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ABSTRACT 
 

MR spectroscopy is of particular interest for this purpose because it generates 

parameters that describe variations in cellular metabolism. Irrespective of the 

methodology being used, it is clear that to be relevant in a clinical setting, the 

spectroscopy data should be part of an integrated MR examination that includes high 

resolution anatomic imaging, as well as physiological techniques such as diffusion and 

perfusion imaging. Of particular interest in considering the use of MR spectroscopy in 

patients with glioblastoma, is the potential for enhancing the current RANO criteria and 

providing a more reliable assessment of prognosis by integrating metrics that describe 

serial changes in the metabolic tumor burden. State of the art methods for obtaining such 

data will be described in this chapter, followed by a discussion of the most clinically 

relevant applications. 

 

Key Messages: 

 

 There is substantial evidence that 1H MR spectroscopy provides estimates of 

metabolite levels that distinguish regions of glioblastoma from normal appearing 

brain. 

 Metrics that describe the relative levels of choline and N-acetylaspartate (NAA) are 

optimally obtained at 3T using long TE 3-D MR spectroscopic imaging (MRSI) and 

can be used to define the location and spatial extent of tumor. 
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 Adding 3D 1H MRSI to pre-surgery scans can assist in defining the margins of non-

enhancing tumor and directing tissue sampling. 

 Obtaining 3D 1H MRSI at pre-treatment and follow-up scans is important for 

planning focal therapy, evaluating response, detecting recurrence and assessing 

prognosis for individual patients. 

 Hyperpolarized 13C metabolic imaging is at an early stage of development but the 

initial results indicate that it is a promising technology for making an early 

assessment of novel therapies  

 

 

INTRODUCTION 
 

Non-invasive imaging provides critical information for the management of patients with 

glioblastoma. While conventional T2-weighted and T1-weighted Magnetic Resonance (MR) 

images are able to highlight regions where normal brain anatomy has been compromised and 

the blood brain barrier disrupted, neither of these methods is specific for tumor. Integration of 

alternative imaging sequences that monitor functional properties of the tumor into the clinical 

MR examination is a priority for making unambiguous definitions of response to therapy and 

disease progression. MR spectroscopy is of particular interest for this purpose because it 

generates parameters that describe variations in cellular metabolism. 

The first spectroscopy method that was applied in pre-clinical and patient studies to 

demonstrate differences in metabolism between normal brain and tumor was phosphorous 

(31P) spectroscopy [1]. Results obtained from patients with glioma indicated that these lesions 

had an elevated phosphomonester peak (which comprises phosphocholine and 

phosphoethanolamine) and reduced phosphocreatine compared with normal volunteers [2-6]. 

The spectra from these early studies were obtained using a 1.5 Tesla scanner and came from 

regions with volumes as large as 65 cm3. While there have been subsequent advances in MR 

hardware and software, the signal to noise ratio (SNR) of 31P spectroscopy and acquisition 

times of 20-30 minutes has limited the achievable spatial resolution in the brain to 15-27cm3 

[7, 8]. This is considered impractical for routine monitoring of patients with glioblastoma. 

The superior sensitivity of water suppressed proton (1H) spectroscopy has presented a more 

attractive option for evaluating brain tumors, as well as other neurological diseases [9, 10]. 

The potential value of 1H MR spectroscopy data for patients with glioma was 

demonstrated over 25 years ago, when Segebarth and colleagues showed that there were 

dramatic increases in choline and reduced N-acetylaspartate (NAA) in tumor relative to 

normal brain [11]. Additional changes that were observed in glioblastoma included a relative 

decrease in creatine and the presence of lactate [12, 13]. Although increases in the field 

strength of scanners being used for routine clinical evaluation and the availability of a broader 

range of pulse sequences have expanded the number of 1H metabolites that may be observed, 

differences in levels of choline and NAA remain critical characteristics for differentiating 

between normal and tumor metabolism [14]. State of the art methods for obtaining such data 

will be described in this chapter, followed by a discussion of the most clinically relevant 

applications.  

Another method of interest for studying cellular metabolism is carbon-13 (13C) MR 

spectroscopy (MRS) [15-17]. This provides the opportunity assessing the carbon backbone of 

organic compounds, which facilitates the analysis of metabolic pathways in living systems 
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[18]. Despite these advantages, the use of in vivo 13C MRS is limited by its low natural 

abundance (1.1%) and relatively small gyromagnetic ratio. One way to improve the 

sensitivity is to introduce the 13C label into metabolic substrates that are infused into the brain 

and monitored to evaluate uptake, flux and redistribution into metabolic products [1-3]. 

Substrates that have been applied include glucose, lactate, glycine and acetate [19-26]. Early 

pre-clinical results using 13C1 labelled glucose in rats with C6 glioma demonstrated the 

formation of 13C3 lactate [19]. Evaluation of similar data from 50 cm3 regions in a patient 

with a glioblastoma indicated that 13C3 lactate was formed in the tumor and not in 

contralateral brain [24]. An alternative approach, which provides a dramatic increase in 

sensitivity is to inject a bolus of hyperpolarized agent such as 13C1 pyruvate and to study 

rapid, dynamic changes in metabolism [27-29]. Preliminary results from patients with 

glioblastoma will be presented here, together with a discussion of the potential for using this 

technology to make an early evaluation of treatment effectiveness.  

Irrespective of the methodology being used, it is clear that to be relevant in a clinical 

setting, the spectroscopy data should be part of an integrated MR examination that includes 

high resolution anatomic imaging, as well as physiological techniques such as diffusion and 

perfusion imaging. Tailoring treatment to individual patient characteristics using such multi-

modality imaging methods requires the availability of robust tools for performing a 

quantitative analysis of the data and for visualizing changes in the tumor and surrounding 

tissue. Of particular interest in considering the use of MR spectroscopy in patients with 

glioblastoma, is the potential for enhancing the current RANO criteria [30] and providing a 

more reliable assessment of prognosis by integrating metrics that describe serial changes in 

the metabolic tumor burden. 

 

 

Methods for Obtaining 1H MRS Data 
 

Observing the 1H metabolites of interest for evaluating cellular function requires that they 

can be distinguished from the much higher signals corresponding to peaks from water and 

sub-cutaneous lipid. Water suppression is typically achieved using frequency selective 

radiofrequency pulses [31]. Lipid is reduced by a combination of volume selection, which 

restricts the excitation to be primarily within the brain, and employing spatially and/or 

frequency selective suppression pulses to eliminate residual, unwanted signals [32-35]. Two 

strategies for spatial localization are commonly applied; the first provides single voxel spectra 

from relatively small regions of the anatomy, while the second excites a larger volume and 

applies spatial encoding to simultaneously obtain a multi-voxel array of spectra covering both 

the lesion and surrounding normal appearing brain [36]. Determining which strategy is most 

appropriate for evaluating patients with glioblastoma depends upon the metabolite peaks of 

interest, the size of the selected volume, the spectral resolution required and the time available 

for obtaining the data. 

Figure 1 shows an ex vivo 1H spectrum of a tissue sample from the brain, as well as 

examples of in vivo spectra from different regions of a patient with glioblastoma. As indicated 

previously, the major metabolites observed are choline (which includes free choline, 

phosphocholine and glycerophosphocholine), creatine (creatine, phosphocreatine) and NAA. 

The level of choline is significantly increased and the level of NAA is decreased in regions of 

tumor, with the possibility of lower creatine and increased lactate in the presence of hypoxia 
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and increased lipid in areas of necrosis. Other metabolites such as glutamate, glutamine, myo-

inositol, gamma aminobutyric acid (GABA) and glutathione have smaller, partially 

overlapping peaks and are observed using spectral editing techniques or short echo times 

(TE). Glioblastoma that have IDH mutations also have peaks corresponding to 2-

hydroxyglutarate (2HG) [37-39].  

If it is clear from the anatomic images which region of the lesion should be interrogated, 

single voxel spectra can be acquired using a 1.5 Tesla or 3 Tesla MR scanner from a 4-8cc 

selected volume in 2-5 minutes. Comparative estimates of normal metabolite levels may be 

obtained from a second, single voxel spectrum that is located in contralateral, unaffected 

brain. In practice, the well-known heterogeneity of glioblastoma and the difficulty in 

resolving ambiguities on anatomic images between edema, gliosis and infiltrative tumor mean 

that multi-voxel spectroscopic imaging (MRSI) is required. In this case, volume selection is 

typically achieved by either using a PRESS or STEAM sequence to excite a large cuboid 

region of interest within the brain [40] or a spin echo sequence that excites an entire slice [41-

43]. Spatial encoding in 2 or 3 dimensions is incorporated to sub-divide into voxels of the 

order of 1cm3 in size [44]. Typical acquisition times for these datasets are kept to 5-10 

minutes by using echo planar or other types of rapid k-space sampling [40-45].  

 

 

Figure 1. 1H spectra that illustrate metabolites that are observed in the brain. The profile shown in panel 

a) is an ex vivo HRMAS spectrum obtained at 9.4T from a tissue sample of normal brain. The profiles 

shown in b) through e) represent the dramatic differences in metabolite levels observed in an in vivo 3D 
1H MRSI dataset that was obtained using a long TE sequence at 1.5T with a nominal spatial resolution 

of 1cm3 from a patient with glioblastoma. Spectrum b) is from a region of normal appearing brain, 

spectrum c) is from a region of infiltrative tumor spectrum d) is from a region of gadolinium enhancing 

tumor and spectrum e) is from the central necrotic core. The abbreviations are as follows:  

Cre = creatine, Glu = glutamate, Gln = glutamine, myo-I = myo-inositol, Tau = taurine, GPC = 

glycerophosphocholine, PC = phosphocholine, Cho = free choline, GABA = gamma aminobutyric acid,  

NAA = N-acteylaspartate, Lac = lactate and Lip = lipid. Note that the peaks in the in vivo spectra are 

broader and the choline (Cho) peak represents a combination of peaks from GPC, PC and free choline.  
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One of the challenges of using 3-D MRSI in a clinical setting is that defining the most 

appropriate selected volume and placing spatial saturation bands to eliminate lipid 

contamination can be difficult and time consuming. To overcome this limitation, a number of 

investigators have proposed strategies that use automated prescription methods [46-50]. 

These typically employ anatomic images to define patient-specific masks of brain and lipid 

for optimizing coverage and data quality [46, 49] or to reference the data to atlas based 

templates [47, 48] which are then transformed back into patient space. The use of such 

methods has the additional advantage of providing consistent prescriptions for serial scans, 

which helps in evaluating changes in metabolite levels on a voxel by voxel basis [50]. In the 

case of atlas based methods, it is also possible to compare patient metabolite levels with 

values from an age matched group of normal volunteers using algorithms similar to those 

applied in voxel based morphometry. While further work is required to collect reference 

datasets and develop pipelines for implementing this approach, it would be extremely 

valuable for defining the spatial extent of the abnormality. 

The other critical requirement for implementation in a clinical environment is to provide 

rapid turn-around of results in a format that can be interpreted by oncologists, surgeons and 

radiologists. This typically means being able to perform quantitative analysis of peak 

parameters and generating maps that can be overlaid on the anatomic images. The tools 

provide by scanner manufacturers are limited in their scope and often require offline 

processing to generate screenshots of summary results. The time taken for this analysis 

depends upon the complexity of the algorithms applied and whether the spectra have 

overlapping peaks that require more sophisticated fitting methods to be applied. There are a 

number of software solutions that have been developed in an academic environment to help in 

estimating metabolite levels from in vivo spectra and interpreting the results [51-57]. These 

include options that were originally designed for single voxel studies and then extended to 

consider multiple voxels such as LCModel [51], jMRUI [52] and TARQUIN [53] as well as 

packages such as MIDAS [54] and SIVIC [55-58] that were primarily designed for the 

analysis of MRSI datasets.  

Figure 2 shows results that were obtained from two patients with glioblastoma who were 

scanned at 1.5T using lactate edited 3-D 1H MRSI [45]. These highlight the selected volume 

and location of voxels where spectra were obtained from a slice that was centered at the 

location defined by the T1-weighted post-Gadolinium and FLAIR images. The upper spectral 

arrays show summed editing cycles that include peaks from choline, creatine, NAA and lipid, 

while the lower arrays show differences between the editing cycle which contain peaks from 

lactate. The voxels colored in blue have elevated choline relative to NAA but no lipid peak, 

those in red have elevated choline relative to NAA with a lipid peak, those in yellow have 

only lipid peaks and those in green have an elevated lactate peak. Of note is that although the 

anatomic lesion in the second patient was entirely non-enhancing, the metabolic data are 

clearly abnormal. This provides confidence in interpreting the T2 lesion as being mainly due 

to tumor as opposed to edema. Visualizing the data in this manner is helpful in evaluating the 

spatial distribution of abnormal metabolism and has provided the motivation for developing 

automated routines that quantify the data and generate summary displays that can be put back 

in the DICOM image database before the end of the patient exam [58]. As will be seen in the 

following sections, summary metrics that are generated from such data are directly relevant to 

patient care. 
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Figure 2. Examples of arrays of lactate edited 3-D 1H spectra from two patients with glioblastoma who 

were scanned at 1.5T. The first patient has a lesion with a heterogeneous lesion on the a) FLAIR image 

and variable regions of contrast enhancement on the b) post-Gadolinium T1-weighted image. In the c) 

summed cycle the voxels highlighted in blue have abnormal choline and creatine peaks, the ones in red 

have abnormal choline, creatine, NAA and lipid peaks and the ones in yellow only have lipid peaks. In 

the d) subtracted cycle, the green voxels have elevated lactate. The second patient has a large lesion on 

the e) FLAIR image but no contrast enhancement on the f) post-Gadolinium T1-weighted image. In this 

case, the summed cycle g) has spectra with abnormal choline, NAA and creatine peaks (blue and red) 

with no spectra having only lipid, but the difference cycle h) still has high lactate peaks (green). 

 

Using 1H MRS for Non-Invasive Diagnosis 
 

The potential for using 1H spectroscopy to non-invasively predict glioma grade and to 

distinguish between different types of brain tumors has been a key focus for many 

investigators. The majority of these studies have utilized short TE single voxel spectra and 

therefore have depended not only on the quality of the data, but also on placing the voxel in 

the most appropriate region of the anatomic lesion. The first multi-center clinical trial of this 

approach in patients with brain tumors was reported in 1996 [59]. The spectra were obtained 

with TE/TR = 135 ms/1600 ms and total acquisition time of 6.5 minutes using 1.5T scanners 

from 8cm3 voxels manually placed in the tumor. Spectra from contralateral voxels were 

obtained when possible within the time constraints of the associated clinical MR imaging 

examination. Quality assurance of the voxel location and quantitative analysis of the spectra 

were performed at a central location by researchers blinded to details of the patient history. 

This gave interpretable spectra from a total of 86 tumors (55 newly diagnosed and 31 

recurrent lesions) and 41 spectra from contralateral voxels. The results confirmed 

observations from prior single institutional studies, which indicated that choline was 

increased, creatine decreased and NAA decreased in tumor voxels relative to normal 

appearing brain. The choline was highest for anaplastic astrocytoma, with lower levels of 

NAA and higher lipid in glioblastoma. The latter was most likely due to the voxel placement 

for patients with glioblastoma, which included necrotic portions of the lesion. 
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The success of this early study led to the INTERPRET project [60] which collected a 

database of single voxel brain tumor spectra and developed pattern recognition techniques for 

using short TE spectra to non-invasively distinguishing between glioblastoma, meningioma, 

low grade glioma and metastases [61-63]. The performance for making these pairwise 

distinction was found to be of the order of 89% [62, 63], with the distinction between 

glioblastoma and metastases being the most difficult. The more recent eTUMOUR [64] 

initiative has assembled additional databases in vivo single and multi-voxel spectra, ex vivo 

spectra, genomic and clinical data in order to develop a more comprehensive decision support 

system. This is an excellent platform for testing hypotheses about changes in metabolite 

levels and applying machine learning or other sophisticated data analysis tools.  

The robustness of parameters from in vivo 1H spectra for making a diagnosis of tumor 

sub-type has been further examined by combining information from multiple studies in the 

literature. A recent met-analysis of 7 studies and 261 patients that sought to distinguish 

between glioblastoma and metastases [65] indicated a sensitivity of 85% and specificity of 

84% for the choline/NAA ratio. Results from 30 articles and a total of 1,228 patients found 

that the choline/NAA ratio was also effective distinguishing high and low grade glioma [66]. 

Results from combining 24 studies that included 1,013 patients, indicated that the pooled 

sensitivity and specificity for separating high grade tumors from controls, regions of necrosis 

and low grade lesions were 80.05% and 78.46% [67]. This analysis also concluded that multi-

voxel MRS had higher sensitivity but short TE single voxel MRS had higher specificity for 

predicting tumor grade. Several other studies have considered combining choline/NAA and 

choline/creatine ratios with perfusion and/or diffusion parameters in order to provide more 

robust results [68, 69]. Standard anatomic features such as the presence of contrast 

enhancement and necrosis also provide strong indicators of glioblastoma and should also be 

considered in analyzing the diagnostic capability of such multi-modality scans [70]. 

 

 
1H MRSI for Surgical Planning and Image Guided Tissue Sampling 

 

Given that maximal safe resection is the primary treatment for patients with malignant 

glioma and that molecular features are now part of the WHO classification [71], it seems 

likely that tissue analysis will remain the preferred method for making a definitive diagnosis 

of tumor grade and sub-type. A more fruitful role for MR spectroscopy and other advanced 

imaging methods is likely to be in targeting the surgeon to more aggressive regions of the 

lesion that should be considered for removal. This is particularly true for glioblastoma, which 

are known to be heterogeneous and often recur within a few centimeters of the resection 

cavity [72]. Providing such data requires the use of 3D MRSI in order to cover both the 

anatomic lesion and surrounding normal appearing brain.  

Figure 3 shows an example of results from a suspected glioblastoma which were obtained 

using long TE lactate edited spectroscopic imaging at 3T. Advantages of using the higher 

field strength are the increased sensitivity, which allows for smaller voxels and/or shorter 

acquisition times, as well as differences in T2 relaxation times between choline and NAA in 

tumor and normal brain, which provides improved contrast between them [73]. The grey scale 

metabolite images superimposed on the low intensity anatomic image show levels of NAA 

(Figure 3b) and choline (Figure 3d). The color image overlay and highlighted voxels 

represent the values of the choline-to-NAA index (CNI) (Figure 3c), which is a z-score 
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describing the probability of the levels of these metabolites being abnormal [74]. Previous 

studies that used the CNI to direct image guided tissue samples [75] have shown that this is 

effective in identifying tumor and has advantages over the choline/NAA ratio due to its 

probabilistic interpretation and consistent dynamic range. Other summary metrics such as the 

normalized excess choline relative to NAA (nxsChoN = ncholine - nNAA) [76] and a 

parameter termed the radial CNI [77] have been proposed for this purpose. Of interest, as 

shown here and in the prior Figure is that the region with abnormal choline and NAA extends 

well outside the Gadolinium enhancing lesion. Intraoperative MRS has provided further 

evidence to support the hypothesis that regions with elevated choline/NAA ratio is more 

reliable than anatomic imaging for defining tumor margins [78-80].  

The other critical role for using 1H MRSI in the pre-surgery setting is in defining 

heterogeneity within the anatomic lesion. This information is valuable for selecting targets for 

obtaining tissue samples that are likely to represent the full range of biological characteristics 

and histological properties of the tumor. For patients with glioblastoma, highlighting regions 

with reduced creatine and increased lactate are particularly relevant because they are likely to 

be hypoxic and hence more resistant to treatment. Molecular markers associated with 

differential outcomes and that have been linked to variations in metabolite profiles include 

mutations of P53, IDH and the TERT promotor region [81]. A number of image guided tissue 

studies have been reported in the literature [82-88]. In addition to confirming the association 

between elevated CNI and tumor in both enhancing and non-enhancing regions of 

glioblastoma [75, 83, 84], these have demonstrated a positive correlation between the 

choline/NAA ratio with MIB index [86], with higher Sox-2 positive cell density and with ex 

vivo ALA fluorescence [87]. Samples with higher choline/creatine ratios were also found to 

be more likely to form neurosphere cultures [88]. 

 

 

Figure 3. Examples of visual representations of anatomic and 3D 1H MRSI data from the SIVIC 

software package program (57) for a patient with a glioblastoma who was scanned at 3T. This displays 

a) anatomic images from the slice corresponding to the spectral array, with the location of the PRESS 

selected volume depicted on b) grey scale overlay of the NAA image, d) grey scale overlay of the 

choline image or c) the colored overlay of the CNI image. The corresponding spectral array in panel  

e) has voxels highlighted by CNI values. The color bar represents the numerical values of the CNI on 

the image and spectral overlays. 
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Figure 4 shows images and spectra from the locations where image guided tissue samples 

were obtained from a patient at both their initial surgery and at the time of recurrence. In the 

scan prior to the first surgery, the lesion was non-enhancing (Figure 4a-4c) and the sample 

came from a region with high choline, low creatine and low NAA (Figure 4d). The 

histological parameters from analysis of the tissue confirmed that it was mainly tumor, with 

increased but fairly normal appearing vasculature and a MIB score of 24.4%. At the time of 

recurrence, which was close to the initial lesion, there was a clear region of enhancement on 

the T1-weighted post-Gadolinium images (Figure 4e-4g). The spectrum was abnormal but the 

SNR of the choline peak was lower than in the spectrum from the newly diagnosed lesion and 

there was a visible lipid peak (Figure 4h). In this case, the histological parameters from the 

sample showed a similar MIB score (25.4%), but with a relatively lower number of tumor 

cells, strong evidence of hypoxia and more abnormal appearing vasculature.  

In addition to linking histological features to in vivo MRS parameters, flash frozen image 

guided tissue samples may be evaluated using ex vivo High Resolution Magic Angle Spinning 

(HRMAS) spectroscopy to perform a detailed analysis of their metabolic profiles. By 

comparing spectra from samples of newly diagnosed glioblastoma with samples from lesions 

that had progressed from lower grade glioma, it was found that there were significantly lower 

levels of choline, creatine, choline/creatine, 2HG, aspartate and myo-inositol/creatine in 

primary relative to secondary glioblastoma [89]. These differences may be relevant for 

selecting patient specific treatment strategies.  

 

 

Figure 4. Images and in vivo spectra showing the location and metabolite characteristics at the location 

where an image guided tissue sample was obtained at the time of initial diagnosis a) to d) and at the 

time of recurrence e) to h) for a patient with a glioblastoma. Although lesion was initially non-

enhancing, the choline was elevated, with low creatine, NAA and a small lipid peak. Histological 

analysis of the tissue sample confirmed that it corresponded to tumor with a high proliferative index.  

At recurrence, the lesion was contrast enhancing but at the sample location the choline peak was 

relatively smaller and there was a more obvious lipid peak. Histological analysis confirmed a mixture 

of tumor and necrosis with a similar relatively high proliferative index. 

 

 



Sarah J. Nelson, Yan Li, Ilwoo Park et al. 202 

Another key result that was obtained by comparing ex vivo spectra and histology from 

tissue samples in non-enhancing versus enhancing regions of the lesion were that while levels 

of total choline, MIB and cellularity were similar, the levels of lipid were lower and levels of 

myo-inositol, phosphoethanolamine, creatine, glycerophosphocholine and glycine were 

higher in non-enhancing samples [84]. Analysis of the in vivo lactate edited spectra from 

these target locations were consistent in showing similar CNI values but higher creatine and 

lower lactate and lipid in the non-enhancing regions. This indicates that non-enhancing 

regions with high CNI have substantial tumor cells but are less hypoxic and may therefore be 

more responsive to radiation and other treatments.  

A third finding from analyzing the ex vivo metabolic profiles of samples from patients 

with glioblastoma diagnosed as being recurrent tumor versus samples characterized as 

corresponding to treatment effect was that the myo-inositol/choline was significantly lower in 

the tumor samples [90]. Of interest is that there was a reverse relationship between the myo-

inositol/choline and in vivo CNI values from the corresponding sample locations and, 

although myo-insoitol/choline was lower in contrast enhancement for samples from newly 

diagnosed lesions, that was not the case for recurrent glioblastoma. This suggests the 

possibility of using in vivo maps of myo-inositol/choline obtained by acquiring MRSI data 

with short TE to assist in defining the location of recurrent tumor progression and targeting 

tissue sampling to the region most likely to provide a definitive diagnosis. 

 

 

H-1 MRSI for Evaluation of Residual, pre-RT Disease 
 

After surgical resection, the standard of care treatment for patients with newly diagnosed 

glioblastoma is external beam radiation therapy (RT) and temozolomide [91]. Critical for 

assessing prognosis and specifying the target for delivering radiation is the definition of the 

location and spatial extent of residual tumor. While patients with a gross total resection of the 

enhancing lesion are generally considered to have a better outcome, this ignores the role of 

residual, non-enhancing tumor. Given the ability of 1H MRSI to define regions of non-

enhancing tumor, maps of CNI or choline/NAA ratios have been considered as more reliable 

indicators of residual disease [92-94]. This is likely to be important for categorizing patients 

with the same histological diagnosis into subgroups that have a more uniform prognosis and 

who may benefit from participating in clinical trials. Results from post-surgery, pre-treatment 

scans have indicated that metabolic lesion volumes, as defined by the number of voxels with 

elevated CNI>2, and the number of voxels with both elevated CNI and increased lactate were 

associated with overall survival [95]. Another key finding was that in a subset of patients 

there were significant changes imaging findings between immediate post-operative and pre-

radiation scans which were related to shorter overall survival [96]. 

The target for external beam, fractionated radiation therapy is typically defined from 

anatomic images as the residual T2 lesion plus a uniform margin of 2 cm, with the possibility 

of a higher dose being delivered to the residual enhancing lesion. As shown in previous 

publications, these criteria may both overestimate the extent of tumor and underestimate the 

region at risk for recurrence [97-101]. The former results in the unnecessary irradiation of 

normal brain, whereas the latter means that some of the residual tumor may be treated with a 

relatively low dose, leading to more rapid tumor progression and shorter overall survival. 

Several research groups have addressed the problem of modifying the initial target to include 
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regions with abnormal values of choline, NAA and lactate [99-101], as well as considering 

changes that occur during treatment to specify risk adaptive approaches [102].  

For patients with glioblastoma that have an apparently well-defined area of residual or 

recurrent tumor, the use of radiosurgery or other focused tools may be considered. This is 

another occasion when H-1 MRSI may give a very different picture of the region at risk than 

Gadolinium enhancement. Early results showed that patients with recurrent glioblastoma who 

had regions with elevated CNI larger than the enhancing lesion had worse overall survival 

[103-106]. A recent Phase II clinical trial that used radiosurgery to deliver a high dose to 

regions with elevated choline/NAA ratio prior to performing conventional external beam RT 

showed that this was a feasible strategy with acceptable toxicity and provided improved 

overall survival [107]. 

 

 
1H MRSI for Assessing Response to Therapy 

 

Evaluating tumor burden at the post-RT and serial follow-up scans is important for 

determining whether the treatment has been effective or whether alternative approaches 

should be considered. Agents that are being tested in clinical trials include novel and pathway 

specific strategies that may not change the size of the anatomic lesion but can have a 

significant effect on the biological properties of the tumor. While the RANO criteria [30] 

have expanded the definition of response to consider changes in the cross-sectional diameter 

of both the contrast enhancing and T2 lesions, ambiguities associated with pseudoprogression 

and pseudoresponse may still cause difficulties in making a definitive assessment of treatment 

effectiveness [108-111]. This is especially true for anti-angiogenic agents such as 

bevacizumab, which impact the permeability of the blood brain barrier and reduce the size of 

the anatomic lesions but may not alter the number of tumor cells present. Defining the spatial 

extent and location of abnormal metabolism can provide a more specific assessment of the 

biological effects of the treatment and should be considered in determining whether patients 

are showing a positive or negative response. 

Multiple 1H spectroscopy studies have shown that there are reductions in levels of 

choline that occur after therapy [112-120] and this has been attributed to a relative increase in 

phosphocholine, with a relative decrease in glycerophosphocholine [121]. Performing an 

accurate serial analysis of lesions that may be expanding or contracting requires the use of 3D 

MRSI in order to make sure that the appropriate region is covered and to reflect heterogeneity 

in different regions of the tumor. Visual assessment of the results is facilitated by using the 

anatomic images to register data from different time points. For a population of 64 patients 

with newly diagnosed glioblastoma whose treatment included RT and temozolomide, there 

was an overall reduction in the CNI volume and maximum CNI between pre- and post-RT, 

indicating a clear initial response to therapy [116]. In this study, lower NAA/choline at 

baseline and increased CNI at the post-RT follow-up scan were found to be associated with 

shorter progression-free survival (PFS), while larger CNI volume and higher lactate and lipid 

at the post-RT scan were associated with worse overall survival. These findings are consistent 

with another recent report, which showed patents for whom choline/NAA increased at 3 

weeks into radiation had more rapid progression [102].  

Figure 5 shows an example of a patient with an original diagnosis of low grade glioma 

that was confirmed as having progressed to glioblastoma at recurrence and received post-
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surgery treatment with RT and TMZ. The scan performed prior to RT (Figure 5a) showed 

increased contrast enhancement relative to the immediate post-op findings, with a large CNI 

volume that extended into non-enhancing regions. The maximum CNI was 14.3 and the 

volume with CNI > 2 was 116 cm3. The post-RT scan (Figure 5b) showed that the enhancing 

lesion disappeared, the volume with CNI > 2 reduced to 81 cm3 and the maximum CNI 

decreased to 7.3. A third scan that was performed two months later (Figure 5c) indicated the 

CNI > 2 volume was 76 cm3, with the maximum CNI being 5.7. These results highlight the 

advantage of using automated atlas prescription for serial MRSI scans, which ensures 

consistent coverage of the lesion and allows for voxel by voxel comparisons of temporal 

changes in spectral parameters without having to perform retrospective registration of the 

data. 

Similar reductions in metabolite parameters were obtained for patients with glioblastoma 

who were participating in two different clinical trials of treatment with RT and temozolomide 

plus additional investigational agents. For the population whose add-on treatment was 

enzastaurin [76], there was a significant reduction in the median volume and mean values of 

the median, max and sum of CNI values in the metabolic lesion (CNI > 2) from pre-to post-

RT scans by 20%, 11%, 33% and 43% respectively. There was no significant reduction in the 

levels of the sum of normalized lactate and lipid within the CNI > 2 region during this period. 

The metabolic parameters having an association with overall survival were the volume with 

CNI > 2, the maximum and sum of CNI and the sum of normalized lactate and of normalized 

lipid in the CNI at both mid-RT and post-RT time points. For the population of patients with 

glioblastoma whose additional treatments were erlotinib and bevacizumab, the largest 

reductions were from pre-RT to the 2-month post-RT follow-up scan with changes in the 

median volume and mean values of the median, max and sum of CNI values within the 

metabolic lesion of 32%, 9%, 21% and 37% respectively and the reduction in the mean of the 

sum of normalized lactate and lipid during this period being 47% and 29%. The 2-month 

follow-up scan values of all of these metabolic parameters showed a significant association 

with overall survival [117]. It is not clear whether this difference in timing was due to the 

bevacizumab being initiated at 3 weeks into RT or merely that the combination treatment took 

longer to have a maximum effect.  

 

 

Figure 5. Color overlays of CNI values of serial scans from corresponding locations in a patient with a 

secondary glioblastoma after surgery and prior to RT and temozolomide a), at the end of RT b) and at 

the next 2-month follow-up scan c). There was a nodule of contrast enhancement that appeared between 

surgery and pre-RT scan that had high CNI value but the enhancement disappeared and the CNI lesion 

reduced at subsequent scans. 
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In a subset of patients who were participating in a multi-center clinical trial of 

bevacizumab [118] the ratio of NAA/choline was found to increase and of choline/creatine to 

increase at 2 weeks into treatment relative to the pre-RT values. The sub-population with 

higher NAA/choline ratio at 8 weeks was also found to have improved progression free 

survival at 6 months and 1 year. Similar findings have been described in pre-clinical studies 

and in recurrent GBM. Another clinical trial that considered the effects of cedirinib [119] in 

31 patients with recurrent glioblastomas evaluated the NAA/choline ratio in the enhancing 

lesion, the peritumoral region and normal appearing brain. This showed that the ratio was 

unchanged through day 28 but then increased at 56 days and decreased again at 112 days. It 

also found that the NAA/choline ratio was predictive of 6-month progression free survival. 

Changes in other metabolite levels were that myo-inositol increased in the tumor and 

contralateral brain in 30 patients treated with bevacizumab relative to 9 controls and that 

subjects with higher myo-inositol in contralateral brain had longer survival. This was 

interpreted as myo-inositol being more sensitive to tumor invasion than standard anatomic 

imaging.  

 

 
1H MRS for Detection of Recurrent Disease 

 

Patients with glioblastoma who are suspected to have recurrent disease may either 

undergo surgery or move directly to treatment with either standard of care or novel 

therapeutic agents [120-122].  

 

 

Figure 6. Multiple slices from a 3-D MRSI dataset for a patient with a diagnosis of glioblastoma whose 

lesion was non-enhancing but for whom the lesion on the FLAIR images had increased by 25% in 

volume from the prior scan and was therefore suspected as having tumor recurrence/progression. The 

CNI color overlays on the post-Gadolinium T1-weighted images and spectral arrays indicated a large 

metabolic lesion that was spreading across the corpus callosum and had shown a dramatic increase in 

volume (208%) and summed CNI intensities (128%) since the prior scan.  
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A recent meta-analysis looked at studies which considered the relationship of anatomic, 

perfusion diffusion and spectroscopy parameters in distinguishing between true progression 

and treatment induced changes [123]. From 9 studies of 203 patients it was found that the 

sensitivity of 1H spectroscopy had the highest diagnostic accuracy, with a sensitivity of 91% 

and specificity of 95%. This was followed by perfusion, diffusion and then standard anatomic 

imaging. It is clear from this analysis that providing neuro-oncologists with results from 

multi-modality imaging is likely to be beneficial in helping them to make recommendations 

about when and how to treat their patients.  

An example of this is shown in Figure 6, where the 3D 1H MRSI data at the time of 

suspected recurrence are shown for a patient with a glioblastoma treated with RT, 

temozolomide, erlotinib and bevacizumab. Although there was no enhancement in the 

anatomic lesion at this or prior serial time points, the volume of the T2 FLAIR lesion had 

increased by 25%, the volume of the metabolic lesion had increased by 208% and the sum of 

CNI values by 128% since the previous scan. The dramatic changes in the metabolic tumor 

burden and the fact that it demonstrated infiltration across the corpus callosum indicated that 

the patient had progressed and was likely to have a poor prognosis. This was confirmed by 

the subsequent survival being only 73 days.  

 

 

Initial Results Using Hyperpolarized 13C MRS 
 

The recent development of dissolution dynamic nuclear polarization (DNP) offers an 

exciting method for assessing in vivo metabolism, with a huge gain in signal intensity over 

the conventional 13C MR methods [27, 28] and enables the acquisition of 13C MRSI data with 

improved spatial resolution in a relatively short time [124]. The most commonly used 

substrate for this technology is [1-13C]pyruvate. The preparation of [1-13C]pyruvate by 

dynamic nuclear polarization combined with its subsequent intravenous injection and the 

rapid acquisition of 13C MR data have made it possible to deliver and convert to [1-13C]lactate 

with more than 10,000-fold signal increase over conventional 13C MRS methods [28]. The 

use of hyperpolarized pyruvate is particularly relevant for monitoring tumor growth and 

assessing response to therapy because malignant cells frequently have up-regulated lactate 

dehydrogenase A (LDHA), which is the enzyme that regulates pyruvate-to-lactate reaction.  

A number of studies in brain tumor model systems have used hyperpolarized  

[1-13C]pyruvate as a substrate to demonstrate its utility as a tool for examining in vivo tumor 

metabolism. These pre-clinical studies have shown that it is able to differentiate tumor from 

normal brain tissue [125] and characterize 13C metabolite patterns between pathologically 

heterogeneous abnormal and normal brain tissue [126], as well as detect early response to 

chemotherapy and radiation treatment in animal models of high-grade gliomas (see Figure 7) 

[127-129]. In a recent study, changes in hyperpolarized [1-13C]pyruvate metabolism were 

shown to be linked to temozolomide-induced DNA damage, and to provide an early 

assessment of therapeutic response [130]. This is likely to be extremely important due to the 

widespread use of temozolomide in treating patients with glioblastoma.  

The first in man study of hyperpolarized 13C metabolic imaging was performed in 

patients with prostate cancer [131]. This showed that there were no dose limiting toxicities 

and demonstrated higher conversion of hyperpolarized [1-13C]pyruvate to [1-13C]lactate in 

regions of biopsy-proven cancer. The development of experimental strategies for 
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implementing hyperpolarized 13C metabolic imaging in human brain have required the 

development of multi-channel 13C radiofrequency coils and pulse sequences that were tested 

in non-human primates [132]. Recent, initial results in patients with glioma confirmed  

that hyperpolarized [1-13C]pyruvate was transported across the blood brain barrier and was 

converted to metabolic products, [1-13C]lactate and 13C-bicarbonate (see Figure 8).  

 

 

 

Figure 7. Example of a control and a treated rat, showing its T1 post-gadolinium images, 13C spectra 

zoomed-in around brain and the ratio of lactate to pyruvate (Lac/Pyr) overlay map at baseline, one day 

and two days after treatment. In the control group, the lactate peak continued to increase relative to the 

pyruvate peak after the treatment, resulting in a steep increase in Lac/Pyr. In contrast, the lactate peak 

decreased shortly after the treatment in the treated group, resulting in a drastic drop in Lac/Pyr.  

 

Figure 8. Color overlays of the ratio of lactate to pyruvate (lac/pyr) and bicarbonate to pyruvate 

(bicarb/pyr) maps interpolated and superimposed on post-gadolinium T1-weighted images and arrays of 

summed spectra from a patient with glioblastoma that was progressing. The bicarb/pyr was visible in 

regions of normal appearing brain but was not detected in the T2 lesion.  
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Of interest from this study, was that the findings in regions of normal appearing brain were 

consistent between patients and demonstrated conversion to both bicarbonate and lactate. 

Within the T2 lesion, which in many cases had been heavily treated, there was no conversion 

to bicarbonate but there were variable levels of conversion of pyruvate to lactate, which were 

either similar or lower than in normal appearing brain. While additional optimization is 

required, these initial findings support further investigation of the technology in patients with 

glioblastoma with an emphasis on comparing pre- and post-treatment levels of the 

lactate/pyruvate ratio in regions that are shown to be abnormal based upon 1H MRSI.  

 

 

CONCLUSION 
 

The large number of 1H spectroscopy studies in patients with glioblastoma that have 

consistently shown elevated choline, decreased NAA and decreased creatine in tumor relative 

to normal brain and treatment related effects indicate that this technology should be 

incorporated into the clinical evaluation of tumor burden, spatial heterogeneity and response 

to therapy. The improvements in scanner hardware and software that have allowed 3-D multi-

voxel acquisitions and simplified the prescription of such data have made it possible to obtain 

robust results using long TE acquisitions within 5-10 minutes. Given that the metabolic 

parameters can resolve well-known ambiguities in anatomic images and provide objective 

criteria for assessing biological properties of enhancing and non-enhancing tumor, this 

modest extension in scan time is readily justified. Implementation of such methods has been 

achieved at multiple institutions and with scanner manufacturers already providing automated 

methods for consistent prescription of serial brain MRI examinations the technical issues 

should no longer a limiting factor. Short TE, lactate and other types of sequences are relevant 

for distinguishing between different molecular types of glioma and identifying regions of 

hypoxia or treatment related effects. Applications of such methods include defining targets 

for tissue sampling during surgical resection, assessing residual tumor and planning focal 

therapy. The development of hyperpolarized 13C metabolic imaging methods are still at a 

preliminary stage, but the results are likely to be important for determining within a few days 

after the initiation of therapy whether therapeutic agents have had an impact upon the tumor. 
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