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Abstract

A proton spectral editing pulse sequence for the detection of metabolites with spin systems that involve weak coupling is presented.
The sequence is based on homonuclear polarization transfer incorporated into the standard PRESS (Point RESolved Spectroscopy)
sequence, which is a volume-selective double spin echo method, to enable spatial localization. All peaks in the region of interest are ini-
tially suppressed whether they are peaks from the target metabolite or from contaminating background. The target signal is then restored
by polarization transfer from a proton that has a resonance outside the suppressed region and to which the target spins are weakly cou-
pled. This is achieved by the application of a 90° hard pulse with phase orthogonal to that of the PRESS excitation pulse at the location
of the first echo in PRESS and by optimizing the two PRESS timings, TE; and TE,, for most efficient yield. Background signal not cou-
pled to any protons outside the initially saturated region remains suppressed. The advantage of this sequence compared to multiple quan-
tum filters is that signal from singlet peaks outside the suppressed area are preserved and can thus be used as a reference. The efficacy of
the sequence was verified experimentally on phantom solutions of lactate and glutathione at 3.0 T. For the 4X5 spin system of lactate, the
sequence timings were optimized by product operator calculations whereas for the 4 BX spin system of the cysteinyl group of glutathione

numerical calculations were performed for sequence timing optimization.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Multiple quantum (MQ) filters [1] and J-difference edit-
ing [2] are two common techniques employed in in-vivo
proton spectral editing to reveal metabolites hidden or con-
taminated by large resonances from water, lipids, or
uncoupled spins in brain. The method of J-difference edit-
ing relies on the subtraction of alternate scans and is thus
susceptible to artifacts arising from motion and hardware
instabilities. The MQ filter approach, when combined with
a single-shot localization sequence, is less susceptible to
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such artifacts. The PRESS sequence [3] is often the locali-
zation method of choice because of its ability to perform
three dimensional localization in a single scan and because
MQ filtering pulses and gradients can be ecasily integrated
into the body of the sequence [4]. PRESS-based double
quantum (DQ) filters have been proposed for the detection
of a number of target metabolites in in-vivo magnetic reso-
nance spectroscopy (MRS) because of their ability to sup-
press signal from uncoupled spins [4-11]. On the other
hand, the suppression of all singlet resonances in a spec-
trum is a disadvantage because the peaks from uncoupled
spins such as from N-acetyl aspartate (NAA) at
2.01 ppm, creatine (Cr) at 3.02 ppm, or choline (Cho) at
3.2 ppm can act as an internal phase, frequency, and con-
centration reference. Methods of obtaining singlet data
have been suggested whereby a separate free induction
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decay (FID) is acquired in the same scan after acquiring the
MQ filtered signal [12,13]. However, this involves imple-
menting additional radiofrequency (RF) and gradient
pulses following the MQ filter acquisition period to render
the signal from uncoupled spins observable. Furthermore,
correction factors are required to take into account the
additional T, decay experienced by the singlet signal in
the method of Ref. [13] or the amount of singlet longitudi-
nal magnetization available for excitation after the MQ
filter part of the sequence in the method of Ref. [12].
Star-Lack and Spielman designed a zero quantum filter
to enable the measurement of signal from lactate and sing-
lets in the same acquisition [14] while simultaneously
suppressing the contaminating lipid signal. This was
achieved by means of carefully tailored frequency selective
MQ filtering RF pulses and appropriate filter gradients
both of which perform together to pass through zero quan-
tum CHj3 Lac signal while creating a stimulated echo for Cr
and Cho [14].

In this work we describe an alternative PRESS-based
sequence that allows the simultaneous detection of desired
singlets and coupled spins while suppressing overlapping
background signal. The method does not involve frequency
selective pulses or MQ filter gradients but is based on the
concept of homonuclear polarization transfer and simply
requires the implementation of an additional pulse to the
basic PRESS sequence. Homonuclear polarization transfer
has been employed previously in sequences designed for in-
vivo applications. In particular, the two dimensional tech-
nique COSY [15], correlation spectroscopy, based on coher-
ence transfer has been incorporated into modified versions
of PRESS to permit spatial localization [16-18]. Homonu-
clear polarization transfer has also been exploited in one
dimensional spectroscopy. The HOPE sequence is a sub-
traction technique that was designed for lactate editing
and it achieves homonuclear polarization transfer by an
altered PRESS sequence that consists only of 90° RF pulses
[19]. Another one dimensional sequence involving polariza-
tion transfer is the elegant approach of Ref. [20] for the
simultaneous detection of y-amino butyric acid (GABA)
and NAA. The method is based on presaturation, homonu-
clear polarization transfer, and the concept of subjecting
certain spins (GABA at 3.01 and 1.9 ppm, and NAA at
2.01 ppm) to three refocusing pulses (two of which are slice
selective). We present here a method similar to that of Ref.
[20]; namely, a spatially-localized homonuclear version of
the heteronuclear refocused INEPT sequence [21]. The effi-
cacy of INEPT like homonuclear polarization transfer for
observing Lac at 1.3 ppm while suppressing the overlapping
lipid signal in a single scan has been previously shown [22],
following which the method was combined with a stimu-
lated echo volume-selective spectroscopy (VOSY) sequence
to incorporate spatial localization [23]. The objective of this
work is to demonstrate how the technique of Ref. [22] can
be incorporated into the more commonly used PRESS
sequence. The proposed sequence involves the application
of a 90° pulse with phase orthogonal to that of the excita-

tion pulse at the location of the first echo in PRESS and
can easily be implemented on a clinical scanner. Initially,
all signal in the region of interest (target signal and back-
ground signal to be eliminated) is saturated; the desired res-
onances are then retrieved via homonuclear polarization
transfer from spins to which the target spins are weakly J-
coupled while any background signal from protons not cou-
pled to spins outside the suppressed region remains unob-
servable. We first verify the efficacy of the sequence in
phantoms on the 4X3 spin system of Lac, after which we
show that the applicability of the sequence is not limited
to weakly coupled 4X, AX,, or AX3 spin systems but can
also be applied to spin systems in which the target spins
are not magnetically equivalent so long as they are weakly
coupled to a common spin (or spins) outside the initially
suppressed spectral region. This is illustrated in phantoms
with the ABX spin system of the cysteinyl group of glutathi-
one (GSH). The AB resonance (2.92-2.97 ppm) of the cys-
teinyl group of GSH has been found to be the most suitable
for detection of GSH by 'H MRS [24]. In this paper, the fea-
sibility of employing the proposed sequence for the simulta-
neous detection of GSH and suppression of the intense
overlapping Cr resonance (3.02 ppm) is demonstrated. Both
glutathione (GSH) and lactate (Lac) have been previously
targeted for detection by MQ filters [10,11,14,24,25] and
they are both of relevance in the study of tumours and their
response to therapy [26,27] among other pathologies.

2. Theory

The modified PRESS sequence which we term PT-
PRESS (Polarization Transfer PRESS) is displayed in
Fig. 1. To understand the mechanism of the sequence, con-
sider simple AX, AX,, and AX; weakly coupled, proton
spin systems. Prior to the PRESS excitation pulse, the sig-
nal from the target spins, X, and any overlapping peaks are
saturated while the A spins are left unperturbed. Using
product operator calculations, the evolution of spin A4
under the effect of the RF pulses (assumed to be ideal)
and the scalar coupling interactions taking place during
the time delays in the sequence can be calculated. To sim-
plify calculations, the chemical shift evolution and its refo-
cusing by the 180° pulses is ignored. The evolutionary
terms are derived using standard transformations under
RF pulse and scalar coupling Hamiltonians [15]. For an
AX spin system, if we start with longitudinal 4 magnetiza-
tion, the outcome of the sequence includes in-phase obser-
vable X magnetization given by —Xy sin (nJ,yTE;)
sin(nJ 4xTE;), the yield of which is a maximum (100%)
when 7J,TE; = nJ,xTE, =%, implying TE, =TE, =
ﬁ‘ Essentially, the delay TE; is set to maximize the
antiphase coherence state 4 yX» which is then transformed
into antiphase X magnetization, AzXy, by the 90; pulse.
The delay TE, is set such that the antiphase X coherence
state evolves into maximum in-phase X magnetization.
Thus the signal from spin X can be retrieved, after being

initially suppressed, from the magnetization of the A4 spin
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Fig. 1. Schematic diagram illustrating the modified PRESS sequence where essentially a 90° pulse with phase orthogonal to that of the PRESS excitation
pulse is applied at the location of the first echo. The delays TE; and TE, are optimized for most efficient signal yield.

to which it is weakly coupled. Any background signal from
protons not coupled to spins outside the initially saturated
region remains suppressed. In addition, because the phase
of the additional pulse is the same as that of the uncoupled
spins outside the target region, the signal from those
uncoupled spins remain unaffected by the pulse. Thus all
singlet peaks outside the initially suppressed region are
retained.

Similar product operator calculations can be carried out
for AX, and 4 X3 spin systems. For AX, spin systems, it can
be found that the final in-phase X signal is given by
_(Xl yT Xzy) SiIl(TCJAXTEl) COS(TCJAXTEI) Sil’l(TEJAxTEz).
The maximum yield of X spins from this sequence is 50%
and is achieved when TE, = ﬁ and TE, = ZJ%X For
AX5 spin systems, the in-phase X signal at the onset of
acquisition is given by —(X;y+ Xoy+ X3y) sin(nJ 4xTE)
cosX(nJ 4 xTE;) sin(nJ 4xTE,) from which it can be deduced
that the maximum obtainable in-phase X signal is ~38.5%
when TE; ~ 2 and TE, = 57—

. AX ax°

For spin systems that also involve strongly coupled
spins, such as the ABX spin system of the cysteinyl group
of GSH, product operator calculations increase in com-
plexity [28] and a numerical approach for optimizing the
sequence timings is more convenient.

3. Methods
3.1. Numerical

To optimize the timings of the sequence shown in Fig. 1
for the detection of GSH at 3.0 T a MATLAB program
specifically addressing the ABX spin system of GSH was
implemented to perform density matrix calculations of
the spin system in response to the sequence. Chemical shift,
scalar coupling, and RF field interactions were taken into
account. Ideal refocusing pulses were assumed and relaxa-
tion was ignored. The number of sampling points and spec-
tral width used to simulate the acquisition period were the
same as the experimental values. The chemical shift (6) and
scalar coupling constants (J) were obtained from Ref. [29]
and are as follows: §,4=2.9264 ppm, 5z =2.9747 ppm,

5X: 4.5608 ppm, JAX: 7.09 HZ, JBX: 4.71 HZ, and JAB =
—14.06 Hz. In order to simulate the saturation of the 4B
spins prior to PRESS excitation, the initial density matrix
was set equal to the longitudinal magnetization of the X
spin only, /., instead of equal to the sum I, + 1z, + 1z, .
To estimate the amount of GSH signal contamination
from the GABA triplet at 3.01 ppm a separate program
was implemented to carry out the same calculations for
the weakly coupled A,M,X, spin system of GABA.
The following constants were used [29]: 6,45, = 3.0128
ppm, 5M1,2 = 1.889 ppm, 5X1,2 =2.284 ppm, JA]M] =15.372
HZ, JA1M2 =7.127 HZ, JA2M1: 10.578 HZ, JA2M2 = 6.982
HZ, JMIXI =17.755 HZ, JMIXZ =7.432 HZ, JMZX] =6.173
Hz, and Jy;x = 7.933 Hz. The initial density matrix was
set equal to the longitudinal magnetization of the M and
X spins to simulate the saturation of the A spins in
PT-PRESS.

3.2. Experimental

Experiments were conducted with a 3 T Philips Intera
scanner and a transmit/receive birdcage head coil. A
50 Hz bandwidth hyperbolic secant inversion pulse was
employed for water suppression with an inversion recovery
delay of approximately 1100 ms. A small bandwidth was
selected for the water suppression pulse to avoid exciting
the A resonance of the 4X3 spin system of Lac and the X
spin of the ABX spin system of GSH which resonate at
approximately 4.1 and 4.56 ppm, respectively. It was exper-
imentally verified that the inversion pulse had negligible
effect on spins resonating at frequencies that deviated by
more than 28 Hz from the frequency at which it was
applied. In our GSH phantoms, the resonance frequency
of the X spin of the GSH cysteinyl group was 31 Hz below
that of water. To ensure that it was not affected by the
water suppression pulse, the pulse’s frequency was set to
a value 5 Hz higher than that of the water resonance, safely
excluding the X spin of GSH from the pulse’s bandwidth.
Suppression of the target region was carried out by a
CHESS suppression sequence [30] consisting of three 90°
sinc-Gaussian pulses of duration 10.7 ms and bandwidth
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200 Hz. Each pulse was followed by a dephasing gradient
of duration 10 ms and strength 10 mT/m; the directions
of the three gradients were orthogonal to each other. The
offset frequencies of the CHESS pulses were set at
1.3 ppm and 2.95 ppm, for Lac and GSH editing, respec-
tively. The slice selective PRESS sinc refocussing pulses
(bandwidth ~930 Hz, length ~10.3 ms) were designed to
minimize the spatial extent of the tip-angle transition
region. The PRESS pulses were applied in conjunction with
gradients such that a 2 x 2 x 2 cm® voxel was selected. Spoi-
ler gradients of length 2.45 ms and strength 10 mT/m were
applied prior to and after the refocussing pulses in three
orthogonal directions. The additional 90° pulse that per-
formed the polarization transfer was a 300 ps rectangular
pulse. The offset frequency of this pulse was set at 2.7
and 3.8 ppm, for Lac and GSH editing, respectively. For
optimal polarization transfer it is important that the phase
of the hard pulse be orthogonal to that of the PRESS exci-
tation pulse. Spatial localization alters the relative phases
of the two pulses [6,24,31]; therefore, the phase of the pulse
was varied in increments of 10° until the Cr signal (or
desired singlet resonance) reached a maximum. At this
point orthogonality between the phase of the additional
90° pulse and that of the PRESS excitation pulse had been
achieved. It was verified that changing the phase of the
editing pulse by 90° from the optimum phase resulted in
a zero passage for the singlet peak intensity. To minimize
signal contributions from outside the voxel of interest as
a result of the polarization transfer pulse, it was found that
for the in-vitro experiments presented here it was sufficient
to alternate the phase of the PRESS excitation pulse and
that of the receiver between +x. However, to make the
sequence more suitable for an in-vivo setting, a four step
phase cycling scheme was implemented where the phase
of the PRESS excitation pulse and that of the receiver
rotated through {x, y, —x, —y} while the editing pulse
cycled through {y, —x, y, —x}. In addition, the sequence
was preceded by an outer volume suppression module
which involved the excitation and dephasing of signal from
six 30 mm slabs surrounding the voxel along the +x, £y,
and +z directions.

The efficacy of the sequence was verified on four differ-
ent 6 cm diameter spherical phantoms of pH =7. The first
phantom contained 10 mM Cr and 30 mM Lac; the second
sphere was 70% filled with a solution of 10 mM Cr, 50 mM
Lac. The remaining upper portion of the sphere contained
canola oil. The third phantom consisted of 10 mM sodium
acetate and 50 mM GSH, while the fourth one had the
same constituents as the third with the addition of
15 mM Cr. To examine the integrity of spatial localization,
a double compartment phantom consisting of two concen-
tric spheres was used. The inner 6 cm diameter sphere was
filled with approximately 10 mM Cr and 2.7 mM Cho,
while the outer volume enclosed by a 9 cm diameter sphere
was filled with 20 mM sodium acetate. All chemicals were
purchased from Sigma-Aldrich Canada. Spectra were
acquired in 32 averages, preceded by four dummy scans,

with a repetition time of 3 s; 2048 complex data points were
sampled at a frequency of 2500 Hz. For the detection of
Lac by PT-PRESS, TE, = JOT =28.8 ms (J,y=6.93 Hz)
and TE, = 2/%1)( = 72 ms as discussed in Section 2 for an
AX; spin system. For the ABX cysteinyl group of GSH,
the optimum timings were numerically calculated to be
TE; ~ 40 ms and TE, ~ 30 ms (see Section 4).

All signal ratios quoted in this work were measured by

relative areas.
4. Results
4.1. Lactate editing

Fig. 2(a-b) displays spectra acquired from the phan-
tom containing 10 mM Cr and 30 mM Lac. The top
spectrum was obtained with a standard PRESS sequence
where {TE;, TE,} ={72ms, 72 ms} to give a negative
Lac doublet. Fig. 2(b) shows the spectrum acquired with
PT-PRESS with timings optimized for Lac editing via
polarization transfer and with CHESS suppression of
the 1.3 ppm region. The Lac signal is effectively retrieved
with minimal effect on the Cr singlet peaks (=90% of the
Cr signal is retained). Assuming ideal RF pulses, product
operator calculations predict that the area of the Lac
doublet will be at its maximum but inverted when the
total echo time is 144 ms (ﬁ) and that the area of the
edited doublet in Fig. 2(b) will be about 38.5% of the
inverted doublet area (see Section 2); however, the ratio
of the areas is approximately 66%. This is most likely
due to the fact that the response of Lac to PRESS devi-
ates from behavior predicted by product operator calcu-
lations as a result of spatial interference effects as termed
by Ref. [32]. The signal yield of Lac in response to
PRESS and therefore to any PRESS-based sequence such
as PT-PRESS can suffer as a result of the spatially selec-
tive RF pulses and the large chemical shift difference
between the two weakly coupled resonances of Lac
(=360 Hz at 3 T) which give rise to a relative shift in
the location of the voxels of the 4 and the X spin
[32,33]. Increasing the bandwidth of the RF pulses can
reduce these spatial offsets. This is illustrated by spectra
(Fig. 2(c—d)) acquired from the same phantom with a
PRESS sequence consisting of 750 us rectangular pulses
and no spatial localization gradients. Signal was acquired
from the entire 6 cm diameter spherical phantom and the
increase in the ratio of Lac to Cr signal in both the
PRESS and PT-PRESS spectra is evident. Furthermore,
the area of the Lac peak acquired with PT-PRESS is
approximately 34% of that acquired with PRESS which
agrees closely with the predicted value obtained by prod-
uct operator calculations (38.5%).

Fig. 3 demonstrates the efficacy of the sequence in sup-
pressing unwanted overlapping signal from lipids (canola
oil). All spectra were acquired with PRESS timings {TE;,
TE,} = {28.8 ms, 72ms} from a phantom containing
10mM Cr, 50mM Lac, and a layer of canola oil.
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Cr {TE,TE;} = {72 ms, 72 ms}
Lac
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Fig. 2. Spectra (a—b) are from a 2 x 2 x 2 cm® voxel of a 10 mM Cr/30 mM Lac phantom acquired with (a) PRESS, {TE;, TE,} = {72 ms, 72 ms}, and
(b) PT-PRESS, {TE,, TE,} = {28.8 ms, 72 ms}, including CHESS suppression of the 0.5-2 ppm spectral region. Lactate signal at 1.3 ppm is recovered
via polarization transfer from the Lac 4 spin at 4.1 ppm. Spectra (c-d) are from the whole 10 mM Cr/30 mM Lac phantom acquired with (c) PRESS
{TE,, TE;} = {72 ms, 72 ms} and (d) PT-PRESS. In both (c) and (d) the slice selective pulses were replaced with 750 ps rectangular pulses and the

spatial localization gradients were removed.

Fig. 3(a) shows the large oil resonances that overwhelm the
Lac signal in the 0.5-1.5 ppm area, while Fig. 3(b) displays
the result of applying CHESS suppression to that spectral
region. Applying the polarization transfer pulse effectively
restores signal from Lac while the peaks from oil remain
suppressed and the Cr singlet is unaffected; see Fig. 3(c).

4.2. Glutathione editing

The magnitude of the cysteinyl AB mutiplet of GSH to
the PT-PRESS sequence was calculated as a function of the
two PRESS echo times as shown in Fig. 4(a). The maxi-
mum generated signal was found to occur when {TE;,
TE,} = {40 ms, 30 ms}. Fig. 4(b) displays a few calculated
PT-PRESS spectra along with their experimental verifica-
tion on the phantom containing 50 mM GSH and 10 mM
sodium acetate. In general, the two sets of spectra closely
agree. The lower amplitudes of the experimental spectra
acquired at the longer echo times is most likely due to 75
relaxation which was ignored in the calculations. In addi-
tion, any deviations between theory and experiment could
be due to the fact that ideal RF pulses were assumed in
the calculations. It could also be that the scalar coupling
and chemical shift constants used in the simulations
(obtained from Ref. [29]) were slightly different than the
actual values of the GSH solution. Fig. 5 displays a short
TE PRESS spectrum, {TE,, TE,} = {15 ms, 15 ms}, along
with a PT-PRESS spectrum acquired with the optimized
timings. In Fig. 5(b), it is clear that the Cr peak around
3 ppm is effectively suppressed by the CHESS suppression
module while signal from the 4B spins of the cysteine
group of GSH is retrieved via polarization transfer from

the X protons to which the AB spins are weakly coupled
with a signal yield of ~46.5% relative to the GSH signal
in Fig. 5(a). Approximately 93% of the signal from the
CHj; singlet of sodium acetate is preserved.

4.3. Spatial localization

To demonstrate that the addition of the 90° pulse did
not affect spatial localization in our experiments, tests were
conducted on the double compartment phantom shown in
Fig. 6(a). PRESS spectra acquired from the inner and outer
compartments are displayed in Figs. 6(c) and (e), respec-
tively. Switching on the 90°, pulse at the first echo time
had hardly any affect on the spectra as demonstrated in
Figs. 6(d) and (f). The singlet peaks were approximately
identical to those acquired with PRESS (2% less in inten-
sity) and there was no visible evidence of any outer volume
signal contaminating the spectra.

4.4. Phase of editing pulse

To quantify signal loss as a result of incorrectly setting
the phase of the polarization transfer pulse in PT-PRESS,
the signal intensities of GSH and acetate were calculated
as a function of the phase difference between the PRESS
excitation pulse and the polarization transfer pulse. Fig. 7
shows the results along with experimental confirmation.
Theoretically, both GSH and acetate respond in the same
manner. The signal is of course a maximum when the phase
difference is 90°. An error of £10° in the phase results in a
signal loss of only ~2%. If the phase is offset by +20° the
signal loss increases to about 6%.
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Fig. 3. Spectra acquired from a 2 x 2 x 2 cm® voxel of a 10 mM Cr/50 mM
Lac/canola oil phantom. All spectra were acquired with timings {TE,
TE,} = {28.8 ms, 72 ms}. Spectra show the response of the phantom to (a)
basic PRESS, (b) basic PRESS in addition to CHESS suppression of Lac
and oil in the 0.5-2 ppm region, and (c) PT-PRESS where switching on the
editing polarization transfer pulse enabled the recovery of Lac signal at
around 1.3 ppm while leaving the oil signal in that area suppressed.
Spectra were line broadened to approximately 7 Hz to simulate in-vivo
conditions.

5. Discussion and conclusion

This paper presented a proton spectral editing pulse
sequence (PT-PRESS) that can be employed as an alterna-
tive to MQ filters for the detection of metabolites with spin
systems that involve weak coupling. The sequence is based
on the concept of homonuclear polarization transfer and is
essentially a homonuclear version of the heteronuclear
INEPT sequence [21] incorporated into the standard
PRESS sequence to achieve spatial localization. The idea
is to initially suppress all peaks in the region of interest
whether they are peaks from the target metabolite or from
contaminating background. The target signal is then
restored by polarization transfer from a proton that has
a resonance outside the suppressed region and to which
the target spins are weakly coupled. This is accomplished
by the application of a 90° hard pulse with phase orthogo-
nal to that of the PRESS excitation pulse at the location of
the first echo in PRESS and by optimizing the two PRESS
timings, TE; and TE,, for most efficient target signal yield.

The advantage of this sequence compared to conventional
MQ filters is that signal from singlet peaks outside the sup-
pressed area are preserved and can thus be used as a con-
centration, phase, and frequency reference. Theoretically,
it should be able to retain 100% of the reference singlet sig-
nal. In this work the CHESS sequence [30] was used to sat-
urate the target spectral region; however, alternative
suppression techniques such as SWAMP [34] would serve
the same purpose. The efficacy of PT-PRESS for editing
was verified on phantom solutions of Lac and GSH. The
PT-PRESS sequence was capable of suppressing lipid sig-
nal that co-resonates with the 1.3 ppm peak of Lac while
retaining about 90% of the Cr signal and 66% of the Lac
signal that could be obtained with a PRESS sequence of
timings {TE;, TE,} = {72 ms, 72 ms} where the Lac dou-
blet is inverted. However, as previously mentioned the
response of Lac to PRESS and therefore also to PT-PRESS
suffers as a result of spatial interference effects that become
more pronounced at higher field strengths [32,33] as the
bandwidths of the RF pulses become more comparable
to that of the chemical shift difference of the weakly cou-
pled A and X spins. Despite the fact that this Lac signal
loss has been reported, PRESS with TE = 144 ms is still
often employed for Lac detection because its inverted
peaks helps in distinguishing it from lipids [33,35]. PT-
PRESS offers a potentially better alternative because it
allows lipid suppression and gives a comparable amount
of Lac signal at a shorter total echo time (=102 ms) thereby
reducing losses due to 75 relaxation. In the case of GSH,
the yield of the 4B multiplet of the cysteine moiety by
PT-PRESS was comparable to that achieved with DQ fil-
ters [11]. The PT-PRESS sequence with timings optimized
for the GSH ABX spin system provided ~46.5% of the
GSH signal acquired with a short TE PRESS sequence,
{TE,, TE,} = {15 ms, 15 ms} while suppressing the neigh-
bouring Cr resonance and retaining ~93% of the signal
from the CHj group of sodium acetate at 2 ppm, which
is where the peak from N-acetyl aspartate (NAA) would
be in-vivo. In all cases, the target peak and the singlet peak
had, as desired, the same phase and thus required the same
zero order phase correction. It was found that switching on
the CHESS suppression pulses to saturate the target spec-
tral region affected the singlet peaks. Both the Cr and ace-
tate signals dropped in amplitude by about 7% after the
CHESS module was applied. This explains most of the sig-
nal loss of Cr in the lactate edited spectrum compared to
PRESS (=90% of Cr was observed). The remainder of
the lost signal is most likely due to a deviation from the
optimum phase of the polarization transfer pulse (see
Fig. 7). Frequency offset effects were found to be negligible
due to the very short duration of the polarization transfer
pulse. For the singlet signal to be useful as a concentration
reference and for accurate quantitation, the effect of the
CHESS pulses on the singlet signal intensity should be
taken into account when evaluating spectra acquired with
PT-PRESS. Furthermore, it should be realized that errors
in setting the phase of the editing pulse may translate into
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a Response of GSH AB cysteinyl spins to PT-PRESS
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b PT-PRESS spectra
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Fig. 4. A calculated mesh plot of the magnitude of the 4B multiplet of the cysteinyl group of GSH as a function of the two timings {TE;, TE,} in PT-
PRESS at 3.0 T is shown in (a). The maximum amplitude occurs at about {TE;, TE,} = {40 ms, 30 ms}. The spectral response of the 4B spins of the
cysteine moiety of GSH to PT-PRESS as a function of different echo time combinations is displayed in (b) where both theoretical and experimental results

are compared.

errors in quantitation on the order of a few percent if the
signal of both the target spins and the singlet resonance
do not change by the same amount in response to a change
in the phase of the editing pulse.

The simultaneous editing of a target metabolite and the
retention of an uncoupled resonance to provide a reference
signal has been achieved previously by other techniques
[12-14,20,36]. Two of these sequences were designed for
Lac editing and the simultaneous detection of Cr (and
Cho) [14,36]. The selective zero quantum filter described
in Ref. [14] allowed the acquisition of 37% of the Cr signal
and 41% of the Lac signal obtained with a PRESS sequence
with TE =144 ms at 1.5 T. While we can comment that
our technique, PT-PRESS, permits at least 90% of the Cr
signal to be retained, we cannot make a direct comparison
between the Lac signal yield of PT-PRESS and that of Ref.
[14] because at 3 T the spatial interference effects are worse.
To make a fair comparison, the performance of the selec-
tive zero quantum filter would have to be evaluated at
3T. A similar statement can be made when comparing

PT-PRESS with the sequence of Lei and Peeling [36], which
was implemented at 7 T and at 9.4 T, and involved a dou-
ble quantum (DQ) coherence transfer sequence for Lac
editing and additional pulses to create a stimulated echo
for Cr (and Cho). The stimulated echo recovered ~45%
of the signal from uncoupled spins. The other three refer-
enced methods were designed for the observation of the
A spins of GABA (=3 ppm) and uncoupled spins. GABA
can be represented as an 4,M,X, spin system where the
A spins are weakly coupled to the M spins that have a
chemical shift of ~1.9 ppm [29]. Two of the methods were
similar in that a DQ filter was employed for GABA editing
and that two separate FIDs were collected [12,13]. In Ref.
[13], a truncated DQ filtered FID was acquired following
which an RF pulse and a gradient pulse were applied to
refocus signal from uncoupled spins; because the acquisi-
tion of the two signals was not simultaneous, signal from
the uncoupled spins underwent further signal loss due to
T, relaxation. In the technique of Ref. [12], the DQ filtered
FID was acquired and was immediately followed by a
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Fig. 5. Spectra acquired from a 2 x 2 x 2 cm® voxel of a 15 mM Cr/50 mM
GSH/10 mM sodium acetate phantom. Spectra show the response of the
phantom to (a) basic PRESS with short echo times {TE;, TE,} = {15 ms,
15ms}, and (b) PT-PRESS with timings {TE,, TE,} = {40 ms, 30 ms}
optimized for GSH detection; switching on the editing polarization
transfer pulse enabled the recovery of GSH signal at around 2.95 ppm
while leaving the Cr signal in that area suppressed. Spectra were line
broadened to approximately 7 Hz to simulate in-vivo conditions.

PRESS sequence for Cr signal acquisition. Maximum Cr
longitudinal magnetization was not available prior to
PRESS excitation because the Cr signal was affected by
the DQ filer part of the sequence, resulting in a signal loss
for Cr. To compare the performance of PT-PRESS to the
mentioned GABA editing methods, the timings were
numerically optimized for observation of the A4 spins of
GABA (=3 ppm). Theoretically, it was found that the
GABA signal was a maximum when the sequence timings
were set to {TE;, TE,} = {20 ms, 30 ms}; the GABA yield
was approximately 36% of the signal attainable by a 90°
pulse-acquire experiment. This is higher than the maximum
25% signal yield achievable by a DQ filter [37]. Further-
more, PT-PRESS inherently allows the simultaneous detec-
tion of signal from uncoupled spins (ideally 100% of the
signal) outside the initially suppressed spectral region.
PT-PRESS is quite similar to the method presented by
Ref. [20] for the simultaneous detection of the A, peaks
of GABA and the singlet resonance of NAA. The tech-
nique of Ref. [20] provided a superior GABA yield than
PT-PRESS at 3T (PT-PRESS offers =30% less signal)
because of the extra refocusing pulse applied to refocus
the scalar coupling evolution between the M, and N,
GABA spins, thereby reducing signal loss from the A,
spins. The extra refocusing pulse was a doubly selective
pulse designed to refocus the GABA protons at 3 and
1.9 ppm. To effectively use the signal from NAA as a con-
centration reference care had to be taken that the selective

a //// \\\
/TN
/ // \\\ \\x
/ —_— \\ \‘:
23]
\ L / ;;‘
-\\ \\ / /
/
\\ ™ ?’ T
N B
b acetate
PRESS, voxel 1
(o]

PRESS, voxel 2

PRESS+editing pulse, voxel 2

e PRESS, voxel 3

3.0 2.0
ppm

Fig. 6. A schematic diagram of the double compartment phantom is
shown in (a). The inner compartment contained 10 mM Cr and 2.7 mM
Cho while the outer compartment was filled with 20 mM sodium acetate.
Spectra were acquired from the three labeled voxels with a PRESS
sequence, {TE;, TE,} = {15 ms, 15 ms}. Voxels 1 and 2 were 2 x 2 x 2 cm’
and voxel 3 was 1.5x 1.5x 1.5 ecm?® in volume. The spectrum shown in (b)
was obtained from voxel 1 to illustrate the constituents of the phantom. A
PRESS spectrum acquired from the inner compartment of the phantom is
shown in (c). The same experiment was repeated but with the editing pulse
switched on (with phase orthogonal to the PRESS excitation pulse); the
resulting spectrum is displayed in (d). Spectra (e) and (f) were acquired
from voxel 3, with the editing pulse turned off and on, respectively.

pulse completely refocused the NAA signal. In addition,
like with PT-PRESS, the phase of the homonuclear polar-
ization transfer pulse would have had to have undergone
careful calibration (although not discussed in Ref. [20]).
While the selective refocusing pulse is of value in GABA
editing, it is redundant for cases such as Lac and GSH edit-
ing where the protons coupled to the target spins are not
coupled to any other spins. PT-PRESS thus presents a
more general sequence that can potentially be applied to
any weakly coupled spin system provided the echo times
are appropriately optimized.

A limitation of the presented sequence is that perfect
editing of the target peak might not be achievable if the
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Fig. 7. The responses of the CH; group of acetate and the cysteinyl 4B
spins of GSH to a change in the phase difference between the PRESS
excitation pulse and the polarization transfer editing pulse. The dots
indicate the calculated response while the asterisks show experimental
confirmation of the simulations. The error bars are half the peak-to-peak
noise. Theoretically, both GSH and acetate respond identically. An error
of £10° in setting the phase of the editing pulse only results in ~2% signal
loss.

a PT-PRESS
{TE,, TE,} = {40 ms, 30 ms}

contaminating protons also exhibit scalar coupling with
spins that lie outside the initially suppressed spectral
region. Larger contamination is likely if the T, relaxation
constant of the background spins is comparable to or
higher than that of the target spins and if both, background
and target spins, exhibit similar scalar coupling evolution.
The latter would occur if the background and target pro-
tons belong to the same type of spin system and molecular
group and if they have comparable scalar coupling con-
stants (with spins that lie outside the pre-saturated spectral
area). For the case of GSH editing, the 4B cysteinyl peak
could be contaminated by signal from the A spins of
GABA that resonate at 3.01 ppm. It would not be desirable
to include the M protons of GABA (1.91 ppm) among the
initially saturated spins because this would result in the
suppression of the useful NAA peak at 2.01 ppm. There-
fore, some of the GABA signal at 3.01 ppm will be restored
by the PT-PRESS editing pulse via polarization transfer
from the M spins. The response of both GABA and
GSH to a PT-PRESS sequence with timings optimized
for GSH detection is shown in Fig. 8(a) assuming equal
concentrations of both metabolites. Averaged values from
the literature indicate that the ratio of the concentrations
of GSH to GABA is approximately 1.67:1 in the human
brain [38]. It was estimated theoretically assuming this
ratio that the main GSH peak (2.9-3 ppm) would increase
by about 20% as a result of overlapping GABA signal. One
solution to this problem is to employ sequence timings that
yield an acceptable amount of GSH but that minimize con-
tamination from GABA. It was found numerically that if
the timings of PT-PRESS were set to {TE;, TE,} = {60 ms,
30 ms} then the yield of GABA dropped drastically by
~97% while that of GSH was only reduced by about
20% (compared to is maximum yield). This is illustrated
in Fig. 8(b) assuming equal concentrations of GSH and
GABA. If we take the ratio of the concentrations of
GSH to GABA to be 1.67:1 then the main peak of GSH
drops in amplitude by a negligible 0.4% as a result of
residual GABA signal with the new timings. Therefore,
PT-PRESS is a sequence which holds promise for the

PT-PRESS
{TE,, TE,} = {60 ms, 30 ms}

1 1 L 1
3.18 3.1 302 294 286 278
ppm

1 1 1 1 1 1
3.18 3.1 302 294 286 278
ppm

Fig. 8. Comparison of the calculated response of both GSH and GABA in the 3 ppm region to (a) PT-PRESS, {TE,, TE,} = {40 ms, 30 ms}, and
(b) PT-PRESS, {TE,, TE,} = {60 ms, 30 ms}, assuming equal concentrations of both metabolites.
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simultaneous detection of GSH and NAA from brain in-
vivo with minimal contamination from background Cr
and GABA. In the case of Lac detection, the overlapping
lipids may also exhibit scalar coupling with spins outside
the pre-saturated region, resulting in contamination of
the Lac peaks. Lipids contain 30 or more protons [39]
and therefore simulating their response is not an easy task.
Reference [39] chose 1-pentene to represent a lipid hydro-
carbon chain. The 1-pentene molecule can be represented
as an A3B>,C>DEF spin system where the 4, B, C, D, E,
and F spins have chemical shifts of 0.91, 1.41, 2.02, 5.8,
5.93, and 5.00 ppm, respectively [39]. If we consider this
to be a model for true lipids then of concern are scalar cou-
pling interactions which involve the 4 and B protons. They
are J-coupled to each other; however, since their spectral
region is pre-saturated, this should not be of consequence.
Nevertheless, the B spins are also coupled to the C spins
which can result in lipid signal contaminating the Lac res-
onance. A solution to this would be to increase the band-
width of the saturation pulses beyond the 2 ppm region.
Of course, the effect of this on Cr would have to be taken
into account. Admittedly, in reality the lipids may have a
number of resonances between 2 and 3 ppm (as seen in
Fig. 3) which may be involved in scalar coupling with the
lipid resonances that lie in the Lac region. An alternative
solution to minimize lipid infiltration is to exploit the short
T, of lipids [26] and increase the second time delay of PT-
PRESS from 57— (~72 ms) to 57— (=216 ms) which accord-
ing to product operator calculations would result in an
inverted in-phase Lac doublet (although the effect of the
slice selective pulses with this timing would have to be
determined).

Future studies will be conducted to evaluate the
performance of the sequence in-vivo. Modifications that
may be implemented include having the option of
making the editing pulse slice selective and improving
the technique of optimizing its phase by developing a
calibration scan that can be carried out on the water
peak [24].
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