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Abstract

Purpose—To demonstrate that the limited bandwidth of the second 90° RF pulse in two-

dimensional (2D) localized correlation spectroscopy (L-COSY) induces spatially dependent

magnetization transfer that results in attenuated cross-peaks, and to propose a new 2D semi-

adiabatically localized COSY sequence to solve this problem.

Methods—A semi-localization by adiabatic selective refocusing (semi-LASER or sLASER)

method was incorporated into the COSY sequence with the slice-selective first 90° RF pulse and

the non-slice-selective second 90° RF pulse to form a new 2D sLASER localized COSY sequence,

named “sLASER-first-COSY”, to solve the problem of spatially dependent magnetization transfer.

Experiments were performed to verify the feasibility and advantages of sLASER-first-COSY

sequence over a recently reported other sLASER COSY sequence with a slice-selective second

90° RF pulse, named “sLASER-last-COSY”.

Results—Phantom, ex vivo, and in vivo human brain experiments demonstrated that sLASER-

first-COSY yielded stronger cross peaks and higher ratios of cross peak volumes to diagonal peak

volumes than sLASER-last-COSY.

Conclusion—As COSY relies on the cross peaks to obtain larger dispersion of peaks for

quantification, the new sLASER-first-COSY sequence yielding well-maintained cross peaks will

facilitate more reliable and accurate quantification of metabolites with coupled spin systems.
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INTRODUCTION

High-field magnets can increase signal-to-noise ratio (SNR) and chemical shift dispersion in

magnetic resonance spectroscopy (MRS) (1–3). However, there are some disadvantages at

higher field strengths, such as shorter apparent transverse relaxation time (T2*) (4–6), longer

longitudinal relaxation time (T1) (5), increased main static field (B0) inhomogeneity and

radiofrequency (RF) field (B1) inhomogeneity and increased chemical shift displacement

error (CSDE) (3). In addition, the available RF power is usually more limited relative to the

increased field strengths (2). CSDE is proportional to B0 and inversely proportional to the

bandwidth (BW) of a slice-selective RF pulse (2,7–9). A two-dimensional (2D) localized

correlation spectroscopy (L-COSY) sequence includes one slice-selective 180° RF pulse

(10), which will contribute to a larger CSDE than a slice-selective 90° RF pulse.

The limited BWs of RF pulses not only cause CSDE but also lead to spatially dependent

evolution of J-coupling (11), which results in additional J-refocused artifactual peaks in 2D

J-resolved spectroscopy (11–14). Unfortunately, when the BWs of RF pulses are limited,

there is a similar issue in L-COSY that one of the coupled spin pair may not undergo the 90°

pulses in the voxel selected for its J-coupled partner. Therefore, magnetization transfer will

not occur in part of the voxel, which leads to spatially dependent magnetization transfer and

thus results in reduced cross peak intensity in L-COSY. As cross peaks contain important

information of the metabolites with coupled spin systems, compromised cross peaks will

impair the quantification of L-COSY spectra. However, to the best of our knowledge, there

is no report of this problem in the literature.

The above issues related to CSDE can be mitigated using adiabatic RF pulses as adiabatic

RF pulses offer large BWs and produce a uniform flip angle despite variation in B1,

provided that the B1 is above a certain threshold. Moreover, they have been applied for

localization in MRS (14–18). A basic COSY sequence is composed of two 90° RF pulses.

Recently, adiabatic localization were incorporated into COSY sequences: one is LASER,

which stands for localization by adiabatic selective refocusing (16) and uses a non-slice-

selective excitation pulse followed by three pairs of adiabatic full-passage (AFP) pulses for

signal refocusing as well as volume selection, so we call the sequence “LASER-COSY”

(1,19), and the other is semi-LASER, which uses two pairs of AFP pulses and the second

90° RF pulse for volume localization (8), so we call the sequence “sLASER-last-COSY”. As

LASER-COSY has disadvantages including significantly longer echo time (TE) and higher

specific absorption rate (SAR), semi-LASER (2,20,21) seems to be a more appropriate

scheme for adiabatically localized COSY in in vivo application.

In this report, we first demonstrated in theory that the cross peaks would be attenuated in L-

COSY and sLASER-last-COSY due to spatially dependent magnetization transfer, and we

proposed an adiabatically localized COSY sequence with an alternative semi-LASER

scheme, which employs the first 90° RF pulse and two pairs of AFP pulses for volume

localization and a non-slice-selective second 90° pulse for magnetization transfer, to solve

this problem. Accordingly we call the proposed sequence “sLASER-first-COSY”.

Experiments on phantoms, fresh pig brain tissue (ex vivo) and human brain (in vivo) were
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performed to verify the feasibility and demonstrate the advantages of sLASER-first-COSY

over sLASER-last-COSY.

METHODS

Pulse Sequences

Figure 1 shows two versions of sLASER COSY sequences: sLASER-first-COSY (Fig. 1a)

and sLASER-last-COSY (Fig. 1b). Both sequences contain two pairs of AFP pulses for slice

selections in two orthogonal planes. In sLASER-last-COSY sequence (8), the mixing pulse

(i.e., the second 90° pulse) is used for selection of the third orthogonal plane. In contrast, in

sLASER-first-COSY sequence the excitation pulse (i.e., the first 90° pulse) is used for

selection of the third orthogonal plane while the second 90° pulse is only used as the mixing

pulse for COSY but not for slice selection. In both sequences, crusher gradients and 8-step

phase cycling are applied for suppressing unwanted free induction decays (FIDs). The more

steps of phase cycling are applied, the less contamination comes from unwanted coherence

transfer pathways, if motion is negligible during the scan. The phases of the first 90° pulse,

four AFP pulses, the second 90° pulse, and the receiver for the 8-step phase cycling are (x,

y, −x, −y, x, y, −x, −y), (x, x, x, x, −x, −x, −x, −x), (x, −x, x, −x, x, −x, x, −x), and (x, −y,

−x, y, x, −y, −x, y), respectively. The total scan duration is less than 14 minutes.

In both sequences the spoiler gradients around the second 90° RF pulses have an area of 44

mT/m·ms, a default setting in the Philips product sequence. However, the spoiler gradients

for AFP pulses can be relatively small, because the profile of a pair of AFP pulses is quite

sharp, and the residual refocusing outside the pass band is negligible (16,21). A series of

gradient-time integral values of spoiler gradients were tested to find the optimal design for

suppressing artifacts in the in vivo experiments. For each pair of AFP pulses, the spoiler

gradients were 10 mT/m with a duration of 0.31 ms (155 μs ramp-up/down times without

top) around the first AFP pulse and 8 mT/m and 0.31 ms (155 μs ramp-up/down times

without top) around the second AFP pulse for the phantom and ex vivo experiments, while

the duration of spoiler gradients was 1.81 ms with 1.5 ms of top for the in vivo experiments.

Theory

In conventional localized COSY, if a pair of coupled spins have a large chemical shift

difference, one spin may not undergo the second 90° RF pulse in a part of the slice selected

for its J-coupled partner due to a finite BW of the slice-selective second 90° RF pulse. As a

result, the magnetization in that specific part of slice cannot be transferred between coupled

spins and the cross peaks cannot be formed. This problem can be solved if the second 90°

pulse is not used for slice selection.

Now we investigate the effect of scalar coupling on signal formation of localized COSY

ignoring relaxation, diffusion, etc. We consider a homonuclear J-coupled I1I2 spin-1/2

system with a coupling constant J. In part of the plane excited by a slice-selective pulse for

spin I1, spin I2 does not experience the pulse due to the chemical shift displacement between

spins I1 and I2 (13). The mixing RF pulse is critical in forming cross peaks, so the

performance of the second 90° pulse on spin I2 will be considered. If the second 90° RF
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pulse is used for slice selection, we can decompose the voxel into two distinct subvoxels:

subvoxel 1 (spin I2 undergoes the second 90° RF pulse) and subvoxel 2 (spin I2 does not

undergo the second 90° pulse). The raising/lowering operators I +/I −, transitions up/down

between energy levels, are used in the following deduction. Assuming an equilibrium

condition of spin I is Iz, after the first 90° RF pulse with a phase along the direction x, I1z

transforms into (−i/2)I1
− in the L-COSY sequence. After the 180° RF pulse in L-COSY

sequence, the above spin term evolves as (−i/2)I1
+. During the evolution time t1, the spin

term evolves under the chemical shift and J-coupling as

(1)

where the Ωi is the frequency offset of spin i (i = 1, 2) in the rotating frame. In subvoxel 1

when the second 90° RF pulse is used for slice selection or in the whole voxel when the

second 90° RF pulse is not used for slice selection, the second 90° RF pulse is effective on

both spins, so the above terms will be converted to

(2)

where the second term is magnetization transfer from spin I1 to spin I2 through J-coupling.

Finally, during the evolution time t2, the detectable spin terms evolve under the chemical

shift and J-coupling as

(3)

where the first term forms diagonal peaks and the second term cross peaks. However, when

the mixing RF pulse is used for slice selection, the second 90° RF pulse is effective only on

spin I1 in subvoxel 2, so the terms in the Eq. (2) will be converted to

(4)

where there is no magnetization transfer in the second term. During the evolution time t2, the

detectable spin terms evolve under the chemical shift and J-coupling as

(5)

which includes only diagonal peaks but no cross peaks. As consequence, the cross peaks in

L-COSY will be reduced. The intensity of cross peaks will be reduced by a factor of

, where f0 is the resonance frequency, Δδ is the chemical shift difference (in ppm)
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of the spins I1 and I2, BW is the bandwidth (in Hz) of the slice-selective second 90° pulse

(11). It can be concluded that the second 90° RF pulse with a limited BW reduces the

intensities of cross peaks, which will impair spectral quantification if this factor is not

considered. Take lactate as an example, the chemical shift difference Δδ is 2.8 ppm, which

will result in 18% loss of cross peaks, if assuming f0 = 127.74 MHz at 3 Tesla (T) and BW =

2000 Hz. The same issue will appear in sLASER-last-COSY as the second 90° RF pulse is

used for slice selection too. However, the peak intensities also depend on pulse profiles, the

apparent transverse relaxation time T2*, and the duration from excitation to starting of data

acquisition in the sequence. It was reported that due to better pulse profiles and possibly

longer T2*, improved SNR was observed using adiabatic sequences compared with a

nonadiabatic regular sequence (8,14).

Therefore, if the mixing pulse is not used for slice selection, magnetization will be fully

transferred from I1 to I2 and the intensities of cross peaks can be well maintained in

sLASER-first-COSY. In theory, for a homonuclear J-coupled I1I2 spin-1/2 system the cross

peak volume should be equal to the diagonal peak volume and the proposed sLASER-first-

COSY sequence can completely recover the cross peak. However, imperfect pulse profiles

can still contribute to losses in the cross peaks to some extent.

Phantom, Pig Brain Tissue, Human Subjects, and Instrumental Setup

All experiments were performed on a Philips Achieva 3T whole-body scanner (Philips

Medical Systems, Best, the Netherlands), operating at the proton resonance frequency f0 =

127.74 MHz. The body coil was used for transmission and a Philips SENSE-Head-8 coil for

reception. The clinically available maximum B1 is 13.5 μT.

The GE MRS Braino phantom (General Electric Medical Systems, Milwaukee, WI)

contained the following metabolites and chemicals: 12.5 mM N-acetyl-aspartate (NAA), 10

mM creatine hydrate (Cr), 3 mM choline chloride (Cho), 7.5 mM myo-inositol (mI), 12.5

mM glutamate (Glu), and 5 mM lactate (Lac) (10,22). Experiments on the GE MRS Braino

phantom, fresh pig brain tissue, and human subjects were performed to verify the feasibility

and compare sLASER-first-COSY with sLASER-last-COSY. Written informed consent was

obtained from the human subjects and the study was approved by the local IRB.

Experiments on GE MRS Braino Phantom, Pig Brain Tissue, and Human Brain

The parameters of two sLASER COSY sequences in the experiments on GE MRS Braino

phantom and pig brain tissue were as follows: voxel size = 30×30×30 mm3 for GE MRS

Braino phantom and 18×18×18 mm3 for pig brain tissue, number of signal averages (NSA)

= 8, repetition time (TR) = 1600 ms, minimum time from excitation to starting of data

acquisition = 34 ms and 37 ms for sLASER-first-COSY and sLASER-last-COSY,

respectively, 64 t1 steps with an incremental size Δt1 = 0.8 ms, 1024 × 64 points were

acquired with spectral widths of 2000 Hz × 1250 Hz in the F2 × F1 dimensions, scan

duration = 13 mins and 39 s.

For the in vivo experiments on human brain, a 30×30×30 mm3 voxel was placed aligned

with the parieto-occipital junction of two healthy volunteers. The durations of all spoiler
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gradients around the AFP pulses were 1.81 ms and the minimum time from excitation to

starting of acquisition were 48 ms and 50 ms in sLASER-first-COSY and sLASER-last-

COSY, respectively. The other parameters were the same as those used in the experiments

on the GE MRS Braino phantom and pig brain tissue.

Spectral Data Processing and Analysis

The 2D MRS data were processed using the Felix software (Accelrys Inc. San Diego, CA,

USA). The datasets were zero-filled from 1024 to 2048 points in F2 and from 64 to 256

points in F1. A solvent suppression with a sinebell window function of 20 Hz was applied.

A size of 2048 points and a phase of 40° were applied to F2. A size of 256 points and a

phase of 40° were applied to F1. A custom-made Matlab program was used for

quantification of peak volumes using the method of intensity integration over peak area.

RESULTS

The sLASER-first-COSY and sLASER-last-COSY spectra acquired from the GE MRS

Braino phantom are shown in Fig. 2a and b, respectively. Table 1 shows the quantification

results of these two spectra, in which all the cross peaks in sLASER-first-COSY are stronger

than those in sLASER-last-COSY both in absolute intensity as well as the ratio to diagonal

peak.

The sLASER-first-COSY and sLASER-last-COSY spectra of fresh pig brain tissue are

shown in Fig. 2c and d. The cross peak volumes and associated peak volume ratios are

shown in Table 2. The quantification results show that all the cross peaks in sLASER-first-

COSY are stronger than those in sLASER-last-COSY, and all the ratios of the cross peak

volumes to the associated diagonal peak volumes are also larger in sLASER-first-COSY.

The sLASER-first-COSY and sLASER-last-COSY spectra acquired from a voxel

encompassing the parieto-occipital junction of a healthy volunteer are shown in Fig. 2e and

f. The quantification results of the spectra from two healthy volunteers (including the one in

Fig. 2e and f) are shown in Table 3. Nearly all the cross peak volumes (shown in Fig. 2e and

f) and the ratios of the cross peak volumes to associated diagonal peak volumes (shown in

Table 3) are larger in sLASER-first-COSY than those in sLASER-last-COSY.

DISCUSSION AND CONCLUSIONS

The experiments were performed on GE Braino phantom, fresh pig brain tissue, and human

brains in vivo. The experiment results showed that not only the cross peak volumes but also

the ratios of cross peak volumes to associated diagonal peak volumes were larger in

sLASER-first-COSY than in sLASER-last-COSY, which proves that cross peaks can be

better maintained in sLASER-first-COSY than in sLASER-last-COSY.

Compared to conventional L-COSY (10), sLASER-first-COSY yielded most of peaks with

higher SNR and sLASER-last-COSY yielded some peaks with higher SNR in the spectra of

GE MRS Braino phantom and pig brain tissue (L-COSY spectra not shown), though the

durations from the excitation to the starting of data acquisition in sLASER-first-COSY and

sLASER-last-COSY were 10 and 13 ms longer than that in L-COSY, respectively. This is
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because a pair of AFP pulses can provide better pulse profiles than a nonadiabatic regular

pulse (8,14).

Compared with the ratios of cross peak volumes to diagonal peak volumes in the spectra of

GE MRS Braino phantom in Table 1, the ratios are smaller in the spectra of pig brain tissue

and human brain in Tables 2 and 3. This is because there are more peaks from other

metabolites overlapping with the diagonal peaks in the spectra of pig brain tissue and human

brain than those in the spectra of GE MRS Braino phantom (containing only 6 metabolites,

while about 20 metabolites detectable in the pig brain tissue and human brain). Taking Lac

as an example, the Lac diagonal peaks overlap with the lipids (Lip)/macromolecules (MM)

diagonal peaks at 1.31 ppm in the spectra of pig brain tissue and human brain. In contrast,

there are no Lip/MM in the phantom and therefore no Lip/MM diagonal peaks overlapping

with the Lac diagonal peaks in the phantom spectra. Because there are no overlap between

the Lip/MM cross peaks and the Lac cross peaks at (4.10 ppm, 1.31 ppm) in COSY spectra,

the peak ratios of Lac in the spectra of pig brain tissue are smaller than those in the spectra

of GE MRS Braino phantom (Lac peak not shown clearly in human brain spectra because of

very low concentration in normal brain tissue). Peak volumes estimated by the method of

intensity integration over peak area can be biased due to peak overlap. However, the biased

values caused by cross peaks overlapping cross peaks or diagonal peaks overlapping with

diagonal peaks can still be used to qualitatively compare the performance of the two

sLASER COSY sequences. To mitigate the above issues, it is better to implement 2D fitting

of the COSY spectra with the 2D version of “basis functions” or “modal spectra” (23),

similar with the LCModel analysis of 1D spectra (24).

The striping artifacts, i.e., ridges of noises running parallel to the F1 and F2 axis (but mainly

along the F1 dimension), are described as t1 and t2 noise, respectively (25). The t1 and t2
noises are evident wherever there are strong peaks in the 2D spectrum. The intensities of

both artifacts are proportional to the peak amplitude (25). Because at the same

concentrations the metabolite resonances are always weaker in ex vivo and in vivo spectra

than in phantom spectra due to the T2 relaxation effects, the striping artifacts are more

evident in phantom spectra. This is why the t1 noises are clearly presented in the phantom

spectra (Fig. 2a and b) but less evident in the spectra of pig brain tissue (Fig. 2c and d) and

human brain (Fig. 2e and f).

In conclusion, this study demonstrated that cross peaks are attenuated in localized COSY

spectra if the second 90° RF pulse (i.e., the mixing pulse) is used for slice selection but

having a limited bandwidth, for example, in L-COSY and sLASER-last-COSY. An

improved version of sLASER COSY sequence, called sLASER-first-COSY, was proposed

to prevent the cross peaks from attenuation due to spatially dependent magnetization

transfer. Experiments on phantom, fresh pig brain tissue, and human brain in vivo

demonstrated that sLASER-first-COSY yielded well-maintained cross-peaks compared with

sLASER-last-COSY. As COSY relies on the cross peaks to obtain larger dispersion of peaks

for quantification, sLASER-first-COSY yielding well-maintained cross peaks will facilitate

more reliable and accurate quantification of metabolites with coupled spin systems than

sLASER-last-COSY. Although LASER-COSY sequence (1) can also fully transfer

magnetization, the duration from excitation to starting of data acquisition is significantly
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longer than sLASER-first-COSY and the overall SNR will be lower. Therefore, sLASER-

first-COSY will be a more suitable localized COSY method for in vivo application.
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Fig. 1.
Two versions of sLASER COSY sequences: (a) sLASER-first-COSY and (b) sLASER-last-

COSY. RF-AM shows the amplitude modulation profiles of the pulses, RF-FM the

frequency modulation profiles. Δ1 is the interval between the excitation RF pulse and the

beginning of the first AFP spoiler gradient. Δ2 is the interval between a pair of AFP spoiler

gradients, including the AFP pulse. Δ3 is the interval between the last pair of spoiler

gradients, including the second 90° RF pulse.
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Fig. 2.
Spectra of sLASER-first-COSY (a, c, and e) and sLASER-last-COSY (b, d, and f) acquired

from GE MRS Braino phantom (top row), fresh pig brain tissue (middle row), and parieto-

occipital junction of a healthy volunteer (see the inset) (bottom row). All cross peaks are

stronger in sLASER-first-COSY than sLASER-last-COSY. Two versions of spectra in each

row are displayed with the same scale. In the phantom spectra (top row), _c after names of

metabolites indicates cross peaks and _d indicates diagonal peaks. Abbreviations used: Lip =

lipid; MM = macromolecule; Glu = glutamate; Glx = glutamate plus glutamine; GABA = γ-

aminobutyric acid; NAA = N-acetyl-aspartate; NAAG = N-acetylaspartylglutamate; mI =

myo-inositol; Ala = alanine; Asp = aspartate; ETA = Ethanolamine; Lac = lactate; His =

histidine; Phe = Phenylalanine; PE = phosphorylethanolamine; Tyr = tyrosine; Cho =

choline.
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Table 1

Cross peak volumes and ratios of cross peak volumes to associated diagonal peak volumes in sLASER-first-

COSY and sLASER-last-COSY spectra of GE MRS Braino phantom in Fig. 2a and b.

Cross peak/Diagonal peak sLASER-first-COSY sLASER-last-COSY

cross peak volume ratio cross peak volume ratio

Lac(4.10,1.31)/Lac_d(1.31) 305 0.92 196 0.66

NAA(4.38,2.58)/NAA_d(2.58) 650 0.56 372 0.30

Cho(4.05,3.50)/Cho_d(3.50) 360 0.56 183 0.29

Glu(3.74,2.08)/Glu_d(3.74) 336 0.69 199 0.45

Glu(2.34,2.08)/Glu_d(2.34) 1113 1.22 1002 1.17

mI(3.61,3.52)/mI_d(3.61) 1117 1.10 987 1.02

mI(3.61,3.27)/mI_d(3.61) 741 0.73 557 0.58

For cross peaks, peak locations are indicated as peak name(F2, F1) with two values in ppm in F2 and F1 axes, respectively; for diagonal peaks,
peak locations are indicated as peak name_d(F2) with only one value in ppm for both F2 and F1 axes (same in all other tables).
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Table 2

Cross peak volumes and ratios of cross peak volumes to associated diagonal peak volumes in sLASER-first-

COSY and sLASER-last-COSY spectra of fresh pig brain tissue in Fig. 2c and d.

Cross peak/Diagonal peak
sLASER-first-COSY sLASER-last-COSY

cross peak volume ratio cross peak volume ratio

Lac(4.10,1.31)/Lac_d(1.31) 50 0.43 44 0.37

Ala(3.77,1.47)/Ala_d(1.47) 25 0.44 21 0.33

Asp(3.89,2.73)/Asp_d(2.73) 45 0.30 30 0.20

NAA(4.38,2.58)/NAA_d(2.58) 34 0.20 21 0.12

Cho(4.05,3.50)/Cho_d(3.50) 39 0.19 30 0.17

Glu(3.74,2.08)/Glu_d(3.74) 34 0.17 26 0.15

mI(3.61,3.27)/mI_d(3.61) 164 0.52 134 0.50

GABA(3.01,1.89)/GABA_d(1.89) 64 0.15 60 0.14
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Table 3

Ratios of cross peak volumes to associated diagonal peak volumes in sLASER-first-COSY and sLASER-last-

COSY spectra from a voxel encompassing parieto-occipital junction of two healthy volunteers. Spectra from

Subject 1 are shown in Fig. 2e and f. Ratios in Subject 1 and 2 are very similar.

Ratio
sLASER-first-COSY sLASER-last-COSY

Subject 1 Subject 2 Subject 1 Subject 2

Asp(3.89,2.73)/Asp_d(2.73) 0.23 0.23 0.15 0.16

NAA(4.38,2.58)/NAA_d(2.58) 0.29 0.24 0.25 0.20

Cho(4.05,3.50)/Cho_d(3.50) 0.26 0.26 0.23 0.19

Glu(3.74,2.08)/Glu_d(3.74) 0.30 0.34 0.27 0.29

mI(3.61,3.27)/mI_d(3.61) 0.44 0.42 0.43 0.46

GABA(3.01,1.89)/GABA_d(1.89) 0.10 0.11 0.10 0.09
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