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Abstract

Three-dimensional proton magnetic resonance spectroscopic imaging (MRSI) is a powerful non-
invasive tool for characterizing spatial variations in metabolic profiles for patients with glioma.
Metabolic parameters obtained using this technique have been shown to predict treatment
response, disease progression, and transformation to a more malignant phenotype. The availability
of ultra-high-field MR systems has the potential to improve the characterization of metabolites.
The purpose of this study was to compare the metabolite profiles acquired with conventional long
echo time (TE) MRSI at 3T with those obtained with short TE MRSI at 3T and 7T in patients with
glioma. The data acquisition parameters were optimized separately for each echo time and field
strength to obtain volumetric coverage within clinically feasible data acquisition times of 5-10
min. While a higher field strength did provide better detection of metabolites with overlapping
peaks, spatial coverage was reduced and the use of inversion recovery to reduce lipid precluded the
detection of lipid in regions of necrosis. For serial evaluation of large, heterogeneous lesions, the
use of 3T short TE MRSI may thus be preferred. Despite the limited number of metabolites that it
is able to detect, the use of 3T long TE MRSI gives the best contrast in choline/ N-acetyl aspartate
between normal appearing brain and tumor and also allows the separate detection of lactate and
lipid. 1t may therefore be preferred for serial evaluation of patients with high-grade glioma and for
detection of malignant transformation in patients with low-grade glioma.
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INTRODUCTION

Gliomas are heterogeneous, infiltrative lesions that account for the majority of primary brain
tumors in adults. Surgical resection is the first-line treatment, with radiation and a variety of
therapeutic agents being used to address residual or recurrent disease. The median survival
for patients with high-grade glioma who are being treated with the current standard of care is
approximately 15 months.2 Patients with low-grade glioma have a better prognosis and, after
resection, may be followed with active surveillance until they show evidence of progression.
Deciding when and how to treat, as well as assessing whether the lesion has undergone
transformation to a more malignant phenotype, is critical. Although conventional magnetic
resonance imaging (MRI) is useful for planning surgery and following gross changes in the
anatomic lesion, the effects of treatment on the tumor and surrounding tissue can make it
difficult to differentiate between response to therapy and recurrent disease. The development
of alternative imaging methods is essential for making informed decisions about patient
care.

Multivoxel three-dimensional (3D) proton magnetic resonance spectroscopic imaging (H-1
MRSI) is a powerful, noninvasive tool that has been used to characterize spatial variations in
metabolic profiles for patients with glioma.3~7 Most studies have been performed at 3T
using a relatively long echo time (TE), which provides levels of choline-containing
compounds (Cho), creatine, N-acetyl aspartate (NAA), lactate, and lipid. The increase in the
level of Cho, which is thought to be due to increased cell density and/or membrane turnover
in neoplasm, and the reduction in the level of neuronal marker NAA are general marks for
brain tumor. Levels of lactate and lipid within regions having abnormal Cho and NAA were
found to be critical markers for assessing the response to combination therapies and
predicting the outcome for patients with glioblastoma.’~9 Recent studies with ex vivo high-
resolution magic-angle spinning (HRMAS) of tissue samples that were obtained during
image-guided surgery have highlighted the potential of other /n vivo metabolites, such as
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glutamine (GlIn), glutamate (Glu), myo-inositol (ml), GABA, and glutathione, to detect
malignant transformation%11 and to differentiate between tumor and gliosis.1? These
metabolites are visible /n vivo using short TE acquisitions, but the majority of studies
performed so far have focused on acquiring such data in single-voxel mode from regions
with a volume of approximately 8 cm3. Uncertainty about the location of tumor relative to
treatment effects and the difficulty in obtaining data from the same location in serial studies
have made it difficult to interpret the results obtained.

MR systems with a field strength of 7 T (7T) offer improved sensitivity and spectral
resolution that are likely to be important for distinguishing between partially overlapping
metabolites such as Glu and GIn or ml and glycine, which are often reported as the
combined indices (GIx and mIG). Previous studies in normal volunteers have reported a
linear increase in the signal-to-noise ratio (SNR) at higher field strengths!3 and
improvements in spectral quantification at 7T relative to 3T415 that may be needed to
evaluate differences in metabolite profiles within regions of pathology. Our prior study
demonstrated the successful application of short TE MRSI to patients with glioma by using
a 7T MR scanner in conjunction with a high-sensitivity 32-channel coil but also
highlighted challenges in terms of obtaining reliable lipid suppression from large regions of
the brain. This brings into question the practicability of using the higher field strength for
routine evaluation of brain metabolites in patients with glioma.

A further challenge to obtaining good quality multivoxel volumetric H-1 MRSI, which
applies to both 3T and 7T field strengths, is to reproducibly select the volume of interest and
place multiple outer volume suppression (OVS) bands to eliminate unwanted signals. This
can be difficult and time-consuming, even for skilled operators, because of alterations in the
orientation of the head and changes in the appearance of the anatomic lesion. Our recent
studies have shown that automatic prescription of the volume of interest and of the OVS
bands greatly facilitates the acquisition process'’-18 and can offer consistent data quality for
serial studies of changes in metabolite levels. This can be achieved by either optimizing the
coverage based upon analysis of anatomic images during the MR scan itself or using atlas-
based registration to specify the location using predefined templates in the MNI1152 standard
space.19

The purpose of this study was to use the automated prescription method in patients with
glioma to compare the metabolite profiles acquired using three different data acquisition
strategies that had each separately been optimized on the available hardware prior to the
analysis. These are conventional long TE MRSI at 3T, short TE MRSI at 3T, and short TE
MRSI at 7T. Criteria used to distinguish between them were the spatial coverage provided,
the number of voxels within that region that contained quantifiable spectra, and the ratios of
key metabolites in normal appearing brain and the region of T2 hyperintensity on the
anatomic images. In all cases, the acquisition time was kept within 5-10 min, which is
comparable with other volumetric imaging sequences and is therefore reasonable for use in
patient studies.
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RESULTS AND DISCUSSION

The availability of ultra-high-field MR systems has the potential for more detailed analysis
of brain metabolites because it provides a higher SNR and improved spectral resolution for
patients with glioma. The differences in relaxation times of brain metabolites between the
T2 lesion and normal brain20 and shortening of T2 relaxation times at 772! could change the
contrast between metabolites in the different regions. These effects have not previously been
evaluated for patients with glioma. In this study, we first established the optimal strategies
for acquiring H-1 MRSI data and then applied them to assess patients with glioma.

Figure 1 illustrates automatic prescriptions of 3D MRSI excitation volume and OVS bands
from patients with glioma at 3T and 7T. The median automatically prescribed PRESS
volume was 1032.4 cm?3 (range, 821.2-1244.5 cm?3) with an average of 6.7 cm in the S/I
direction at 3T, while the excited slab at 7T was localized using spin echo slice selection
with a fixed thickness of 4 cm.16 Considering the location and width of the OVS bands, the
percentage of excitation for each voxel was calculated. The median number of voxels that
were excited was 523 (range, 465-765) and 405 (range, 282-542) at 3T and 7T, respectively.
The volume of the T2 lesion varied from 0.75 to 168.8 cm3, and the median coverage was
76% at 3T and 69% at 7T.

By using a flyback echo-planar trajectory?? for spatial localization, it was possible to excite
a large number of voxels with a nominal voxel size of 1 cm3 within a clinically feasible
acquisition time (5-10 min) for each acquisition. The 7T MRSI data set had relatively less
coverage because of the smaller number of phase encodes in the slice direction, which
allowed for the application of an interleaved flyback trajectory and provided a bandwidth of
1916 Hz with a spectral resolution of ~1.74 Hz per point.16 The spatial resolution of 3D
MRSI (1 cm?3) and the use of OVS bands meant that the number of voxels in the T2 lesion
was smaller than the volume of T2 coverage, especially for tumors located close to skull.

The estimated linewidths for Cho, Cr, and NAA in NAWM during 3T long TE MRSI were
6.4+£0.55.4+0.5, and 7.1 + 0.5 Hz, respectively; for 3T short TE MRSI, they were 5.9
+0.3,5.6 £ 0.3, and 8.5 £ 0.9 Hz, respectively, and for 7T short TE MRSI, they were 11.8
+1.1,11.8+1.8,and 15.5 + 2.1 Hz, respectively (values expressed as means + the standard
deviation). When expressed in terms of parts per million, these values corresponded to 0.043
ppm at 3T and 0.040 ppm at 7T for the Cr peak. The linewidths of Cr in the T2 lesion were
55+1.2,6.0+1.3, and 14.4 = 3.4 Hz for the three acquisitions. These values are slightly
higher than those previously reported for healthy volunteers.14 This implies that the
commercially available high-order shimming worked well but that the presence of surgical
cavities and other treatment effects make it more challenging to achieve BO homogeneity at
7T. It is not clear whether alternative shimming methods such as FASTERMAP23 and the
use of third or other high order?* could be used to improve the 7T results.

Among the three acquisitions, there were significant differences in the median levels of the
main metabolites in the NAWM and T2 lesion but not for Cho/NAA or NAA/Cr in the T2
lesion (Kruskal-Wallis; p> 0.05). Note that the tumor voxels with a very low NAA were
excluded from the analysis. Between 3T short and long MRSI, there were statistically
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significant differences in the levels of Cho/NAA in the NAWM and T2 lesion when
comparing voxel by voxel (18 patients; p < 0.0001 and 0.0009, signed rank). Box plots of
Cho/Cr, NAA/Cr, and Cho/NAA within the T2 lesion and NAWM are shown in Figure 2.
The differences in relative levels of Cho, Cr, and NAA reflect differences in T2 relaxation
times between tissue types and field strengths. The median levels of Cho/NAA were 0.53 vs
0.23 (T2 lesion vs NAWM), 0.41 vs 0.23, and 0.31 vs 0.16 for 3T long TE, 3T short TE, and
7T short TE MRSI, respectively. The finding of increased contrast for long TE MRSI
compared to that of short TE MRSI is consistent with our previous findings.2? Although the
metabolite ratios obtained from 7T short TE MRSI were smaller overall, the contrast
between NAWM and the T2 lesion was preserved. Future studies should perform voxel by
voxel analysis between 3T and 7T acquisitions to understand the changes in T2 relaxation
times within the T2 lesions.

Figure 3 shows examples of MRSI (a) within regions of metabolically active tumor, (b) the
treatment effect, and (c) NAWM for patients with glioma. Signal intensities are higher at
short TE, but there was also more lipid contamination, which may cause ambiguities in
using lipid as a marker of necrosis. In this study, we applied both spectrally selective
inversion recovery2® and multiple OVS bands for lipid suppression. The levels of normalized
LL (lipid and lactate) calculated from metabolite peak heights divided by the median of
NAA in the NAWM were —0.03 + 0.03 and 0.08 + 0.09 in the NAWM during 3T long TE
and short TE MRSI, respectively. Despite using more conservative methods for acquisition,
there were more signals from lipid at short TE. Given that the presence of lipid and lactate is
an important factor for predicting the outcome, the use of long TE MRSI may be preferred
for patients with glioblastoma.

The percentages of voxels with CRLB < 20 for Glu, GIx, ml, mIG, GSH, and GABA that
were quantified using LCModel are listed in Table 1. The numbers of voxels with a lower
CRLB for Glu and ml are larger from data acquired with 7T short TE MRSI than from those
acquired at 3T. This is consistent with the increase in field strength providing an increase in
SNR and improved spectral quantification.1#15 This offers the opportunity for investigation
of a larger range of metabolites in patients with glioma. The information from metabolites
other than Cho, Cr, and NAA may be useful for evaluating disease processes and for
directing subsequent treatment.

Patients recruited to this study were at different stages of disease and had received previous
treatment. The 90% confidence intervals of metabolite ratios in the NAWM and T2 lesions
from the patients were summarized in Table 2. Compared to those in the NAWM, the
variations in the T2 lesion were larger for all of the metabolites. This is consistent with the
anatomic lesion corresponding to a mixture of edema, gliosis, inflammation, and active
tumor. Glu is the main neurotransmitter in the brain and has been found to be inversely
correlated to the presence of isocitrate dehydrogenase (IDH) mutation,9 and there was no
difference in the levels of GIu/Cr and GIx/Cr. The levels of mI/Cr and mIG/Cr obtained from
3T short TE MRSI were statistically significantly higher in the T2 lesion than in the NAWM
in patients with lower-grade glioma (o = 0.002 and 0.015, respectively). ml is predominately
located within the glial cells and has been suggested as a marker for glia. Being able to use
these metabolites to distinguish between regions of tumor that are metabolically active or
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correspond to treatment-related effects is likely to be very important for evaluating treatment
effects in patients. Although no significance was found between stable and progressive
disease in this study (15 vs 5 patients), future studies will increase the number of patients to
examine the value of these metabolic markers and to assess more complicated models.

Several molecular markers, such as IDH mutation,28:27 have been recently identified as
predictors of survival in patients with glioma. The oncometabolite 2-hydroxyglutarate,
which is produced because of the presence of IDH mutation,28 can be non-invasively
detected using specific acquisition methodologies at both 3T and 7T.2%-32 Although 2HG
was included in the basis set for quantification to prevent its presence contaminating other
measurements, the IDH status of the patients in the study was unknown, and hence, we did
not attempt to perform analysis of 2HG levels in this study.

In conclusion, this study has evaluated metabolite profiles in patients with gliomas acquired
with different TE and field strengths. Changes in T2 relaxation times caused differences in
contrast for metabolite ratios between the three acquisition strategies. If the contrast between
tumor and normal tissue is the primary consideration, conventional long TE MRSI at 3T
gave the best and most reliable results for evaluating Cho and NAA. It is also the only
method that when combined with spectral editing allows separate detection of lactate and
lipid. As these are important for predicting the outcome in patients with high-grade glioma,
long TE MRSI at 3T would be preferred as the most robust method for these subjects. For
short TE acquisitions, there is a compromise between improved metabolite detection at 7T
versus improved coverage and a reduced level of lipid contamination at 3T. This means that
the lower field strength may be preferred for serial studies of large, heterogeneous tumors,
while the higher field may be more relevant for smaller lesions.

METHODS

Twenty patients with glioma (16 males and 4 females, median age of 45 years) who were at
different clinical stages were recruited for this study. Tumor grade had been established by
histological examinations of tissue samples obtained during biopsy or surgical resection: 11
had grade 2, 3 grade 3, and 6 grade 4 lesions. All the patients were being followed by the
Neuro-Oncology service at the University of California San Francisco (UCSF) using RANO
criteria.33:34 Fifteen of the patients were recurrent with 10 patients having stable disease, and
five had newly diagnosed glioma with stable disease. Each participant was given written
informed consent in accordance with the UCSF IRB procedures and had both 3T and 7T MR
scans on the same day with a brief rest between the two scans.

MR scans were performed using an eight-channel receive-only phased array coil or a 32-
channel receive-only array with a volume transmit head coil (NOVA Medical, Wilmington,
MA) on 3T MR750 or 7T MR950 scanners (GE Healthcare, Waukesha, WI).

The MR protocol included the acquisition of anatomical and spectroscopic imaging data.

Anatomic MR images were composed of (1) T1-weighted 3D spoiled gradient echo (SPGR)
[pre- and postcontrast at 3T; repetition time (TR), TE, and inversion time (TI) of 6.6, 1, and
450 ms at 3T and 6, 2, and 600 ms at 7T, respectively; matrix size of 512 x 512 x 120 at 3T
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and 256 x 256 x 192 at 7T; voxel size of 0.5 mm x 0.5 mm x .5 mmat 3T and 1 mm x 1
mm x 1 mm at 7T], (2) T2-weighted [3D fluid attenuated inversion recovery at 3T: TR, TE,
and TI1 of 6250, 139, and 1699 ms, respectively; matrix size of 512 x 512 x 156; voxel size
of 0.5cm x 0.5 cm x 1.2 cm; 2D fast spin echo at 7T: TR, TE, and Tl of 6000, 86, and 600
ms, respectively; matrix size of 512 x 512; field of view (FOV) of 241 mm x 241 mm; 19—
21 slices; slice thickness and gap of 3 and 1 mm, respectively], and (3) proton density-
weighted gradient echo images to obtain estimates of coil sensitivities. A bolus of 0.1 mmol
of gadolinium diethyltriamine pentaacetic acid (Gd-DTPA) per kilogram of body weight was
injected intravenously at a speed of 5 mL/s at 3T.

The manufacturer’s high-order shimming procedure was performed before the spectral
acquisition. The parameters used to obtain the 3D H-1 MRSI data are detailed in Table 3.
The 3T MRSI data utilized chemical shift selective (CHESS) water suppression, very
selective suppression (VSS)3° OVS, and point-resolved spectral selection (PRESS) volume
selection with an automatic prescription of both the excitation region and OVS7-19 (TE of
35/144 ms, spectral array of 18 x 18 x 16, nominal spatial resolution of 1 cm3). The 7T
MRSI data were localized using a spin echo slice selection that was positioned to cover as
much of the T2 lesion as possible with a TE of 30 ms, a spectral array of 18-22 x 8, and a
nominal spatial resolution of 1 cm3.18 At 7T, power considerations allowed only eight VSS
OVS bands to be applied. Their positions were calculated by using masks of lipids and brain
that were generated from T1-weighted images.18 A flyback echo-planar gradient trajectory??
was applied to shorten the acquisition time. At 3T, this was placed in the S/I direction and at
7T in the A/P direction. At 3T, this provided a bandwidth of 988 Hz and a spectral resolution
of ~1.39 Hz per point, and at 7T, this provided a bandwidth of 1916 Hz and ~1.74 Hz per
point after reconstruction from interleaved acquisitions. Of the 20 long TE 3T MRSI sets,
three data sets were acquired using lactate editing.36 Of the 20 short TE 3T MRS sets, 12
data sets were acquired with a matrix of 18 x 22 x 16 and the others with a matrix of 18 x 18
x 16.

Postprocessing was performed using previously published methodologies.3:16:37.38 The
flyback data were (combined and) reordered to a rectilinear grid, followed by processing
with phase and frequency corrections individually for each coil. The signals were combined
using software developed in-house weighting with coil sensitivities,3” which were
determined from the calibration scan. The linewidths of Cho, Cr, and NAA peaks were
computed for each voxel. Spectra were then quantified using LCModel.3° Metabolite signals
for the basis set were generated using NMR-SCOPE with prior knowledge of chemical shift
and Jcoupling information.40 The phased, fitted, and residual spectra after quantification
were then converted to DICOM and visualized using SIVIC to check the quality of the
fitting. Only metabolites with Cramer-Rao lower bounds (CRLB) of <10% for Cho, Cr, and
NAA and 20% for other resonances were considered in the analysis.

The 3D MRSI data were referenced to the 3D T1-weighted images by assuming that there
was no movement between the two acquisitions. The T2-weighted image was aligned to the
corresponding 3D SPGR image. Segmentation of the brain was performed automatically on
the 3T precontrast 3D SPGR images using a program based on a Markov random field
model.#1 The segmented white matter mask was then used to identify voxels for normal
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appearing white matter (NAWM). The masks of the T2 lesions were segmented on the 3T
T2-weighted FLAIR images using SmartBrush (BrainLab). The 3T T1-weighted SPGR
images were then rigidly registered to the T1-weighted images at 7T (FMRIB Software
Library, fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL), and the corresponding transformation matrix
was applied to transfer these regions of interest (ROISs) to the 7T space.

Statistical analyses were performed using R (www.r-project.org) and matlab (Mathworks
Inc.). Descriptive statistics of segmented tissue components, MRSI prescription volume, and
metabolic profiles were calculated for each type of spectral acquisition. Kruskal-Wallis tests
were utilized to determine whether the levels of metabolites differed among three
acquisitions. Then Wilcoxon signed-rank tests or rank-sum tests were used to test the
differences between short and long TE 3T MRSI or between 3T and 7T short TE MRSI.
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Figurel.
Examples of automatic prescription for 3D MRSI. The locations of the PRESS excitation

volume and VSS outer suppression bands for 3T MRSI were automatically placed by (a) a

method that calculates the masks of brain and lipid in real time or (b) predefining templates
on the MNI152 standard space. For 7T MRSI, eight VVSS were automatically prescribed on
the basis of the position of the excitation volume that was selected.
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Examples of 3D MRSI data sets that were quantified (a) using LCModel or (b and c) with
the baseline not removed before LCModel quantification from patients with (a) grade 4 and
(b and c) grade 2 glioma.
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Percent of Voxels with CRLB < 20% within the NAWM for Short TE MRSI at 3T and 7T

Table 1

3T s
Glu 67.3% 85.0%
Glx 77.1% 92.2%
ml 52.8% 78.7%
miG 90.5% 80.5%
GABA  6.0% 65.5%
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Metabolite Ratios (90% confidence interval of the mean) Quantified Using LCModel

Table 2

low-gradeT2L  high-grade T2L NAWM
Chol/Cr 3T long 0.32-0.56 0.42-0.59 0.34-0.44
3T short 0.39-0.58 0.33-0.53 0.35-0.38
7T short 0.26-0.45 0.26-0.45 0.27-0.31
NAA/Cr 3T long 0.70-1.22 1.10-1.54 1.35-1.71
3T short 0.86-1.21 1.10-1.25 1.43-1.56
7T short 0.49-1.34 0.90-1.44 1.29-1.65
Cho/NAA 3T long 0.37-0.59 0.25-0.55 0.23-0.27
3T short 0.35-0.62 0.24-0.49 0.22-0.26
7T short 0.23-0.62 0.02-1.01 0.17-0.21
Glu/Cr 3T short 1.13-1.61 1.13-1.38 1.21-1.29
7T short 1.10-1.60 0.94-1.18 1.02-1.25
GIx/Cr 3T short 1.52-1.80 1.35-1.64 1.49-1.56
7T short 0.35-1.58 1.17-1.47 1.08-1.18
ml/Cr 3T short 1.06-1.27 0.75-1.05 0.83-0.93
7T short 0.54-0.93 0.53-0.95 0.55-0.71
mIG/Cr 3T short 1.00-1.34 0.78-0.94 0.77-0.87
7T short 0.59-1.09 0.54-0.89 0.67-0.92
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Table 3
MRSI Acquisition Parameters
long TE 3T short TE 3T short TE 7T
TE 144 ms 35 ms 30 ms
TR 1.25-1.30s 1.28-1.30s 2s
water suppression  CHESS CHESS CHESS

lipid suppression ~ 9VSS+OCT 9 VSS + OCT inversion recovery
localization PRESS PRESS

phase encoding 18 x 18 x 16 18 x 18-22 x 16

voxel resolution 1 cm3 1cmd

acquisition time ~7 min? 7-9 min

a . . . . L .
Three data sets were acquired with lactate-edited MRSI, which had a total acquisition time of ~10 min.
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