study to make use of whole-brain volumetric 3D MRSI. A limitation of previously published 

evaluations has been the use of preselected FOV of MRSI that represented only partial brain 

volumes. For example, the MRSI “box” in Ozturk-Isik et al (11) is on a 12 × 12 × 8 grid 

with a FOV of 120 × 120 × 80 mm3, and the reported median percentage of the edema 

within the FOV was 54.2%, whereas the corresponding number for this report is 83.7%. The 

increased coverage leads to better characterization of normal and abnormal tissues, and a 

more accurate representation of the target volumes. In a report from Ken et al (14), 

describing the integration of 3D MRSI with a treatment planning system, data were 

collected using 16 × 16 × 8 points over a FOV of 100 × 100 × 20 mm3. The FOV was 

positioned over the tumor to cover the majority of abnormalities, while avoiding regions of 

bone and subcutaneous lipids that could corrupt the spectra. The use of the whole-brain 

acquisition avoids the need to manually position the MRSI volume, thereby enabling better 

sampling of both tumor and normal tissue regions without selection bias and with better 

visualization of the metabolically active tumor throughout the patient's brain. Conformal and 

full coverage of the brain and tumor regions is essential for spectroscopy findings to have an 

impact on RT plans.

Whole-brain MRSI sampling brings several limitations to the forefront, notably the effect of 

field inhomogeneity in the inferior temporal and frontal regions that may limit spectroscopic 

characterization in tumors located in these regions. As shown in Figure 1D, on average, 

more than 25% of GTV of frontal and anterior tumors are outside of the MRSI. In addition, 

MRSI requires longer acquisition times (~25 minutes) that may not be tolerated by all 

patients and may lead to motion artifacts that limit the quality of the data acquired. To 

account for variability in spectral quality, an automatic quality evaluation procedure was 

used that excluded voxels with inadequate spectral quality. On average, 30% of voxels per 

patient were excluded. Tumor location, variable spectral quality, and possible errors 

introduced by the threshold for differentiating normal from cancerous tissue resulted in a 

couple of negligible MTVCho (Table 1, T13 and T16).

The goal of the current analytic procedure was to determine areas of active and infiltrating 

tumor. Unlike previous reports in which Cho was normalized to NAA, either as Choto-NAA 

ratio (26) or Cho-to-NAA index (7, 27), only the magnitude of Cho, normalized by tissue 

water signal, were used to identify areas suspicious for tumor activity. High levels of Cho 

are associated with membrane proliferation and tumor aggressiveness, and recent studies 

emphasize the complex reciprocal interactions between oncogenic signaling and Cho 

metabolism (28). The mapping of the MTVNAA and MTVCho suggests that the reduction of 

NAA may be secondary in the process of tumorigenesis; therefore, it is proposed that using 

Cho signals alone may be more accurate in depicting active disease. The MTVNAA volumes 

determined in this study were found to conform closely with the edema, potentially 

suggesting that NAA alone does not lead to differential volumes compared to the ones 

obtained from conventional MRI. On the other hand, MTVCho distributions have great 
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variability among GBM patients. The spectroscopic content of the enhancing lesions, which 

may appear very similar on MRI, vary from high Cho, reduced values, and even areas 

completely void of metabolites. This also results in variable spectral quality, as shown in 

Figures 3 and 4. The edema is even more metabolically heterogeneous among patients, 

possibly because of some areas including tumor infiltration and other areas representing 

edema without active tumor. In a few cases, high Cho regions were found outside of the 

GTV and edema altogether, and it was shown that 37% of patients studied had metabolically 

active tumor outside CTV60. Therefore, a significant portion of patients were found to have 

disease that fell outside of the high-dose RT volumes. Furthermore, not all edema areas may 

represent microscopic active disease, and a portion of the CTV46 will treat normal brain. 

MTVCho also shows heterogeneous signals inside the GTV, which indicate areas that are 

more metabolically active and could be targeted for dose escalation or other targeted 

treatments.

The contribution of these findings for improving RT outcomes can be determined only in the 

framework of a clinical trial. Integrating MTV into our current RT system, provided that 

metabolic information is seamlessly available for defining radiation targets, will pave the 

way to such trials investigating outcomes in patients treated based on the incorporated 

metabolic information. The presented approach captures a snapshot of the metabolic status 

of a tumor in 3D volumes, and this information may lead to the development of novel 

treatment strategies tailored to each patient's active tumor. Individualized target volumes 

based on metabolically active disease, rather than the simple circumferential CTV margins, 

may permit a reduction of normal brain volumes treated unnecessarily as well as dose 

escalation and better target definition.
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Refer to Web version on PubMed Central for supplementary material.
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Summary

Metabolic volumes based on volumetric magnetic resonance spectroscopic imaging are 

compared with standard radiation therapy volumes in 19 treatment-naive glioblastoma 

multiforme patients. Volumes related to active and infiltrative tumor were outside of the 

treatment area in one-third of them. This is the first comprehensive evaluation of 

magnetic resonance spectroscopic imaging covering the entire brain. The data are 

integrated in radiation therapy software and may lead to the development of novel 

treatment strategies tailored to each patient's active tumor.
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Fig. 1. 
(A) Schema of workflow. Upper left-hand side (shaded in blue) denotes the steps carried out 

in MIDAS. Registration, radiation therapy (RT) volume contouring, and comparisons with 

metabolic tumor volumes (MTV) were performed with the MIM system. (B) Spectral 

quality mask (light blue), cerebrospinal fluid (CSF; dark blue), and brain segmentation 

(cerebellum and brainstem). (C) RT volumes and area of normal-appearing tissue (NAT). 

(D) RT volumes outside of the volume of magnetic resonance spectroscopic imaging within 

the “quality mask” (MRSIQ) based on tumor location. A color version of this figure 

available at www.redjournal.org.
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Fig. 2. 
(A) Magnetic resonance spectroscopic imaging (MRSI) data from the tumor region overlaid 

on the postcontrast T1. Shaded area indicates region of high choline. (B) Representative 

spectra from top: normal tissue, edema, lesion and enhancing edge, and edema. (C) Choline 

(Cho) and N-acetylaspartate (NAA) maps in the axial slice in (A). Blue and purple areas 

indicate MTVCho and MTVNAA. GTV (red), edema (orange) and MTVCho overlaid on T1-

weighted MRI. MTV Z metabolic tumor volumes. A color version of this figure available at 

www.redjournal.org.

Parra et al. Page 12

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2015 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.redjournal.org


Fig. 3. 
(A) Magnetic resonance spectroscopic imaging (MRSI) data from the tumor region, 

indicated by the red box on T2-MRI (inset). (B) Representative spectra from gross tumor 

volume (GTV), outside GTV/edema and normal-appearing tissue (NAT; green box). (C) 

Choline (Cho) and N-acetylaspartate (NAA) maps around region from A. Blue and purple 

areas indicate MTVCho and MTVNAA. GTV (red) and edema (orange) overlaid on T2-MRI 

and metabolic volumes. MTV = metabolic tumor volumes. A color version of this figure 

available at www.redjournal.org.
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Fig. 4. 
(A) Magnetic resonance spectroscopic imaging (MRSI) data from the tumor region, overlaid 

on the postcontrast T1. (B) Representative spectra from and around the enhancing lesion. 

(C) MTVCho (blue), GTV (red) and edema (orange) overlaid on postcontrast T1 in axial, 

sagittal, and coronal views. MTV = metabolic tumor volumes. A color version of this figure 

available at www.redjournal.org.
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Fig. 5. 
(A) Coronal view of choline (Cho) and MTVCho (blue) maps. (B) N-acetylaspartate (NAA) 

and MTVNAA (purple). (C) MTVCho and MTVNAA overlaid on post-contrast T1 MRI. (D) 

Correlation of MTVNAA and edema volumes. (E) Boxplot of the percentage of MTVCho and 

MTVNAA outside of radiation therapy volumes. MTV Z metabolic tumor volumes.
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