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Abstract

Objectives—We investigated the accuracy of high-field proton magnetic resonance spectroscopy
(*H-MRS) and fluorine-18 2-fluoro-deoxyglucose positron emission tomography (18F-FDG-PET)
for diagnosis of glioma progression following tumor resection, stereotactic radiation and
chemotherapy.

Methods—Twelve post-therapy patients with histology proven gliomas (6 grade Il and 6 grade
I11) presented with Magnetic Resonance Imaging (MRI) and clinical symptoms suggestive but not
conclusive of progression were entered into the study. 1H-MRS data were acquired and 3D
volumetric maps of choline (Cho) over creatine (Cr) were generated. Intensity of 18F-FDG uptake
was evaluated on a semiquantitative scale.

Results—The accuracy of 1H-MRS and 18F-FDG-PET imaging for diagnosis of glioma
progression was 75% and 83% respectively. Classifying the tumors by grade improved accuracy
of 18F-FDG-PET to 100% in high-grade gliomas and accuracy of 1H-MRS to 80% in low-grade
tumors. Spearman'’s analysis demonstrated a trend between 18F-FDG uptake and tumor grading (p
=0.612, p-value = 0.272). The results of 18F-FDG-PET and 1H-MRS were concordant in 75%
(9/12) of cases.

Conclusion—The combination of 1H-MRS data and 18F-FDG-PET imaging can enhance
detection of glioma progression. IH-MRS imaging was more accurate in low-grade gliomas
and 18F-FDG-PET provided better accuracy in high-grade gliomas.

INTRODUCTION

The Central Brain Tumor Registry of the United States estimates that 62,930 new cases of
primary non—-malignant and malignant brain and central nervous system tumors are expected
to be diagnosed in the United States in 2010. Ninety three percent of cases are individuals
over 20 years old at the time of diagnosis and gliomas account for 80% of malignant brain
tumorsl: 2.

Most gliomas are characterized by diffuse infiltration of white matter tracts 3. Stereotactic
biopsy studies have shown tumor infiltration in regions that appear normal on conventional
contrast enhanced computed tomography (CT) and magnetic resonance imaging (MRI) 4.
Eradication of the tumors, particularly higher grade neoplasms, is not usually possible 5.
Thus, post-therapy imaging to detect the presence of residual or recurrent tumor is essential
to optimize patient management. Assessments of tumor response to therapy are typically
performed by visual interpretation of serial MRI examinations. Although such examinations
provide useful morphologic information, they are not able to reliably distinguish active
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tumor from radiation necrosis. Anatomic distortion, scarring, altered vascular permeability
and edema after therapy often impair interpretation of conventional CT and contrast
enhanced MRI studies.

Metabolite and molecular imaging methods can help overcome this issue. Specific biologic
information provided by 1H MRS such as cell membrane turnover 6, cellular density 7 and
proliferation 8 as well as, glucose metabolism quantified by 18F-FDG PET imaging 9 may

distinguish glioma progression from post-radiation changes.

Although numerous 'H MRS 10720 and 18F-FDG PET 21730 studies have been conducted
in order to describe metabolite and metabolic patterns of brain tumors, (Table 1), only a few
investigations focused on detecting tumor progression by evaluating both 1H MRS and 18F-
FDG PET data in the same group of patients 31> 32. While these studies have provided
valuable results, their methods could be further improved in several aspects. These studies
did not attempt to co-register 18F-FDG PET images with MRI which has been shown to
significantly improve sensitivity and specificity of distinguishing recurrent brain tumors
from radionecrosis 33. The differences between grades of malignancy were not evaluated.
Alger et al. focused on single voxel analysis of 1H MRS. They preferred to employ larger
volumes rather than smaller, to maximize the probability of including the most active part of
the tumor in the MR spectroscopy. Distinction between necrosis resulting from therapy and
tumor regrowth was difficult in this study. Therefore, the statistical measures of the
performance were not reported. In recent years, multispectral analysis of 1H MRS data that
allows mapping the metabolite concentrations have significantly improved clinical
application of this technique 34.

The main aim of our study was to assess and compare the contribution of 1H MRS and 18F-
FDG PET to non-invasively differential grades Il and I11 glioma progression from necrosis.
The specific focus of this study was to detect lesions by visual analysis of 1H MRS data
presented as 3D maps of metabolites and 18F-FDG PET images co-registered with MRI.

MATERIALS AND METHODS

Inclusion and Exclusion Criteria

Subjects for this study were drawn from a total of 193 patients who were referred from our
neurooncology group for a conventional clinical brain MRI during the period from 3/2007 to
3/2009. From this group 53 patients had a history of grade Il or grade 111 glioma resection,
stereotactic radiation and chemotherapy. Patients with no evidence of progression (N = 24)
and cases demonstrating significant tumor growth were excluded (N = 3) from further
consideration, since their clinical status was considered stable or definite progression from
the clinical MRI scan and/or symptoms. The remaining patients (n= 26), had clinical
symptoms and radiographic findings suspicious but not conclusive for glioma progression,
and were referred for an 18F-FDG PET scan. All patients in this group were adult male or
female patients older than 20 years.

In western Pennsylvania, third party payer constraints on coverage for MRS limit the use of
MRS for brain tumor indications. UPMC Health Plan has followed the recommendations of
the Neurooncology Program faculty and provides coverage for patients with primary brain
tumors undergoing MRS as part of clinical care. The seventeen patients who had UPMC
health insurance were also evaluated by 3T IH MRS. In most cases the MRS and PET scans
were ordered at approximately the same time, and therefore either IH MRS or 18F-FDG PET
could have been performed first and in all cases no patient was excluded on the basis of 1H
MRS and 18F-FDG PET findings. Of the total of 17 1H MRS scans, five cases were
excluded from data analysis because the time interval between the two studies was longer
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than one month. Twelve cases (5 men, 7 women; median age at surgery 39; range, 25-70
years) were selected for the study.

A combination of clinical follow-up and multiple sequential MR studies were used for
clinical outcome validation. This retrospective study was approved by our Institutional
Review Board which did not require signed informed consent from the patients.

Magnetic Resonance Spectroscopy Imaging

MRI and MRS data were acquired on a Siemens (Erlangen, Germany) 3T Magnetom TIM
Trio whole-body high-performance scanner. The patients were positioned in the standard
radiofrequency (RF) 12-channel head coil. A fast 3D gradient echo sequence (MP-RAGE)
was performed using a TE of 2.63ms, TR of 2110ms, inversion time of 1100ms, flip angle
of 8 degrees, image matrix 2562, 128 slices 1.5mm thick and a 240x192 field of view,
resulting in a scan time of 3.8 min. Parallel acquisition techniques (PAT) factor of 2 was
used to decrease the imaging time. These parameters resulted in images optimized for the
best contrast among gray matter, white matter, and CSF and to provide high-resolution
delineation of cortical and sub-cortical structures.

The H MRS data were acquired using a hybrid chemical shift imaging (CSI) sequence with
TE of 135ms, TR of 1700 ms, slice thickness of 10mm and three averages over a
160x160mm field of view, resulting in a scan time of 6.8 min. Outer volume suppression
pulses were used to suppress subcutaneous lipid signals. The positioning of the CSI slice
was dependent on the location of the lesion. An automatic 3D shimming was used to
maximize spectral resolution and homogeneity over the volume of interest. Water
suppression was performed using the vendor-supplied adjustment employing a special pulse
train.

Integrals of resonance signals (areas under the peaks) were obtained after baseline correction
and phase correction were applied to all the spectra. This allowed for visualization of the
voxel-dependent intensities of metabolites within the defined region of interest. Metabolite
images were generated on the scanner console using routines provided by the manufacturer.
The CSI slice graphic was displayed as an overlay on the MP-RAGE sequence.

Positron Emission Tomography Method

The patients were instructed to fast for 4-6 hours before the injection of 353-532 MBq (9.5
14.4 mCi) of 18F-FDG. The PET data were acquired on a Siemens/CTI ECAT HR+ scanner
in 3D imaging mode (63 parallel planes); axial field-of-view: 15.2 cm; in-plane resolution:
4.1 mm full-width at half-maximum; slice width: 2.4 mm). The scanner gantry was equipped
with a Neuro-insert (CTI PET Systems, Knoxville, TN) to reduce the contribution of
scattered photon events35. PET data were reconstructed using filtered back-projection
(Fourier rebinning and 2D back projection with Hann filter: kernel FWHM = 3 mm). Data
were corrected for photon attenuation, scatter, and radioactive decay. A windowed
transmission scan (10-15 min) was obtained for attenuation correction using rotating 68Ge/
68Ga rods and a model-based correction was applied to account for a 3D scatter fraction36.

Interpretation of MRS and PET Studies

All 1H MRS and 18F-FDG PET images were interpreted by two examiners. One examiner
was board certified in radiology and nuclear medicine and the other examiner was board
certified in nuclear medicine. The images were reviewed using image analysis and fusion
software (MIMvista Corp. Cleveland, OH). The interpreters were unaware of the patients'
clinical history and prior imaging studies.
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Quantitative analysis of 1H MRS data was performed by placing a region of interest
composed of 64 voxels over the tumor visually. Metabolite levels of each voxel (1.6« 1.6 ¢
1.6 cm?3) were obtained by integration of the area under peaks. The voxel with the highest
choline to creatine ratio (Cho/Cr) was selected and compared to the normal contralateral
hemisphere. Three-dimensional maps of Cho/Cr were generated on a semiquantitative scale
and co-registered with MR images for visual interpretation as illustrated in figure 1. The
observers favored tumor progression versus necrosis with use of the following criteria: (a)
Presence of spectra with interpretable signal intensities. (b) Cho/Cr signal ratio of the tumor
substantially higher than that of the normal contralateral hemisphere. (c) A decrease in the
NAA signal intensity. (d) Visible lactate signal in the spectrum.

PET images were co-registered with MRI to better localize the lesions (Figure 1). 18F-FDG
PET studies were considered either positive or negative semi-quantitatively by comparing
metabolic activity of the lesions with the normal white and gray matters. Based on visual
inspection, the examiners graded the highest activity level of the tumor using the metabolic
grading; 0, no discernible uptake; 1, uptake less or equal to normal white matter; 2, uptake
greater than normal white matter and less than gray matter; 3, uptake equal to or greater than
gray matter37: 38. The examiners favored tumor progression for lesions with metabolic
activity of grade 2 and 3.

Both examiners evaluated all 1H MRS and 18F-FDG PET studies independently in the same
session. Selected voxels for quantitative analysis were visually examined to represent the
same lesion. The examiners agreed on all cases except one MRS study (case 9), which was
subsequently discussed and reached consensus.

Composite Reference

Histological verification, which would have been the most accurate reference standard, was
not feasible in all cases. Therefore, a combination of follow-up clinical evaluations and
multiple sequential MR studies were used as the reference standard to determine the
accuracy of IH MRS and 18F-FDG PET in the diagnosis of progression.

Statistical Analysis

RESULTS

Data were divided into two groups of high-grade and low-grade gliomas. Sensitivity,
specificity, and accuracy with 95% confidence interval (CI) were calculated 39742 for each
group as well as the combined data using the composite reference standard. Concordance
between IH MRS and 18F-FDG PET grading was assessed by the McNemar's Exact test. For
correlation between 18F-FDG uptake and tumor grading, the Spearman nonparametric
correlation coefficient was calculated. The 18F-FDG uptake and Cho/Cr ratio of low-grade
and high-grade tumors were compared using the Mann—-Whitney nonparametric analysis. A
2-sided p-value of less than 0.05 was considered significant.

Twelve cases were selected for the study. Six patients had glioma grade 1l and six patients
had glioma grade 111 on the basis of initial histological diagnosis (Table 2). All suspicious
cases demonstrated post-contrast enhancement on MRI studies expect one (case 6), who
showed progressive increase in fluid-attenuated inversion recovery (FLAIR) signal at the
margins of the resection cavity on two consecutive MRI studies. Metabolites and metabolic
evaluation of the lesions were performed for all patients within one month. MRS preceded
PET in five cases. In another five cases PET preceded MRS and in two cases both studies
were performed on the same day (mean and median time intervals from radiation therapy to
scan were 18 months and 13 months respectively, range, 42 days-9 years).
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Two patients (cases 1 and 5) had subsequent brain biopsies which revealed glioma
progression. The remaining nine patients had a minimum of 12 months follow-up.
Sequential imaging studies and clinical assessments demonstrated glioma progression in
three of these patients. Seven patients did not show any clinical or radiographic evidence of
progression during the observation period.

The sensitivity of 1H MRS for diagnosis of glioma progression was 80% (95% CI, 30% to
99%). 18F-FDG PET demonstrated no false negative findings. Therefore, sensitivity of 18F-
FDG PET was 100% (95% CI, 46% to 100%). The specificity of 1H MRS and 18F-FDG
PET was 71% (95% CI, 30% to 95%) for both studies. The accuracy of 1H MRS and 18F-
FDG PET studies was 75% (95% ClI, 43% to 93%) and 83% (95% CI, 51% to 97%),
respectively. Classifying the tumors into high and low grade gliomas improved accuracy

of IH MRS studies to 80% (95% CI, 30% to 95%) in low-grade gliomas and accuracy

of 18F-FDG PET to 100% (95% Cl, 56% to 100%) in high-grade gliomas (Table 3).

Concordance analysis using McNemar's Exact test did not show statistically significant
difference between the two methods (p-value = 0.625). The results of IH MRS and 18F-FDG
PET were concordant in 75% (9/12) of cases (Table 4).

Prior studies reported a positive correlation between metabolic rate of glucose and
histological grade of cerebral gliomas before initiation of treatment 42 43. We obtained
similar results in post-therapy patients with recurrent gliomas. There was a trend toward
positive correlation between tumor grading and 18F-FDG uptake; however it did not reach
statistical significance level (Spearman p = 0.612, p = 0.272). No correlation was identified
between tumor grading and Cho/Cr.

DISCUSSION

To our knowledge this is the first clinical study to compare 1H MRS data presented in
semiquantitative 3D maps of Cho/Cr and 18F-FDG PET imaging to detect glioma
progression from necrosis. Radiation necrosis following radiation therapy for treatment of
gliomas is not uncommon and has been well described in autopsy and imaging studies 44
45, Similarities with conventional imaging characteristics of glioma progression, including
contrast enhancement, mass effect, and vasogenic edema have confounded differential
diagnostic evaluation. Advanced imaging techniques including proton magnetic resonance
spectroscopy and positron emission tomography have increased diagnostic accuracy. As
illustrated in the figure 1, *H MRS and 18F-FDG PET offer different information about the
tumors. 1H MRS primarily provides a measure of the tissue concentrations of various
metabolites, including choline, creatine, N-acetylaspartate and lactate. Choline is the main
metabolite that has been assessed in gliomas. Increased choline levels are associated with
higher cell membrane turnover and higher cell density 7, arising from the proliferation of
tumor cells 8. Creatine plays a role in maintaining energy-dependent systems in cells. It is
the most stable cerebral metabolite 46 and is used as internal reference value. An increase in
Cho/Cr ratio is suggestive of neoplastic process. In order to facilitate simultaneous visual
analysis of multiple-voxel spectra, Cho/Cr maps of the regions of interest were generated as
shown in figure 1. The examiners favored tumor progression for the lesions with increased
Cho/Cr compared with the contralateral hemisphere. This approach, in contrast to the prior
studies that focused on spectrum analysis of a single voxel, can expedite the diagnostic
process and provide a more practical approach in the clinical setting. The examiners also
evaluated the NAA and lactate resonances. NAA is a marker of neuronal viability and
density. It is localized in mature neurons and is not found in glial cells 47: 48. Lactate peak
represents anaerobic glycolysis in tumors 34 which has been shown to increase in neoplastic
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cells 49. A decrease in NAA and a visible lactate peak were also considered as evidence of
tumor progression.

18F_FDG PET can measure the rate at which the glucose is consumed. Most cancer cells
including gliomas produce energy by a high rate of glycolysis 49, quantifiable by 18F-FDG
PET imaging. We co-registered all 18F-FDG PET studies with MRI images which have been
shown to significantly improve diagnostic accuracy of distinguishing recurrent brain tumors
from radionecrosis 33.

Our results demonstrate that 'H MRS imaging is more accurate in detecting low-grade
glioma progression and high-grade gliomas are better detected by 18F-FDG PET.
Classifying the tumors by grade improved the accuracy of 1H MRS from 75% to 80% in
low-grade gliomas. In addition, accuracy of 18F-FDG PET increased from 83% to 100% in
high-grade gliomas (Table 3). While the sensitivity of 18F-FDG PET in detecting glioma
progression was very high (100%), its specificity in differentiating post-therapy
inflammation from true tumor progression was low (71%), leading to high false positive rate
(29%) in post radiation therapy patients.

In our study, 1H MRS and 18F-FDG PET were concordant in 75% (9/12) of patients. In the
three discordant cases, 18F-FDG PET imaging confirmed tumor progression at the margins
of the resection cavity in a patient with a history of high grade glioma (case 3). PET also
correctly showed an absence of abnormal metabolic activity in the region of prior tumor
resection in a patient with a history of high-grade glioma. This patient did not show any
evidence of progression during more than a two-year follow-up (case 2). In the third
discordant case, 1H MRS correctly diagnosed tumor progression in a previously treated low-
grade glioma (case 8). Failure in detecting viable tumors on 18F-FDG PET imaging could be
due to several factors, including high rate of glucose metabolism by the normal brain tissue,
small size of the lesions, and modest increase in glucose metabolism in low-grade gliomas
(relative to the background metabolic activity) 28+ 43.

This study has several limitations. Histopathologic confirmation of tumor progression was
not performed for all cases. Because of the inherent risks and invasiveness of a stereotactic
biopsy, it was not always reasonable to obtain histological proof. Only two cases had
subsequent tissue biopsy (cases 1 and 5). Sequential morphologic imaging and prolonged
clinical follow-up had to be used as surrogate markers for tissue identification in the
remainder of patients. Second, we were not able to confirm possibility of high-grade
transformation. All data were analyzed based on the patients' last histopathology report.
Third limitation is the relatively small number of patients in this study. Finally, the current
study did not attempt a comparison with other biomarkers, such as 3'-deoxy-3'-18F-
fluorothymidine (18F-FLT) and 3,4-dihydroxy-6-18F-fluoro-L-phenylalanine (8F-FDOPA).

In conclusion, the combination of IH MRS data and 18F-FDG PET imaging improves the
accuracy of distinguishing glioma progression from radionecrosis. 18F-FDG PET was more
accurate in identifying tumor progression in high-grade gliomas and Cho/Cr 1H MRS
provided better accuracy in low-grade gliomas. Proton MR spectroscopy and 18F-FDG PET
appear to be useful complementary tools to conventional MR imaging in detecting brain
tumor progression.
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Figure 1.

Anaplastic Astrocytoma, WHO grade 111 (case 5). A. Multiple-voxel spectra co-registered
with post-contrast T1-weighted MRI B. Map of Cho/Cr demonstrates a focus of signal
intensity in the right frontal lobe. MRSI signal intensity is presented on a rainbow color
scale where blue-green is normal background and bright red corresponds to greatly elevated
signal intensity. C. Spectral analysis of the voxel demonstrating maximal Cho/Cr ratio. D.
T1-weighted MRI (post-contrast) demonstrating enhancing lesion in the right frontal lobe.
E. 18F-FDG PET scan shows a focus of increased tracer activity greater than white matter in
the right frontal lobe. F. 18F-FDG PET image co-registered with post-contrast T1-weighted
MRI.
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Statistical measures of the performance of 18F-FDG PET and 1H MRS

Table 3

Visual Analysis  Parameter (%)

BF.FDG PET  Sensitivity
Specificity
PPV
NPV
Accuracy

1H MRS Sensitivity
Specificity
PPV
NPV

Accuracy

All Cases
80 (30-99)
71 (30-95)
83 (36-99)
67 (24-94)
75 (43-93)
100 (46-100)
71 (30-95)
100 (46-100)
71 (30-95)
83 (51-97)

Low-Grade
100 (20-100)
67 (13-98)
100 (20-100)
67 (13-98)
80 (30-99)
100 (20-100)
33 (2-87)
100 (5-100)
50 (9-91)
60 (17-93)

High-Grade
67 (13-98)
75 (22-99)
75 (22-99)
67 (13-98)
71 (30-95)

100 (31-100)

100 (40-100)

100 (40-100)

100 (31-100)

100 (56-100)

*
Numbers in parentheses are 95% confidence intervals.
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Concordance between PET and MRSI

Table 4

MRSI
Concordance Progression | No progression
PET Progression 5 2 Concordance = 75% (9/12)
p-value = 0.625
No progression 1 4

The concordance results are based on the experts' analyses of MRSI and PET studies.
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