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Abstract

We have evaluated a three-dimensional localized spectroscopic imaging sequence that uses two
pairs of adiabatic full-passage pulses, which optimizes the detection of glutamate resonances at
moderate echo times. This sequence provides excellent volume localization while simultaneously
reducing J/modulation losses of glutamate. We have simulated the performance of this sequence
for glutamate and used it to quantitatively measure glutamate in the human hippocampus using a
linear components model. Using tissue segmentation and regression analysis, we measured a
glutamate concentration of 8.8 £ 2.1 mw in hippocampal and temporal gray matter and 3.7 + 1.1
mw in temporal white matter (95% CI). We have used this approach in a small group of patients (n
= 5) with unilateral hippocampal epilepsy.

Keywords
glutamate; spectroscopic imaging; adiabatic; hippocampus

Introduction

In order to minimize J/modulation losses, the major approach to the measurement of
glutamate and the amino acids remains short echo time spectroscopy (1-3). While this may
be adequate for regions of the brain with homogeneous By, in the hippocampus the large
susceptibility gradients due to adjacent structures including the petrous bone, clivus and
sinuses makes short echo time spectroscopy challenging. This region is, however, an
important radiographic target because of its participation in numerous diseases. At high field
where the greater chemical shift dispersion improves the detection of the amino acids the
challenges due to By field inhomogeneity can be severe. Nonetheless, as demonstrated by
Capizzano et al. and Chu et al. (4, 5), successful spectroscopic imaging in the hippocampal
region is possible. These studies used longer echo times, which allow for better suppression
of water and lipid through relaxation losses and application of more effective gradient
crushing. On the other hand, since moderate and longer echo time spectroscopy suffer from
signal loss due to increasing Jmodulation, it is also clear that an approach that can reduce -
modulation would be of utility, for single voxel spectroscopy and particularly spectroscopic
imaging where the inter-voxel consistency of shimming may be less well controlled.
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In a multi-echo sequence, pairs of adiabatic full passage (AFP) pulses refocus magnetization
in a manner that compensates for off-resonance effects and B; inhomogeneity (6-8). The
LASER (localization by adiabatic selective refocusing) sequence, which uses three pairs of
AFP pulses to achieve localization, takes advantage of this feature, as discussed by Garwood
and DelaBarre (7). Beyond this effect, however, given the adiabatic nature of the pulse in
which the magnetization vector tracks with the Bg¢ sweep and the success of adiabatic
heteronuclear decoupling (9), the LASER sequence may be anticipated to suppress
homonuclcar +modulation. As stated, this effect should be very helpful in the detection of
amino acids, and thus in this report we evaluate a two-dimensional version of the LASER
sequence with simulations and phantom measurements. /n7 vivo we have implemented this
two-dimensional LASER sequence to measure hippocampal glutamate levels in healthy
human brain (7= 10 volunteers) using 1.44 cm?3 voxels. In controls, a regression analysis on
hippocampal and temporal lobe glutamate with regards to tissue type yielded values
consistent with autopsy and biopsy literature (10, 11) in gray and white matter.

Experimental

Sequence: simulation and phantom

The two-dimensional LASER sequence (Fig. 1) uses two pairs of AFP pulses (which can be
slice-selective). Water suppression is achieved by a semi-selective excitation pulse (1, 12) in
addition to a CHESS water suppression pulse (13).

To simulate this sequence's effects on the glutamate spin system, glutamatc was modeled as
a5 spin | 4lpS;SpX spin system using a density operator simulation [GAMMA, ‘General
approach to magnetic resonance mathematical analysis' (14)]. Figure 2(a) shows the
simulation performed at 4T, demonstrating the retention of glutamate resonances using the
two-dimensional LASER sequence over a range of 7£sas compared with a conventional
double echo sequence using two refocusing block pulses. The simulation used hyperbolic
secant pulses of three time constants, i = 10 (15), and was 4.8 ms in duration, yB1/2r
strength 1450 Hz. There was little sensitivity to duration of the AFP pulses (Zapp = 19.2 ms,
or 4 x 4.8 ms), with the signal retention of glutamatc in the two-dimensional LASER
sequence of duration 7E being similar to that acquired with a double echo sequence of echo
time (7E)—tarp [Fig 2(a); compare 18 ms conventional double spin echo with 37.5 ms two-
dimensional LASER spin echo of which 19.2 ms is in AFP pulses]. The retention of the
glutamate resonance was also simulated with non-optimal B;, demonstrating more than 95%
retention between 60 and 140% of the optimum By (870 up to 2030 Hz).

At 4T, the performance of the two-dimensional LASER sequence was verified in a phantom
(10mw acetate, 10 mw creatine and 10mwm glutamate), and is shown in Fig. 2(b). The sequence
was implemented with two pairs of hyperbolic secant AFP pulses (B1/2 =z 1500Hz) with
one dimension of ISIS to select an 8 cm3 voxel, TR 2 s, a total echo time of 37.5 ms. In
comparison, the double spin echo was implemented using two Shinnar-LeRoux numerically
optimized refocusing pulses [duration, 6.4ms, yB;/2 1500 Hz (16)]. The performance of
this sequence was also simulated for 1.5T. Because of the stronger coupling between the C3,
C4 protons, there is a smaller effect in the suppression of +modulation, with the two-
dimensional LASER approach being advantageous starting at a total echo time of 40 ms.

In vivo acquisition

All human studies were performed using a Varian 4 T Inova whole body MR system with a
transverse electromagnetic (TEM) (17)*H volume head coil. Scout images were acquired
with an inversion recovery gradient echo sequence ( 7R/ T/RI TE 2500/850/16). The
hippocampal slice was prescribed from an off-midline sagittal slice through the temporal
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lobe and defined along the planum temporale. Localized automatic shimming was
performed based on a By map using first, second and third order shim corrections (18).

Similar to the phantom acquisition, volume localization (slice 1 cm and anterior—posterior
6 cm) was achieved using two pairs of slice selective AFP pulses (gradients applied on
orthogonal axes) and one-dimensional ISIS (8 cm left-right direction). Two-dimensional
spectroscopic imaging was superimposed (16 x 16, FOV 19.2 x 19.2 cm?) to give a nominal
voxel size of 1.44 cm3. An additional non-selective inversion pulse and recovery delay (150
ms) was employed to minimize the macromolecule resonances. The total echo time was 37.5
ms, TR 2 s, two averages, resulting in an acquisition time of 34 min. The deposited RF
power was within FDA guidelines of 3 W/kg.

Voxel and spectral analysis

The spectroscopic imaging data were processed with a spatial cosine filter and filtered in the
time domain with a Lorentz-to-Gauss conversion (2-5 Hz) and a convolution difference for
resolution enhancement (50 Hz, weighting 1.0) (19, 20). No other post-acquisition eddy
current corrections or water suppression were used. Spectra were selected for analysis with
two methods, first for consistent positioning in the hippocampal region, and second for
voxels including the hippocampus and temporal lobe. For the former analysis, the scout
images were used to semi-automatically position the four (or five) desired loci [Fig. 3(a)].
This positioning was performed after manual definition of the lateral and medial edges of
the hippocampi. For each side, the midline of the hippocampus was calculated and five
voxel positions (anterior to posterior) were then centered on the midline, each voxel
separated by 13.5 mm. The centers of left and right voxel 3 were placed at the level of the
midbrain aqueduct. Notably, with the 1.44 cm3 voxel sizes, hippocampal tissue is largely
contained within voxels 2—4. VVoxel reconstruction was performed after spatially shifting the
spectroscopic imaging data (21). For the latter analysis, which included voxels from the
temporal lobe, the spectroscopic imaging grid was used without any spatial shifting to
generate a range of gray and white matter.

To analyze the spectral data, locally written software (MATLAB, Natick, MA, USA) based
on a linear components model over the spectral range of 1.9-3.4 ppm, was used (22). Six
compounds were included: NAA, creatine, glutamate, glutamine, aspartate and choline. The
basis set for the model was determined using phantom data (50 mw concentration) from
these compounds. Spectral fits on glutamate demonstrating more than 20% variation in the
normalized confidence interval (determined from the residual and Jacobian of the least
squares solution) were rejected.

Ratio data are reported relative to NAA since the concentration of NAA has been
demonstrated to have a relatively small dependence on gray or white matter distribution (23,
24). Quantification in mwm units was performed by referencing the metabolite area to the CSF
water signal obtained from the ambient cistern acquired from a gradient echo proton density
image (7TR2s, 6=27, TE9.3 ms, 128 x 128), The conversion factor, of imaging amplitude
into spectral metabolite area, was obtained by the acquisition of a non-water suppressed CSI
(using equivalent spectral parameters) taken through the cistern, comparing the integrated
water area with imaging signal amplitude. Since the ambient cistern is relatively free of
vascular artifacts and the proton density image was acquired after shimming, this provides
an excellent reference. At high field, this approach of using an internal reference also
decreases errors from differences in B; variation that may be present between the /n vivo
brain and phantoms. Tissue volume corrections were made based on quantitative 7; tissue
segmentation as has been previously reported (25). Gray matter fraction was determined as
GM/(GM + WM). Relaxation corrections used 77 and 7, values for NAA and creatine as
previously reported at 4 T (26): 71 NAA, 1.27 s; 7; creatine, 1.49 s; 77 choline, 1.30s; 7>
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NAA 230ms; 7 creatine, 140ms; 7, choline, 189 ms. While there is no available data on the
relaxation time of glutamate in /7 vivo human brain at high field, we would think that
creatine in human brain may be a reasonable estimate having the shortest 7, of the signlet
resonances. However, it may be considered that methylene protons can have substantially
shorter 7, relaxation times compared with methyls (shorter by ~409%) (39), which, given the
37 ms echo time, may increase the concentration of glutamate by ~12%. As is evident,
errors in relaxation time will contribute to quantitation errors, although the moderate echo
time used in these studies limits the effect of 7, error. Also, as discussed by Michacli et a/.
(27), the T, relaxation times of this multispin echo sequence are effectively lengthened
(NAA by a factor of 1.68, and creatine 1.8) compared with a single spin echo due to the
suppression of diffusion. These relaxation corrections were included in the quantification,
using the creatine correction for the amino acids.

N =10 healthy adult subjects were studied (age 30 + 9, range 18-46, no significant
difference between the women and men, five women). For the specific hippocampal data, all
subjects had eight spectra analyzed; for the temporal gray/white data, the mean number of
pixels analyzed per subject was 12.9 * 2.4 pixels (range, 9-16). All the patient studies were
acquired from unilateral hippocampal epilepsy patients as determined by other clinical data
including EEG and MRI data. The mean age of these patients was 30 + 5years (range 23-36,
two women, Table 1). All human studies were performed under IRB approved guidelines.

Figure 3(a) displays a scout image and spectra from the hippocampi of a control volunteer.
The spectra shown have no baseline correction. As can be seen, excellent spectra arc
obtained bilaterally, posteriorly and anteriorly. Although the use of the inversion recovery
pulse and delay docs reduce the available SNR, this approach eliminates the need for a
separate macromolecular acquisition and provides a flat baseline for robust analysis. The
SNR of glutamate and NAA from locus 3 [Fig. 3(a)] was ~12 and 50 respectively. All of the
spectra from the control subjects, loci 1-4 showed a variation in the glutamate concentration
of less than 20% and were therefore included in the analysis, Locus 5, located immediately
adjacent to the anterior large voxel edge, was not analyzed. Table 2 shows the ratios of
glutamate:NAA, Cr:NAA and quantified glutamate, NAA and Cr concentrations across loci
1-4, shown in Fig. 3, In these data, left and right values were not significantly different and
were therefore averaged together.

Based on previous data (28, 29), we anticipated that the concentrations of glutamate should
vary depending on gray matter content of the voxel. To evaluate this issue we analyzed a
wider set of data including both hippocampal, temporal gray and white matter adjacent to
the hippocampi to generate a linear regression of glutamate:NAA against fraction gray
matter, #=+0.48, p0.001 [Fig. 3(b) shows data from all 7= 10 volunteers and also shows
highlighted data from a single volunteer]. To get an estimate of how consistent the
regressions were individually, the mean R-value was determined at 0.63 + 0.19. The
predicted pure white and gray matter ratios of glutamate:NAA are 0.29 £+ 0.09 (95% CI) and
0.87 + 0.18 (95% CI) respectively. Correlation of glutamate concentrations against gray
matter directly gave R =+0.38, p0.001 [Fig. 3(c)], while NAA demonstrated a small
negative correlation with gray matter content (/R = - 0.25, p0.005). The concentrations of
glutamate in white and gray matter were projected at 3.7 = 1.1 and 8.8 £ 2.1mw,
respectively. As expected, Cr/NAA also demonstrated a significant correlation with gray
matter at #=+0.33, £0.001 (data not shown).

Figure 4 shows spectral data acquired from a patient with temporal lobe epilepsy. The data
acquired from the epilepsy patients (7= 5) are summarized in Table 3. These patients
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showed a significantly higher Cr:NAA, and lower NAA and glutamate concentrations from
locus 3 of the ipsilateral hippocampus. Creatine concentrations were not significantly
different between control and patient groups.

Discussion

The two-dimensional LASER sequence effectively provides homonuclear decoupling to
minimize J/modulation losses simultaneously with excellent localization and B;
insensitivity. This allows the use of longer echo times, which in turn provides for improved
water suppression and decreases contributions from macro-molecular resonances, which
substantively overlap the amino acid resonances.

Previously we reported the use of a Jrefocused coherence transfer approach to measure
glutamate in the /n vivo human brain (29). This earlier approach utilized a phase sensitive
transfer pulse which resulted in variable transfer efficiencies depending upon 5;
homogeneity and gradient performance, which could not be simultaneously compensated for
from all loci in a spectroscopic imaging study. Furthermore, the method required careful
phase optimization, lengthening the duration of the study. The present approach provides
effective reduction of +modulation that is relatively independent of B; homogeneity and
gradient performance. Measurement of glutamate is therefore much more consistent across
the imaging plane.

The quantified data arc in the same range as previously reported values of NAA, creatine
and ratios (30-33) measured in the hippocampus. We have determined that, in healthy brain,
the temporal lobe and hippocampus, white matter glutamate:NAA is less than half that seen
in gray matter. The quantitative analysis shows that this tissue type sensitivity is primarily a
result of the varying levels of glutamate (rather than NAA), showing glutamate at 3.7 + 1.1
mw (white), 8.8 £ 2.1 mwm (gray). The available human brain extract data have considerable
variability, depending on method, biopsy vs autopsy, and tissue types (glutamate levels
varying from 6 to 10 mw) (10, 11), but are consistent with our measurements. Considering
existing MR spectroscopic reports of hippocampal glutamate at high field, Schubert et a/.
(34) used single voxel PRESS at 3 T to report NAA levels of ~11 mw, similar to the present
data; however higher glutamate levels at 10.5 mw. Notably, Schubert et a/. also used multiple
quantum filtering to evaluate hippocampal glutamate, finding 8 mw levels, which is in more
agreement with the present data. These data are also in agreement with that of Kassem et al.
(35), who also used single voxel spectroscopy (1.7 cm?3) at 4T to report ~8 mu glutamate in
the posterior hippocampus (similar to loci 2-3 of Table 2).

As expected, the epilepsy patients showed a decline in NAA:Cr in the ipsilateral
hippocampus. Quantification relative to ambient cistern CSF and correction for tissue
volume demonstrated that the decline occurs in NAA rather than any large increase in
creatine, consistent with literature data (36). Given the decline in ipsilateral hippocampal
NAA, the epilepsy patients did not show any difference in glutamale:NAA ipsilaterally
compared with controls. In this small group the decline in glutamate appears to parallel that
of NAA, with ipsilaleral glutamate and NAA al 4.2 £ 1.3 and 7.1 + 0.7 mm compared with
6.0 £ 1.3 and 8.9 + 0.9 mw in controls respectively, yielding declines of approximately 30%
in glutamate and 20% in NAA. Notably, the present data show a more than doubling of
glutamate content between white and gray matter, emphasizing the importance of tissue
content determinations. For example, a priori, it is possible that the decreased glutamate
concentration in these patients is due to a decline in fractional gray matter. However in these
patients, the fraction gray matter from locus 3 was comparable to that of controls
(contralateral hippocampus, 51.8 + 6.3%; ipsilaleral hippocampus 47.4 + 7.3%; control 47.6
+5.3%).
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We may compare these data to other studies of glutamate in temporal lobe epilepsy. Simister
et al. (37) used short echo time spectroscopic imaging at 1.5 T to study 7= 20 temporal lobe
epilepsy patients (10 with normal hippocampi; 10 with hippocampal sclerosis) in
comparison to control, finding that while the glutamate + glutamine (GIx) level was elevated
in the group with normal hippocampi compared with control, the 10 patients with
hippocampal sclerosis had similar levels in Glx content lo control volunteers. This latter
comparison is closest to the present group of patients, in which Tour out of live patients
demonstrate lateralized abnormalities in structural MR imaging (‘MRI positive’ group,
showing hipppocampal atrophy and signal change, typical of hippocampal sclerosis, Table
1). The observation of larger Glx at 1.5 T may arise from the contribution of glutamate,
glutamine and possibly macromolecules to the GIx resonance, From the present data, and the
known role of glutamate as a key compound in intermediary metabolism, it may not be
surprising that we find declines in glutamate concentrations that parallel NAA, a measure of
mitochondrial function (38). However, what is of interest is the level of hippocampal
glutamate in the ‘“MRI negative’ (those TLE patients with normal hippocampi), as it is
possible that elevated glutamate levels contribute to hyperexcitability, as suggested by
Simister et al. (37).

By virtue of the suppression of Jmodulation, the modified two-dimensional LASER
sequence allows the excellent detection of glutamate at relatively longer echo times. The
sequence has minimal need for peak power and gradient optimization. We have
quantitatively implemented this approach in the healthy human hippocampus, reporting
metabolite concentrations that are within reported autopsy and biopsy values.
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Abbreviations used

Bo static magnetic field strength

Best effective radiofrequency field strength
BW bandwidth

CHESS chemical shift selective

Cl confidence interval

Ch choline

Cr creatine

CSF cerebrospinal fluid

FOV field of view

Glu glutamate

ISIS image selected /n vivo spectroscopy
LASER localization by adiabatic selective refocusing
MTS mesial temporal sclerosis

NAA N-acelyl aspartate

PRESS point-resolved spectroscopy

R correlation coefficient

SLR Shinnur-LeRoux pulse design algorithm
TE echo time

TR repetition time
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Figure 1.

Pulse sequence, including localization, water suppression and inversion recovery.
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Figure2.

(A) Simulation of two-dimensional LASER (left) and conventional double echo (right)
sequences for glutamate, performed at 4T. (B) Phantom spectra (glutamate, creatine, acetate)
showing retention of glutamate resonances, LASER (left), double spin echo (right). Timings
are indicated, In both (A) and (B), the brackets indicate the individual glutamate resonances.
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Figure 3.

(A) Hippocampal scout, definition of loci 1-5 (loci 2-4 including hippocampal tissue) and
indicated spectra from a healthy control. The outlined box indicates the large voxel
selection. The loci were consistently determined after manual definition of the midbrain
aqueduct (indicated by crosshairs) and the hippocampi. For the loci 4L and 4R, the spectral
analysis is shown with the fitted, original spectra and residual. The position of glutamate
(2.35 ppm) is indicated in the spectra. Regression plots of glutamate:NAA (B) and glutamate
concentration (C) with fraction of gray matter from the hippocampal and temporal region.
The solid symbols are data from a single volunteer (same volunteer in both ratio and
concentration plots).
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Figure4.

Hippocampal scout and spectra (locus 3) from a 38-year-old epilepsy patient. The seizure
lateralization is indicated on the patient scout image. The position of glutamate (2.35 ppm)
is indicated.
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Means and standard deviations for metabolite ratios and concentrations (mw) in healthy

Pan et al.
Table 2
human brain (see Fig. 3 for definition of loci)
Hippocampus
1 2 3 4

Cr:NAA 0.79+0.11 0.85+0.06 0.89 £ 0.06 0.93+0.16
Glutamate:NAA 0.62+0.16 0.69+0.08 0.64 £0.11 0.67£0.24
NAA 10.2+1.38 105+1.1 89+0.9 80+18
Glutamate 6.7+£22 77+13 6.0+£13 54+17
Creatine 88+1.6 99+12 87+10 84+21
Choline 25+05 39105 37106 35+0.8
Percentage gray matter 62 +7 54+5 485 61+5
Percentage CSF 21+5 18+6 74 8+3

NMR Biomed. Author manuscript; available in PMC 2013 May 20.



1duasnue Joyiny vd-HIN

Pan et al. Page 16

Table 3
Control ( =10) and epilepsy patients ( =5), evaluating locus 3, with means and standard
deviations for metaboliteratios and concentrations (mw)

Control Ipsi Contra
Cr:NAA 0.89+0.06 108+0084 0.98+0.0949
Gluiamale:NAA 0.64+0.11 056+0.10 0.58 +0.13
NAA 89+09 714074  85%12
Glutamate 60+13 42+1342 53+18
Creatine 87+1.0 85+13 9319
Choline 3.7+0.6 3.0+03 2707
Percentage gray matter 48+5 47+7 52+6
Percentage CSF 74 9+5 75

aSignificantly different from control, p0.05.
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