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An optimization of the PRESS sequence for magnetic resonance spectroscopy is presented to simulta-
neously detect the important brain metabolites of glutamate (Glu) and glutamine (GIn) at field strengths
of 1.5, 3,4.7, and 7 T. Standard, clinical examinations typically use short echo times which in general are
not ideal for the separation of Glu and GIn. The optimization procedure is based on numerical product
operator simulations to produce yield and overlap measurements for all possible practical choices of
PRESS inter-echo timings. The simulations illustrate the substantial modulations in Glu and Gln with field
strength. At all field strengths, the optimized timings demonstrate a significant reduction in overlap com-
pared to short echo PRESS, while maintaining a high metabolite signal, with Glu and GIn yields >90%
when excluding T2 relaxation losses. Minimal overlap was attained at 7 T (0.3% GIn contamination in
the Glu signal), and 4.7 T (1.2%). The optimized timings were applied in vivo on healthy volunteers at field
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1. Introduction

Proton nuclear magnetic resonance spectroscopy (MRS) is a
valuable tool to investigate the metabolic properties of the human
brain non-invasively. Most metabolites in the human brain are
coupled spin systems, and display a degree of spectral complexity,
with phase and multiplet height dependent on timing parameters.
These coupled spin systems have a narrow chemical shift range
leading to significant resonance overlap at clinical magnetic field
strengths. A particularly difficult quantification problem is that of
the separation of glutamate (Glu) and glutamine (GIn). The similar
chemical compositions of Glu, an important neurotransmitter, and
its inactive form, Gln, result in similar resonance frequencies and
spectral patterns, producing a large overlapping region at standard,
short echo timings and clinical field strengths. This overlap tends
to decrease the accuracy of the chosen fitting method, with a cor-
responding decrease in concentration accuracy [1].

Many spectral editing methods have been proposed to aid in
quantification of coupled spin systems, and Glu and Gln specifi-
cally, such as multiple quantum filtering and tailored pulses
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[2-6], subtraction spectroscopy [7-9], J-resolved methods [10],
and 2D spectroscopy [11,12]. With the exception of very simple
difference spectroscopy methods, these editing techniques require
specialized pulse sequences deviating from the standard PRESS and
STEAM, which may not be available on all clinical systems. In
addition, multiple quantum filtering in general does not provide
a complete spectrum due to the editing process and difference
spectroscopy requires rigorous post-processing schemes to correct
for frequency drifts and is susceptible to dynamic spectrometer
errors which may reduce the accuracy of the subtraction. The sim-
plest editing technique involves manipulating the timing parame-
ters of the particular spectroscopy sequence (TE1, TE2 — PRESS;
TEs, TM — STEAM) to produce different J-coupling evolutions and
reduce spectral complexity and/or overlap for the target metabo-
lite. No spectral information is lost and this method can be used
with standard sequences and processing schemes. In terms of the
Glu/Gln resonances, this method has been explored to a limited ex-
tent at multiple field strengths using the STEAM sequence [13,14],
and at 3 T using the PRESS sequence [15-17].

In this study, we explore the optimization of timing parameters
using a standard PRESS sequence in an effort to eliminate spectral
overlap between Glu and GIn at field strengths of 1.5, 3,4.7 and 7 T.
The emphasis of the study is the choice of asymmetric PRESS tim-
ings in order to detect Glu and Gln simultaneously. The parameters
were investigated first using theory and spin simulations, with
supporting in vivo experiments at 1.5 and 4.7 T.


http://dx.doi.org/10.1016/j.jmr.2009.12.002
mailto:jeff.snyder@uniklinik-freiburg.de
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr

J. Snyder, A. Wilman/Journal of Magnetic Resonance 203 (2010) 66-72 67

2. Methods

Glu and GIn are both strongly coupled five-spin systems and
can be characterized as AMNPQ using the Pople notation [18],
with the PQ resonance (protons attached to the fourth carbon)
typically being the target for quantification in vivo. The central
resonance frequencies for the PQ group are in the range of
2.33-2.35 ppm for Glu, and 2.43-2.45 ppm for GIn, with J-cou-
plings of —15.92 and —15.37 Hz for Glu and GIn [19], respectively.
The MN peaks, originating from protons attached to the 3rd car-
bon of Glu and GIn (with resonance frequencies occurring in the
range 2.03-2.13 ppm) are predominantly obscured by the strong
NAA singlet resonance originating at 2.01 ppm, and the compara-
ble resonant frequencies of the A peaks (second carbon protons
with frequencies of ~3.75ppm) strongly hinders Glu/Gln
discrimination.

The optimization method focuses on the PQ resonances and
takes into account two main parameters: yield of the PQ peaks
(area and height) and total overlap of Glu and GIn. In addition,
the reduction of the outer peaks of the PQ systems was investi-
gated similar to the method proposed by Trabesinger [20]. A selec-
tion of spectra produced by the most favourably predicted TE
points were inspected visually prior to decision on the ‘best’ opti-
mized timings.

2.1. Numerical simulations

Numerical simulations were performed to determine the re-
sponse of Glu and GIn to a standard PRESS sequence (90° — 5! —
180° —TEL _TE2_ 180" —TE2 _ ACQ, TE1 = first echo time, TE2 = sec-
ond echo time), using an in-house spin simulation program [16]
(other programs are available [21]) that incorporates chemical
shifts, coupling constants, and strong coupling effects for each
metabolite. The numerical simulation program has been verified
experimentally with results shown previously in [2,16,22-27]. The
program segments the sequence into individual, time-independent
Hamiltonians characterized as a radiofrequency (RF) pulse, gradient,
or time delay. Following each segment in the sequence, the density
matrix was calculated and used as the starting point in subsequent
segments, with the production of a half echo (sampled transverse
magnetization following TE) as the endpoint. In the case of ampli-
tude modulated soft pulses, the pulse was further divided into small
pieces, each encompassing a small time period relative to the full
pulse, and each having an individual Hamiltonian. The small time
period of each piece allowed the use of time-independent Hamilto-
nians, and the effects of chemical shift and J-coupling were included
in each pulse piece. The complete evolution of the density matrix
due to the soft pulses was achieved by summation of the effects over
each piece.

The simulations were conducted for all practical values in TE
space. TE space is defined as a rectangular grid, with coordinates
of TE1 and TE2 corresponding to the Cartesian coordinates of y
and x, respectively. The total echo time of the PRESS experiment,
TE, is therefore a combination of these two coordinates (TE =
TE1 + TE2). The included values of TE1 and TE2 were contained
in the range of 10-205 ms. For each time point, spectra for Glu,
Gln and GIx (Glu + GIn) were produced, with the Glx spectrum
comprised of a 3:1 Glu:Gln physiological concentration ratio
[28,29]. TE space area and peak height maps were produced for
the PQ resonances of Glu and Gln to determine the regions of max-
imum signal yield. At short TE, each PQ resonance is composed of a
multiplet with decreasing peak amplitude from its center. In an ef-
fort to minimize the overlap, peak height and area maps were also
produced for each detectable peak in the PQ multiplet to investi-
gate possible reductions in the amplitude of adjacent Glu and

Gln outer wings — essentially collapsing the multiplet into a singlet
[14]. At each time point in TE space, the contributions of Glu and
Gln to the total GIx signal were calculated in the 2.0-2.6 ppm
range, as well as the total amount of overlap in set regions
determined by the frequencies of the collapsed Glu and GIn and
short-echo spectra. Based on these criteria of yield and overlap,
the optimal time point was chosen. As a final validation, a select
number of spectra in the range of the optimized timings were in-
spected visually. The entire process was repeated for field
strengths of 1.5, 3, 4.7 and 7 T. Short echo time spectra were also
calculated for Glu and GIn (symmetric PRESS, TE1 = TE2 = 15 ms)
to compare to the optimized results, and demonstrate the metab-
olite overlap at the four field strengths.

2.2. In vivo experiments

Single voxel spectroscopy experiments were performed on
healthy volunteers giving informed consent using the optimized
PRESS timings chosen from the simulation at 1.5 and 4.7T. A
2 x 2 x 2 cm> voxel was placed in parietal grey matter to maxi-
mize the Glu concentration [28], with the power calibrated to pro-
duce maximum signal from the water peak for the voxel. Other
sequence parameters included 256 averages, and a repetition time
of 1500 ms, resulting in a total acquisition time of 6 min, 24 s.

The 4.7 T experiments were performed using a Varian INOVA
whole body MRI system, equipped with a 4 kW RF amplifier, a
maximum gradient strength of 35 mT/m and maximum slew rate
of 117 T/mxs. A quadrature, 16-element birdcage head coil was
used for transmission and reception. A Siemens Sonata equipped
with a 15 kW RF amplifier, 40 mT/m gradient set and slew rate of
200 T/m=xs was used for the 1.5 T experiments. The 1.5 T system
used a body coil for transmission and a single head coil for
reception.

3. Results
3.1. Parameter optimization

Fig. 1 displays the Glu and GIn short echo time (TE = 30 ms) sym-
metric PRESS simulation spectra for the four different field
strengths. The structure of the PQ multiplet is not readily realized
at 1.5 T due to the obstructing MN resonances. However, at higher
field strengths (3 T and greater), it is apparent that each PQ reso-
nance has three main peaks at the chosen broadened linewidth of
3 Hz. The high degree of overlap between the MN and PQ groups
at 1.5 T also prohibits the separate resolution of Glu and Gln at a
short echo time of 30 ms. Discrimination between Glu and Gln in
the 3 and 4.7 T spectra may be possible, as both Glu and GIn
multiplets include non-overlapping peaks in the PQ region
(2.3-2.6 ppm). At 4.7 T, the PQ peaks suffer only minimal overlap.
In Fig. 1d, the same spectra are shown for a field strength of 7 T, illus-
trating the near complete resolution of the Glu/GIn PQ multiplets. It
should be noted that the linewidths used in the simulations may not
be obtainable in vivo and the spectra are for comparison only.

[llustrations of the lineshapes of the PQ Glu and Gln multiplets
at different points in TE space are shown in Fig. 2 for 3 (a)and 4.7 T
(b). For Glu, the central peak retains a positive height with varying
amplitude for almost all of TE space (see also Fig. 3b and c¢) while
the two outer peaks fluctuate between negative and positive val-
ues. The three peaks in the GIn multiplet all fluctuate between po-
sitive and negative heights. It should be noted that the appearance
of the spectra return to the approximate shape of the short echo
case in the range of TE = 110 ms to TE = 140 ms. This agrees in gen-
eral with the 27/ A periodicity for a strongly coupled spin system
shown in [20], with the strong coupling frequency, A, defined as:
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Fig. 1. Simulated short echo time (TE =30 ms) symmetric PRESS spectra of Glu
(solid line) and GIn (dashed) at field strengths of (a) 1.5T, (b) 3T, (c) 4.7 T, and (d)
7 T. All spectra were line broadened to 3 Hz. Relaxation effects are not included. The
spectra are not to scale.

A =/ (TAVY? + (T))%, (1)

where Av is the chemical shift difference (Hz) and J is the coupling
constant (Hz) for the PQ group. A complete analytical description of
the height variation for all peaks in the Glu and Gln PQ multiplet,
also investigated based on the method in [20], is not possible based
solely on a strongly coupled two spin approximation due to the
dependency of PQ peak modulations on the entire AMNPQ system.
However, it is evident in the numerical approach shown that spec-
tra from several TE space time points show favourable lineshapes
allowing the possible separate detection of Glu and GlIn.

Fig. 3 shows the yield of Glu as a TE space map of the central PQ
peak height. The values are normalized to the short echo PRESS
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case (TE1 =TE2 =10 ms). At all field strengths, the greatest peak
heights (besides the short echo case) are found approximately on
the TE = 110 ms diagonal line. This is also apparent in the spectra
shown in Fig. 2. Consequently, the best yield should occur roughly
near TE=110ms, and is used in subsequent spectral overlap
reduction experiments as an initial condition. Similar maps were
produced for GIn (not shown) with maximum yield occurring at
similar TEs as Glu.

The lineshape analysis and TE space simulation maps provided
an initial starting point for Glu and GIn detection in the PQ region
(2.3-2.6 ppm). At each field strength, the extent (range in fre-
quency) of Glu and GIn was determined from the short TE spectra
and select longer TE spectra, generally those conforming to simpli-
fied lineshapes (i.e. along the constant TE line of ~110 ms shown in
Fig. 2). Amain intersection point between Glu and Gln was defined,
yielding two specific regions: (1) a Glu dominant region with GIn
contaminants, and (2) a Gln dominant region with Glu contamina-
tion. For each of the half echoes (1600) acquired from the simula-
tions, the contribution of Glu in region 1 and GIn in region 2 was
calculated as an area fraction of the total signal per region (GIx).
To obtain a value reflecting the amount of overlap in the two re-
gions, the fractions were averaged. These values were then plotted
in modified TE space maps, displaying an estimation of the total
overlap between Glu and GIn (Fig. 4). A value approaching 1 in
the maps denotes complete resolution (no overlap).

At 1.5 T (Fig. 4a), only a small region in TE space provides a signif-
icant reduction in the amount of overlap, and occurs approximately
along parts of the constant TE line (diagonal in the TE map) of
110 ms, about 20 ms less than 27t/ A (Glu - 126 ms; Gln - 130 ms).
Asimilar trend is also seen for the maps at other field strengths, with
increasing reduction in overlap with higher field, and a slight ten-
dency to a reduction in the constant TE line value, roughly mirroring
the decrease of the strong coupling period (27/A) with increasing
field. At 7 T (Fig. 4d) many points in TE space offer substantial reso-
lution of the PQ groups. At moderate high fields of 4.7 T and espe-
cially 3 T, a wide range of overlap values is possible, and therefore
careful choice of TE1 and TE2 is essential to Glu/Gln resolution.

In total, the data presented in Figs. 2-4 were used to determine
the best timings. A small number of spectra which appeared opti-
mal from both the overlap and peak height TE maps were in-
spected visually and the final optimized time points were chosen
to obtain the least possible Glu/Gln overlap while maintaining
large yield and relatively simple lineshapes of the PQ peaks.

The simulated Glu and Gln spectra at the optimal timings deter-
mined are shown in Fig. 5a-d for 1.5, 3, 4.7 and 7 T, respectively.
Each plot contains the Glu (dashed line) and GIn (dotted) spectrum,

WAL,
130 th _,JUK.A\/\( M,,mk
100 JL_JL “NL‘J\( \/H,'—A
AL Ly L

TE1 (ms)

7

3’

4

s
ER)
k=
i
7
-

TE2 (ms)

Fig. 2. Simulated spectra at different combinations of TE1 and TE2 for (a) 3 T and (b) 4.7 T. The chemical shift range for each spectrum is 2.25-2.55 ppm to focus on the PQ
multiplets of Glu (black) and GIn (grey). All spectra have been line broadened using a 3 Hz exponential filter.
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Fig. 3. Intensity maps of the central peak height of the Glu PQ multiplet in TE space at field strengths of (a) 1.5T, (b) 3 T, (c) 4.7 T, and (d) 7 T. The yields are presented as a

fraction of that obtained for a short (TE1 = TE2 = 10 ms) PRESS experiment.
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Fig. 4. TE space maps reflecting the fraction of overlap of the Glu and GIn PQ multiplets. The intensity is normalized such that a value of 1 indicates no overlap, while 0 is
complete overlap. The maps correspond to field strengths of 1.5, 3, 4.7 and 7 T shown in (a)-(d), respectively.

and the resultant Glx (solid). The shaded regions correspond to the
PQ regions calculated from the simulation to be predominantly Glu
(right box, region 1) and GlIn (left box, region 2). The signal compo-
sition was then recalculated in these two regions to determine the
extent of Glu/Gln discrimination. Table 1 shows the percentage

yield for each metabolite comprising the total GIx signal in each
of the highlighted regions.

In Fig. 5a, the optimal timings for the PRESS experiment were cal-
culated to be TE1 = TE2 = 55 ms for 1.5 T. Considering the appear-
ance of the short TE spectra in Fig. 1a, the optimization of the
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Fig. 5. Simulated spectra at optimized timings for Glu (dashed line), GIn (dotted
line) and the resultant GIx (solid line) for (a) 1.5T, (b) 3 T, (c) 4.7 T and (d) 7 T. The
shaded region denotes the area where the overlap between Glu and GIn is
computed, with Glu and Gln PQ ranges determined prior to the calculation.

timing parameters have offered a drastic improvement in resolu-
tion. GIn has the most contamination from Glu at this field strength,
with 31% of the total signal composed of Glu in the GIn region. The
intersection at 2.4 ppm of Glu and Gln almost extends to the base-
line, and may improve the accuracy of a fitting routine. At 3T
(Fig. 5b), the timings as determined from the simulation were
TE1 = 30 ms, and TE2 = 85 ms. These simulations show an improve-
ment in signal composition in the two regions, although the inter-
section of the Glu and GIn lines is not as sharp as at 1.5 T. The

Table 1
Metabolite area composition for Glu and Gln at 1.5, 3, 4.7 and 7 T%

Region 15T 3T 47T 7T
Glu Gln Glu Gln Glu Gln Glu Gln

Glu (1) 83.5 16.5 89.6 10.4 98.8 12 99.7 0.3
Gln (2) 31.0 69.0 22.0 78.0 4.2 95.8 4.1 95.9

2 Values presented are expressed as a percent of the total GIx area.

overlap has virtually been eliminated at 4.7 T, with Glu and Gln per-
cent compositions of 98.8 and 95.8 in their respective regions. The
timings for the 4.7 T simulations were determined to be TE1 = 20 ms
and TE2 =90 ms. At 7 T, the optimized timings were TE1 = 20 ms
and TE2 = 85 ms. Although a minor decrease in overlap can be noted
for the results at 7 T, it is not a significant change compared to that
from 3 to 4.7 T. The intersection of the collapsed multiplets appears
near the baseline at4.7 T (Fig. 3c) and the increase in field strength to
7 T merely shifts the Glu and GIn peaks further apart, which may be
beneficial at broader linewidths. The results indicate that the best
reduction in signal overlap should occur at 7 T, with minimal con-
tamination; however, nearly identical results are apparent at 4.7 T.

The calculated peak height yields for Glu and GIn at the optimized
timings are given in Table 2. Both Glu and GIn show increasing yield
with field strength. Results of the peak height measurement for 1.5 T
may also include some contribution from the MN resonances. The
yields are expressed as a percentage of the peak height obtained
for the short echo symmetric PRESS case of TE = 20 ms.

3.2. In vivo experiments

The in vivo data are shown in Fig. 6 for (a) 1.5T and (b) 4.7 T
using the optimized timing parameters. The theoretical line shapes
for Gln and Glu are also shown below the acquired spectra. The res-
olution shown for the simulated spectra in Fig. 6a is not apparent
in the in vivo spectra, due to the large linewidth at 1.5 T, leading
to a significant overlap (grey box in 6a), and therefore the expected
possibility of discrimination is not realized. The increased resolu-
tion in the 4.7 T experiment allows the overlap to be minimized
similar to the simulations. The theoretical lineshapes agree with
the in vivo spectrum, and therefore cross-contamination between
the two is expected to be minimal as predicted.

4. Discussion

The main value of this work was the demonstration that opti-
mized timings could be generated at all field strengths from 1.5
to 7 T to provide significant improvement in signal yield and over-
lap minimization compared to short echo time spectra for the
detection of Glu and GIn in the PQ range (2.3-2.6 ppm). This work
may be used to determine best PRESS timings, but also to illustrate
the significant field strength dependencies of these strongly cou-
pled systems, which include dependencies on total echo time,
PRESS asymmetry and multiplet shape. The timings were chosen
to minimize the intensity of the outer peaks of each PQ multiplet,
effectively reducing the contamination of Glu in the Gln region and
vice versa. The complexity of the Glu and Gln AMNPQ systems pre-
vented a direct, analytical approach to reducing the outer peaks of

Table 2
Calculated peak heights (yield) of Glu and GIn at optimized timings as a percentage of
the short echo time PRESS signal (TE1 =TE2=10ms) at 1.5,3,4.7 and 7 T.

15T 3T 47T 7T
Glu 28.2 83.7 107.9 113.6
Gln 40.0 90.0 92.0 93.6
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Fig. 6. In vivo spectra acquired at optimized timings determined from the
simulation at a field strength of (a) 1.5T (TE1=TE2=55ms), and (b) 47T
(TE1 =20 ms, TE2 =90 ms). The simulated spectra for Glu and GIn are shown
below. The overlap of the two simulations is shown as a grey box in (a). Other
sequence parameters included a voxel size of 8 cm®, TR=1500ms, and 256
averages.

the PQ multiplet, instead full numerical simulations were
necessary.

As expected, the overlap was the least at 7 T, with only a 0.3%
and 4.1% cross-contamination for Glu and Gln, respectively. How-
ever, the results at 4.7 T were similar, with only a greater separa-
tion between the PQ peaks appearing at 7 T. The results at 4.7 T
showed good lineshape agreement between numerical simulations
and experiment. The optimized timings also provide less spectral
overlap than those at standard, clinical short echo times (Fig. 1),
even at triple the linewidth (9 Hz). At 1.5 and 3 T, distinction be-
tween Glu and Gln becomes more difficult, although Glu can be
visualized at 3 T with only 10% contamination (Table 1). Previous
work on PRESS optimization at 3 T [15] illustrated good Glu SNR,
with a large uncertainty in the Gln concentration. At 1.5 T, discrim-
ination is more difficult; however, the distinct intersection of Glu
and Gln (Fig. 5a) may prove useful if experimental line broadening
can be reduced further through improved shimming.

In addition to the reduction in spectral overlap, the quantifica-
tion of Glu and GIn also requires accounting for macromolecular
contamination [30], which has been shown to decrease the reliabil-
ity of reported concentrations [31]. Other metabolites may also
overlap Glu and Gln at the optimized timings, particularly y-ami-
nobutyric acid (GABA) with Glu (2.28 ppm) and aspartyl reso-
nances with Gln (2.5-2.65 ppm). A similar investigation including
all overlapping metabolites in the Glu/GIn range could be per-
formed to increase the in vivo applicability. The simultaneous
detection of Glu, Gln and GABA was previously reported for a
STEAM sequence at 4 T [13]. Also, the effects of field strength on
the Glu/GIn yields with the STEAM sequence have been investi-
gated [14]. While the STEAM sequence can produce good results,
it will generally have a reduced SNR when compared to PRESS.

In conclusion, this work has illustrated the significant modula-
tion of Glu and GIn with field strength, and the need for careful
choice of timing parameters to ensure minimal overlap and high
yield in PRESS spectroscopy.
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