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Abstract 

Introduction: Magnetic resonance spectroscopic imaging (MRSI) is a 

method that combines magnetic resonance spectroscopy (MRS) with 

magnetic resonance imaging (MRI), thereby allowing signal acquisition 

from multiple voxels in an imaging plane simultaneously. Due to its 

ability to rapidly and simultaneously assess metabolic characteristics of 

the sample non-invasively, MRSI has great potential for clinical 

applications and basic researches. However, there are several technical 

challenges that need to be addressed before the successful 

implementation of the method, which become far more challenging at 

high field due to severe B0 and B1 inhomogeneity. This work aims to 

determine the sequence of choice for MRSI at high field by 

implementing the localization by adiabatic selective refocusing (LASER) 

and the semi-LASER 1H-MRSI pulse sequences and comparing their 
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performance with conventional methods such as slab selection with 

outer-volume suppression (OVS), and a PRESS-based and a STEAM-

based localization MRSI pulse sequences at 9.4T. 

Methods: To evaluate the performance of the proposed pulse sequences, 

a metabolite phantom was made, which consisted of glutamine (Gln), N-

acetylaspartate (NAA), lactate (Lac), phosphocreatine (PCr), taurine (Tau), 

and phosphocholine (PCh) at respective concentrations of 50, 50, 45, 11, 

50, and 20mM. Additionally, a phantom, which has two compartments 

consisting of water and soy oil, was made to assess the extent of the 

signal bleeding with the sequences. All experiments were performed on 

a 9.4T animal MR scanner (Agilent Technologies, Santa Clara, USA). A 

volume coil was used for both RF transmission and signal reception 

(Agilent Technologies, Santa Clara, USA). The maximum gradient strength 

was 40 G/cm. The first- and second-order shimming were performed by 
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using FASTMAP. The MRSI sequence parameters (repetition time 

=2000ms, echo time (TE)=11~21ms, 16 averages, field-of-view=8 X 8 X 

2.0 mm3, 8 X 8 X 1 matrix size, slices=1, spectral bandwidth=5000Hz, 

data points=2048, pulse duration = 1000ms (excitation) and 1400ms 

(refocusing), and bandwidth of refocusing pulse=5000Hz, receiver 

gain=2dB w/o water suppression, 30dB w/ water suppression) were the 

same for all experiments. 

Results: For conventional methods the poor localization performance 

was problematic even in phantom. For LASER, excellent localization 

profiles were achieved without the need of an OVS module. However, 

the long TE of 20.24ms with LASER can result in quantification errors , 

given that T2 relaxation and J-evolution of spin systems during this 

period can be substantial in vivo. For semi-LASER, the localization 

performance without OVS was not as effective as LASER. But in 
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combination with OVS, the localization profile was comparable to that 

with LASER. Thus, in consideration of the shorter TE attainable, higher 

SNR, and reduced SAR with the sequence, semi-LASER may find 

applications instead of LASER. 

Conclusion: Given the excellent volume localization performance along 

with the shorter minimum TE attainable, higher SNR, and less SAR, semi-

LASER may be the sequence of choice for in vivo MRSI at high field. 

__________________________________________________________________________ 

Keywords: magnetic resonance spectroscopic imaging (MRSI), 

localization by adiabatic selective refocusing (LASER), semi-localization 

by adiabatic selective refocusing (semi-LASER), spatial localization, outer 

volume suppression (OVS) 

Student number: 2013-23658 
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Implementation and Optimization of Magnetic 

Resonance Spectroscopic Imaging Pulse 

Sequences at High Field (9.4T) 

INTRODUCTION 

The methods, instrumental development, and medical applications of 

magnetic resonance imaging (MRI) have matured to high-quality 

noninvasive imaging modality that offers excellent soft tissue contrast, 

high spatial resolution, and measurement times of seconds (1). However, 

beyond anatomical and functional information provided by MRI, there is 

great demand for biochemical tissue characterization in vivo. The 

demand has been partially fulfilled by magnetic resonance spectroscopy 

(MRS). MRS offers a broad range of noninvasive analytical methods for 

investigating metabolism in vivo (2, 3). In particular, single voxel 

magnetic resonance spectroscopy (SV-MRS) that acquires signal from a 
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cubical region called a voxel has usually been used to detect and 

quantify metabolites in a region of interest (ROI) in vivo. High quality 

spectra can be obtained with SV-MRS because the localization method 

employed therein can define a voxel avoiding fatty tissue, cerebrospinal 

fluid (CSF), and blood vessels thereby minimizing signal contamination. 

Nonetheless, SV-MRS has limitations in that it allows for signal 

acquisition only from a single voxel at a time, and as a consequence, 

requires a substantially long scan time for extracting metabolic 

information from an entire organ (e.g., whole brain). 

Magnetic resonance spectroscopic imaging (MRSI) is a method 

that combines MRS with MRI, thereby allowing signal acquisition from 

multiple voxels in an imaging plane simultaneously. Due to its ability to 

rapidly and simultaneously assess metabolic characteristics of the sample 

non-invasively (4), MRSI has great potential for clinical applications and 
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basic researches. However, there are several technical challenges that 

need to be addressed before the successful implementation of the 

methods, which become far more challenging at high field due to severe 

B0 and B1 inhomogeneity, and chemical shift displacement error (CSDE) 

(5). First, the lower spatial resolution of MRSI compared with MRI gives 

rise to more significant signal bleeding from one voxel into the 

surrounding voxels, the extent of which can be quantitatively assessed in 

terms of a point spread function (PSF). Secondly, (1H-)MRSI is much 

more prone to spectral contamination resulting from residual water and 

lipid signals than SV-MRS due to the significant signal bleeding in 

combination with field inhomogeneity. For instance, the B0 and B1 

magnetic field inhomogeneity can render water resonance frequency 

significantly shifted from the Larmor frequency and the effect of 

presaturation of water signal spatially dependent, respectively. Combined 

with the signal bleeding effect, such residual water signal can influence 
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over the whole ROIs or entire field-of-view (FOV). For lipid signal, CSDE 

which is more serious at high field exacerbates the difficulties (5). Thus, 

while increase in magnetic field strength improves signal-to-noise ratio 

(SNR) and spectral dispersion, the overall quality of MRSI data can be 

even worse at high field. Therefore, a robust spatial localization, outer-

volume suppression (OVS) methods, and shimming methods have to be 

carefully considered in the implementation of 1H-MRSI at high field (4).  

There are two representative approaches for spatial localization 

in 1H-MRSI - one employing slab selection with presaturation bands 

(OVS) and the other employing voxel excitation by slice-selective RF 

pulses and gradients. In association with the latter, Point-REsolved 

SpectroScopy (PRESS) (6) and STimulated Echo Acquisition Mode 

(STEAM) (7) are the two, well-established, localized MRS pulse sequences. 

The slab selection with OVS or PRESS- and STEAM-based localization 
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methods work well at low and intermediate magnetic field strength (i.e., 

at 1.5T and 3.0T). However, at high field (say, over 7.0T), the slab 

selection with OVS does not work adequately, and because of the 

increased spectral dispersion (i.e., larger chemical shift measured in Hz) 

in combination with the limited bandwidth of the refocusing RF pulses, 

the volume localization with PRESS is more prone to CSDE which makes 

the precise quantification of metabolites difficult. For this reason, STEAM 

is more preferred than PRESS at high filed (8). However, the intrinsic low 

SNR with STEAM, which is theoretically known to be half the SNR with  

PRESS for uncoupled spins and even less for coupled spins (9), is clearly 

disadvantageous, given the time consuming process of phase encoding 

in MRSI.  

To this end, this work aims to implement the localization by 

adiabatic selective refocusing (LASER) and the semi-LASER spatial 
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localization methods for 1H-MRSI at 9.4T, which are known to 

outperform those conventional methods such as PRESS and STEAM. The 

robust performance of the proposed methods are validated in phantoms 

in comparison with other methods in terms of projection profiles, SNR, 

minimal echo time (TE) attainable, theoretical extent of CSDE, and the 

quality of spectra.  
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MATERIAL AND METHODS 

1. Theory 

Phase-Encoded Spectroscopic Acquisition of MRSI 

The frequency encoding using gradients during the signal detection 

period in MRI pulse sequence is not used in conventional MRSI. Instead, 

additional phase encoding steps are employed along another direction. 

 

Figure 1. Spin-echo MRI (a) and MRSI (b) pulse sequences - Gs, Gf, and Gp: 

gradients along slice selection, frequency encoding, and phase encoding, 

respectively 
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Figure 2. Spatially periodic spin phase distribution along the direction of the 

phase encoding gradients (a) and FIDs are sampled into k-t-space (b). 

 

By phase encoding gradients, the phases of the spins are spatially 

distributed along the directions of the phase encoding gradients. The 

spin phase, which is characterized by the wavelength λ, increases with 

the stepwise increase in the phase encoding gradient amplitude. The 

spatial phase distributions are restored in k-t space and reconstructed 

into a spectroscopic image by Fourier transformation. 
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Figure 3. The two phase encoding gradients of spin-echo MRSI sequence (a) 

for a 2D MRSI image and the movement of ‘k’ in k-t-space. 

 

By applying gradients in two directions, one can fill the k-t space with 

FIDs. To cover the k-space with a 32X32 matrix size, for instance, a total 

of 1024 FIDs have to be acquired. Therefore, the scan time is 

substantially long compared to other imaging modalities such as MRI, CT, 

and etc.  
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Image Reconstruction of k-t-space 

 

Figure 4. The process of MRSI image reconstruction 

 

The k-t dataset after acquisition is first converted into k- 𝜔𝜔 dataset by 

using a discrete 1D Fourier transformation for each element of the data 
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set. The converted dataset at this stage have spatial information through 

phase encoding and are further converted into the spatially distributed 

spectra (i.e, x- 𝜔𝜔 dataset) through 2D Fourier transformation. After the 

selection of peaks of interest, their signal amplitudes or intensities can 

be calculated for individual voxels, which then form a MRSI image for 

those selected peaks. The process of the MSRI reconstruction can be 

more easily understood in terms of mathematical expressions. First, 

consider 1D k-space. After completing phase encoding steps using a 

gradient with varying amplitude, 𝐺𝐺𝑥𝑥 , FID signals 𝑆𝑆(𝑡𝑡)′𝑠𝑠  are acquired, 

each of which is the sum of the FID signal 𝑠𝑠(𝑥𝑥, 𝑡𝑡)𝑑𝑑𝑥𝑥 from each voxel 

positioned in an object.  

𝑆𝑆(𝑡𝑡) =  � 𝑠𝑠(𝑥𝑥, 𝑡𝑡)𝑑𝑑𝑥𝑥
+∞

−∞
 

The total spectrum  𝐹𝐹(𝜔𝜔) is calculated by Fourier transformation of 𝑆𝑆(𝑡𝑡), 

which equals the sum of spectra 𝑓𝑓(𝑥𝑥,𝜔𝜔) from each voxel. 
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𝐹𝐹(𝜔𝜔) = � 𝑆𝑆(𝑡𝑡)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑡𝑡 =  � 𝑓𝑓(𝑥𝑥,𝜔𝜔)𝑑𝑑𝑥𝑥
+∞

−∞

+∞

−∞
 

The phase encoding term can be added into the equation above. 

𝑓𝑓(𝑥𝑥,𝜔𝜔) = 𝑓𝑓′(𝑥𝑥,𝜔𝜔)𝑒𝑒𝑖𝑖𝑖𝑖𝑥𝑥𝐺𝐺𝑥𝑥𝑖𝑖 

The term 𝑓𝑓′(𝑥𝑥,𝜔𝜔) of the above equation expresses spectrum without the 

phase encoding gradients. The entire spectrum can be rewritten as: 

𝐹𝐹(𝐺𝐺𝑥𝑥 ,𝜔𝜔) =  � 𝑓𝑓′(𝑥𝑥,𝜔𝜔)𝑒𝑒𝑖𝑖𝑖𝑖𝑥𝑥𝐺𝐺𝑥𝑥𝑖𝑖𝑑𝑑𝑥𝑥
+∞

−∞
. 

According to the definition of 𝑘𝑘𝑥𝑥 =  𝛾𝛾𝐺𝐺𝑥𝑥𝑡𝑡 , the above equation is 

converted to: 

𝐹𝐹(𝑘𝑘𝑥𝑥 ,𝜔𝜔) =  � 𝑓𝑓′(𝑥𝑥,𝜔𝜔)𝑒𝑒𝑖𝑖𝑘𝑘𝑥𝑥𝑥𝑥𝑑𝑑𝑥𝑥
+∞

−∞
. 

Clearly, the phase-modulated spectra of the entire sample 𝐹𝐹(𝑘𝑘𝑥𝑥 ,𝜔𝜔) 

represent the inverse Fourier transformation of the spectra 𝑓𝑓′(𝑥𝑥,𝜔𝜔) from 

the individual volume elements (10). Therefore, 𝑓𝑓′(𝑥𝑥,𝜔𝜔) can easily be 

obtained by Fourier transformation of 𝐹𝐹(𝑘𝑘𝑥𝑥 ,𝜔𝜔): 
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𝑓𝑓′(𝑥𝑥,𝜔𝜔) =  ∫ 𝐹𝐹(𝑘𝑘𝑥𝑥 ,𝜔𝜔)𝑒𝑒−𝑖𝑖𝑘𝑘𝑥𝑥𝑥𝑥𝑑𝑑𝑘𝑘𝑥𝑥
+∞
−∞ . 

Note that  𝐹𝐹(𝑘𝑘𝑥𝑥 ,𝜔𝜔) is obtained from S(𝑘𝑘𝑥𝑥 , 𝑡𝑡). That is,  

𝐹𝐹(𝑘𝑘𝑥𝑥 ,𝜔𝜔) = ∫ 𝑆𝑆(𝑘𝑘𝑥𝑥 , 𝑡𝑡)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑡𝑡+∞
−∞ . 

This 1D reconstruction can be extended to three spatial dimensions by 

applying three orthogonal gradients, �𝐺𝐺𝑥𝑥 ,𝐺𝐺𝑦𝑦 ,𝐺𝐺𝑧𝑧�,  independently in 

subsequent experiments. The volume elements are then calculated 

according to: 

𝐹𝐹(𝑘𝑘𝑥𝑥 ,𝑘𝑘𝑦𝑦, 𝑘𝑘𝑧𝑧,𝜔𝜔) = � 𝑆𝑆(𝑘𝑘𝑥𝑥 ,𝑘𝑘𝑦𝑦, 𝑘𝑘𝑧𝑧, 𝑡𝑡)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖
+∞

−∞
𝑑𝑑𝑡𝑡 

(for each element of k-space) 

𝑓𝑓′(𝑥𝑥,𝑦𝑦, 𝑧𝑧,𝜔𝜔) =  � � � 𝐹𝐹(𝑘𝑘𝑥𝑥 , 𝑘𝑘𝑦𝑦, 𝑘𝑘𝑧𝑧 ,𝜔𝜔)𝑒𝑒−𝑖𝑖(𝑘𝑘𝑥𝑥𝑥𝑥+𝑘𝑘𝑦𝑦𝑦𝑦+𝑘𝑘𝑧𝑧𝑧𝑧)𝑑𝑑𝑘𝑘𝑥𝑥𝑑𝑑𝑘𝑘𝑦𝑦𝑑𝑑𝑘𝑘𝑧𝑧
+∞

−∞

+∞

−∞

+∞

−∞
. 

That is, first, a spectral Fourier transformation of a complete 4D MRSI 

dataset S(𝑘𝑘𝑥𝑥 ,𝑘𝑘𝑦𝑦, 𝑘𝑘𝑧𝑧, 𝑡𝑡) containing FIDs yields the spectra 𝐹𝐹(𝑘𝑘𝑥𝑥 ,𝑘𝑘𝑦𝑦,𝑘𝑘𝑧𝑧,𝜔𝜔) 
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in the above equation, after which the 3D spatial Fourier transformation 

gives the spectra 𝑓𝑓′(𝑥𝑥,𝑦𝑦, 𝑧𝑧,𝜔𝜔) from the spatial positions x, y, and z. 

 

 

Radio Frequency Pulses 

1. Adiabatic Radio Frequency Pulses  

Adiabatic RF pulses are amplitude- and frequency-modulated pulses that, 

if well-optimized, can be insensitive to the effects of B1 inhomogeneity 

and frequency offset (conventional RF pulses used in MRI are only 

amplitude modulated ones) (11-13).  

(a) Hyper Secant Adiabatic Full Passage (HS-AFP) RF pulse  

By using a Bloch-equation-based simulation (Vnmrj software - Agilent 

Technologies, Santa Clara, USA), one can confirm that the Z component 
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of magnetization is invert to –Z direction. The pulse can be used for 

inversion and refocusing (12). 

 

Figure 5. The graphs of amplitude, frequency, waveform, and profile 
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Figure 6. The simulation of HS-AFP RF pulse: the tracks of Z-component (a) 

and X-Y component (b), and the track of magnetization in 3D space (c) 

 

(b) Hyper Tangent Adiabatic Half Passage (HT-AHP) RF pulse 

This RF pulse is used for non-selective excitation (13). Through 

simulation, one can confirm that the magnetization is effectively tilted 

on to the transverse plane. 
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Figure 7. The graphs of amplitude, frequency, waveform, and profile 

 

Figure 8. The simulation of HS-AHP RF pulse: the tracks of Z-component (a) 

and X-Y component (b), and the track of magnetization in 3D space 
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2. Excitation Band-selective Uniform-Response Pure-phase RF pulse  

The Band-selective Uniform-Response Pure-phase (BURP) Pulses were 

previously proposed to achieve excellent pure, selective, in-phase 

excitation or inversion of a selected region or a single-resonance (14-16). 

They were designed from a numerical approach based on truncated 

Fourier series and nowadays are widely used for selective excitation (15). 

For the excitation RF pulse, a BURP RF pulse was used in the semi-LASER 

pulse sequence to improve SNR resulting from the self-refocusing 

property of the pulse. The shape of the RF pulse was modified by pBox 

software (17) as stated above. From the Bloch-equation-based simulation 

of excitation BURP pulse, one can notice that the calibration of the flip 

angle to 90° is very difficult. Therefore, more elaborate optimization 

process is required with this pulse design. 
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Figure 9. The amplitude, waveform, phase, and profile of eBURP RF pulse 

 

 

Figure 10. The simulation of eBURP pulse: the tracks of Z-component (a) 

and X-Y component (b) 
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Water Suppression - VAPOR 

 

Figure 11. The pulse sequence of VAPOR water suppression – Gro, Gpe, and 

Gss: gradients for readout, phase encoding, and slice selection, respectively 

The water suppression with the variable power RF pulse and optimized 

relaxation delays (VAPOR) (18) are necessary to reduce the broad 

baseline of the water signal, minimize gradient sideband artifacts (19), 

and avoid Gibbs ringing (20) of frequency shifted water signals from 

regions with static magnetic field inhomogeneity. Static magnetic field 

inhomogeneity across large volumes requires increased water 

suppression bandwidth and leads to local frequency shift-dependent 
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suppression of resonances in the vicinity of the water peak. In practice, 

the residual water peak is distorted and varies spatially in amplitude, 

which leads to substantial baseline variability that impairs metabolite 

quantification. In this work, the parameters of VAPOR water suppression 

were optimized by adjusting the shape of the RF pulse (Hermite-shaped 

excitation RF pulse (hrm90) resulting in a bandwidth of 210Hz). 

Outer Volume Suppression (OVS) 

Outer volume suppression (OVS) using spatial presaturation is commonly 

used for pre-localization in shaping a volume of interest and additional 

suppression of extracranial lipid signals in MRSI. OVS utilizes the 

difference in spatial origins of lipids and metabolites (21). As B0 and B1 

homogeneity are the determinants of the performance of OVS, it does 

not work adequately at high field. In this work, an optimized, slice-
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selective adiabatic RF pulse (a duration of 1800 ms and a flip angle of 

90°) was used to improve the localization performance. 

 

Figure 12. The diagram of outer-volume suppression module – Gro, Gpe, and 

Gss: gradients for readout, phase encoding, and slice selection, respectively  
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MRSI Pulse Sequences 

All MRSI pulse sequence codes were written in C language. The static C 

language libraries, which were provided by Agilent Technologies, were 

used and modified for specific purposes. 

 

Figure 13. The codes of MRSI pulse sequence written in C language 
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1. The twice-refocused spin-echo (TRSE) slab selection with pre-

saturation bands (OVS) 

 

Figure 14. The scheme of TRSE slab selection and presaturation pulse 

sequnece (OVS module) 

This pulse sequence is a modified version of a conventional spin-echo 

MRSI pulse sequence, which is used to reduce eddy-current-induced 

distortion (22). To use a non-selective HT-AHP pulse without a slice-

selection gradient and an adiabatic refocusing RF pulse, butterfly crusher 

is situated. An additional refocusing RF pulse is used to compensate for 

J-evolution. Theoretically, the SNR with this sequence is higher than that 

of other MRSI pulse sequences, and the TE is also relatively short (6ms). 
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Therefore, those metabolites with short T2 can be detected and 

quantified with better precision. By using adiabatic pulses, slab selection 

is operated with B1 insensitivity.  

  

Figure 15. The scheme of localization, the whole excitation by HT-AHP (a), 

and slab selection using adiabatic refocusing pulse with a gradient, and 

suppress the residual signals outside of selected slab by high amplitude 

crusher gradients (b) 

The principle of the spatial presaturation used in this sequence is 

schematically presented in Figure 15. 
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Figure 16. The classical and quantum mechanical view of spatial 

presaturation 

 

2. Spin-echo slab selection by using spatial inversion recovery bands 

 

Figure 17. The spin-echo slab selection and spatial inversion pulse sequence 

recovery pulse sequences 
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This pulse sequence is a conventional spin-echo MRSI sequence using 

slice-selective RF pulses and gradients. For the localization of an ROI, 

spatial inversion recovery bands are used. To determine the T1 of water 

and oil phantom, an inversion recovery sequence was used with varying 

inversion time (TI), which is the gold standard method for T1 estimation. 

To optimize the intervals between the spatial inversion pulses, the Bloch 

equations were solved numerically. 

 

Figure 18. The iterative simulation of inversion recovery curve for the 

optimization of inversion intervals of the bands - the shortest interval and 

the null time, 𝑻𝑻𝟏𝟏𝒍𝒍𝒍𝒍𝒍𝒍 after last band were determined in this way 
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3. LASER MRSI with OVS 

 

Figure 19. The pulse sequence diagram of LASER and OVS preparation 

 

Figure 20. The scheme of voxel localization of LASER by using several RF 

pulses and gradients at each stage 

This sequence localizes a voxel by using 6 slice-selective adiabatic RF 

pulses (23). The use of broad-band adiabatic RF pulses in this pulse 

sequence facilitates reduction of both CSDE and sensitivity to B1 

inhomogeneity. In addition to the localization scheme, the localization is 
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further optimized by using OVS. At the end of the sequence, the phase 

of localized signal is spatially encoded. However, because of crushers 

and long TE, SNR is reduced, and the line shapes of spectra are altered. 

The design of the LASER sequence was optimized in terms of the RF 

pulses and the crusher gradients (8.0 G/cm and 1.0ms). The shape, flip 

angle, duration and bandwidth of the RF pulses were at60.n29, 90°, 

1000ms and 5000Hz for the excitation pulses, respectively, and invpat.10, 

180°, 1400ms and 5000Hz for the refocusing pulses. 

4. The proposed semi-LASER-localized MRSI with OVS 

 

Figure 21. The diagram of semi-MRSI pulse sequence with OVS module 
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Figure 22. The scheme of voxel localization of semi-LASER by using several 

RF pulses and gradients at each stage  

This pulse sequence is a modified version of LASER (5). To reduce TE and 

SAR with respect to LASER, slice-selective self-refocusing excitation RF 

pulse (eBURP) and 4 slice-selective adiabatic refocusing pulses (HS-AHP) 

are used for localization where the use of the self-refocusing pulse 

improves SNR. To reduce the coherent noise from the outside of an ROI, 

a 16 step phase cycling scheme was implemented in the array variables. 

The use of broad band adiabatic RF pulses in this pulse sequence 

facilitates reduction of both CSDE and sensitivity to B1 inhomogeneity as 

with LASER. As well, the localization is further optimized by using OVS. 

The minimum TE (=11.47ms) is still longer than that with the 
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conventional pulse sequences such as PRESS (7.4ms) and STEAM 

(2.26ms), but shorter than that of LASER (20.24ms). The parameters of 

the semi-LASER sequence were optimized in terms of RF pulses and the 

crusher gradients (8.0 G/cm and 0.5ms). The shape, flip angle, duration, 

and bandwidth of RF pulses were eburp1 and 65°, 1000ms, and 5000Hz 

for the excitation pulses, respectively, and invpat.10, 180°, 1400ms, and 

5000Hz for the refocusing pulses.  
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Quantitative Analysis of Metabolite Concentration  

The concentrations of the metabolite solutions in phantom can be 

quantified by frequency- or time-domain fitting algorithms based on 

prior knowledge database. In this work, frequency-domain-based 

algorithm was used for metabolite quantification by using the LCModel 

(24). 

1. LCModel Algorithm for metabolite quantification 

LCModel (24) is a software for quantification of metabolites in frequency 

domain. All processes of spectral analyses including phase correction 

and line broadening are automatically operated. A B-spline method is 

used for spectral fitting. There are built-in baselines to fit the broad 

macromolecule and lipid signal. But, some improvements can be made 

by incorporating a simulated baseline. 
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2. Metabolites Basis set  

LCModel is a prior-knowledge-

based analysis. Therefore, Prior-

knowledge database, called 

spectral basis-set, is required. The 

basis set is prepared by using 

gamma simulation library. The 

chemical shifts and J-coupling 

constants for metabolites were 

obtained from the previously 

reported values by Govindaraju et 

al (25). The basis spectra of 19 

metabolites were converted into the LCModel basis-set file format. 

Figure 23. LCModel basis set from 

simulation 
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3. The validation of basis set through simulation phantoms. 

To validate the performance of the basis set, a total of 702 simulation 

phantoms (26) were made with varying SNRs (10~70dB) and linewidths 

(10~26Hz). To efficiently manage the huge amount of calculation, an in-

house computer program was developed for automatic production of 

simulation phantoms, operation of LCModel, and analyses of the data by 

LCModel. 

 

Figure 24. Simulation phantom for verification of LCModel basis set 
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Figure 25. The analysis to find the optimized range of linewidth and SNR 

that LCModel can robustly estimate the concentration of metabolites. 
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2. Experiments 

Metabolites Phantom for Validation 

To evaluate the performance of the simulation phantoms and the 

proposed pulse sequences, a metabolite phantom was made, which 

consisted of glutamine (Gln), N-acetylaspartate (NAA), lactate (Lac), 

phosphocreatine (PCr), taurine (Tau), and phosphocholine (PCh) at 

respective concentrations of 50, 50, 45, 11, 50, and 20mM. The pH of the 

solution was adjusted to ~ 7.0. 

 

Figure 26. The spectrum of the metabolites phantom acquired by STEAM 

MRS sequence (TR=2000ms, TE=2.26ms, Average=64, Spectral BW=5000Hz, 

Data point=2048, Voxel size=5X5X5mm3) 

36 



Additionally, a phantom, which has two compartments consisting of 

water and soy oil, was made to assess the extent of the signal bleeding 

with the sequences. 

 

Figure 27. The water and oil phantom and the spectrum of soy oil 

 

In-vivo Experiment 

For in-vivo experiments, a Sprague Dawley (SD) rat was anesthetized 

with 1.0% isoflurane in N2O–O2. T2-weighted MRI images were acquired 

in axial, coronal, and sagittal planes by fast spin-echo multi-slice MRI 
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pulse sequence (matrix size=192 X 192, TR=3000ms,echo train length 

(ETL)=8, effective TE=40ms, 2 averages, receiver gain=10dB). 

 

 

Figure 28. T2W axial, sagittal, and coronal images of a rat brain for used for 

voxel definition 
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MRSI and MRS Protocol 

All experiments were performed on a 9.4T animal MR scanner (Agilent 

Technologies, Santa Clara, USA). A volume coil was used for both RF 

transmission and signal reception (Agilent Technologies, Santa Clara, 

USA). The maximum gradient strength was 40 G/cm. The first- and 

second-order shimming were performed  using FASTMAP (27). Before 

acquisition, scout images were obtained for ROI definition.  

Imaging parameters and localization plan for acquisition of 

projection profiles to assess the performance of localizations: 

 

Figure 29. The position of ROI (red box) and presaturation bands (white box) 
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Parameters 
Semi-

LASER 
LASER PRESS STEAM 

TRSE with 

OVS 

SE with IR 

bands 

Repetition time (TR) 2000ms 2000ms 2000ms 2000ms 2000ms 2000ms 

Echo time (TE) 11.47ms 20.24ms 9.38ms 2.26ms 6.0ms 9.42ms 

Inversion time (TI) - - - - - 585ms 

FOV 
16X16X2 

mm3 

16X16X2 

mm3 

16X16X2 

mm3 

16X16X2 

mm3 

16X16X2 

mm3 

16X16X2 

mm3 

Slices 1 1 1 1 1 1 

Spectral BW 5000Hz 5000Hz 5000Hz 5000Hz 5000Hz 5000Hz 

Data points 2048 2048 2048 2048 2048 2048 

Rx Gain 

No WS 2dB 2dB 2dB 2dB 2dB 2dB 

WS 30dB 30dB 30dB 30dB 30dB 30dB 

Excitation 

RF pulse 

Shape Eburp1 At60.n29 SLR_1_10 SLR500_75 At60.n29 SLR10 

Duration 1000ms 1000ms 1000ms 512ms 4000ms 1400ms 

BW 5000Hz 
Non-

selective 
5000Hz 5000Hz 

Non-

selective 
5000Hz 

Refocusing 

RF pulse 

Shape Invpat.10 Invpat.10 Mao SLR500_75 Invpat.10 Mao 

Duration 1400ms 1400ms 2000ms 512ms 2000ms 2700ms 

BW 5000Hz 5000Hz 2349Hz 5000Hz 5000Hz 4414Hz 

Table 1. The imaging parameters for each localization methods – inversion 

recovery (IR), receiver (Rx), water suppression (WS), bandwidth (BW). 

Spin-echo slab selection with spatial inversion recovery bands: the 

performance of the localization was assessed by using MRSI images 
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instead of projection profiles to confirm the effect of overlapping 

inversion bands.  

 

Figure 30. The localization plan (red box) of spatial inversion recovery bands 

(white box) 

 

Assessment of lipid contamination and SNR: The extent of the lipid 

contamination and the SNR of spectrum were assessed for TRSE slab 

selection with OVS, PRESS, STEAM, LASER, and semi-LASER localization 

methods by MRS.  
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MRS parameters were voxel size=8 X 8 X 2mm3, receiver gain=30dB w/ 

water suppression (VAPOR). Other parameters were the same as those 

used in the acquisition of the projection profiles (Table 1). 

 

Figure 31. Voxel plan with water and oil phantom 

Imaging parameter and voxel plan of LASER and semi-LASER for 

metabolite phantom: MRSI images were acquired by using LASER, and 

semi-LASER localization methods implemented in this work, and then 

the spectra were analyzed by LCModel.  
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MRSI parameters were FOV=8 X 8 X 2mm3, 8 X 8 X 1 matrix size, 

slices=1, 16 averages (on the 16 step phase cycling), total scan 

time=35min, and receiver gain=30dB w/ water suppression (VAPOR). 

Other parameters were the same as stated above (table 1). 

 

Figure 32. Voxel plan of LASER and semi-LASER 

In-vivo experiment with a SD rat: the implemented and optimized 

LASER and semi-LASER were used to acquire MRSI images. The 

parameters were the same as those for the metabolite phantom studies 

above. 
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Figure 33. Voxel plan on T2W MRI image (axial) 
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RESULTS 

1. The double spin-echo slab selection with OVS 

The localization performance of the sequence is shown below in terms 

of the projection profiles. 

 

Figure 34. The profiles of water phantom, slice selection (left), readout 

(middle), and phase encoding (right). 

The poor localization performance of the method is clearly 

demonstrated in terms of the amount of the residual signal. The 

spectrum from MRS was seriously contaminated by peripheral lipid 

signal. 
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Figure 35. The lipid-contaminated spectrum of metabolites in water and oil 

phantom 

   

Figure 36. The linewidth (21.0Hz) of water peak and the MRSI image, which 

shows improper localization performance 
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2. Localization by using inversion recovery bands and conventional spin-

echo MRSI sequence 

The T1 of water and oil phantom were estimated to be 2521 and 844ms, 

respectively. The signal null point (585ms for oil) was calculated by the 

equation, 𝑇𝑇1𝑙𝑙𝑙𝑙2. After adjusting TI around the calculated null point, two 

experiments were performed - the first experiment using only one 

inversion band defined in the half of the object, and the second 

experiment using 4 inversion bands with the ROI position at the center 

of the object. In the first experiment, the inversion band effectively 

suppressed the signal outside the ROI. However, in the second 

experiment, the suppression scheme did not work in regions where 

those inversion recovery bands overlap.  
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`  

Figure 37. The T1 recovery curves of water (top) and oil (bottom) signals 

 

Figure 38. MRSI images of the inversion band on half of an object (left) and 

4 inversion recovery bands (right) 
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3. PRESS 

Without OVS, the localization performance was not sufficiently effective. 

In combination with OVS, the localization profiles were improved. But, 

the peripheral lipid contamination is still visible in the spectrum obtained 

from MRS. 

 

Figure 39. The projection profiles of PRESS localization method without OVS 

along z-, y-, and x-directions 

49 



 

Figure 40. The projection profiles of PRESS localization method with OVS 

along z-, y-, and x-directions 

 

 

Figure 41. The PRESS lipid-contaminated MRS spectrum of metabolites in 

water and oil phantom (16 averages) 
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4. STEAM 

The localization performance was acceptable even without OVS. But, the 

SNR is lower than other localization methods. 

 

Figure 42. The projection profiles of STEAM localization method without 

OVS along z-, y-, and x-directions 
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Figure 43. The projection profiles of STEAM localization method with OVS 

along z-, y-, and x-directions 

 

Figure 44. The STEAM MRS spectrum of metabolites in water and oil 

phantom (16 averages) 
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5. LASER 

As demonstrated in the figures below, a robust projection profile can be 

achieved with the optimized LASER. However, the minimum TE attainable 

was as long as 20.54ms, during which signal loss resulting from T2 

relaxation and J-evolution can be substantial. 

 

Figure 45. A distorted projection profile in the direction of readout was 

optimized by adjusting crusher gradients. 

 

 

Figure 46. The profiles of LASER without OVS along z-, y-, and x-directions 
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Figure 47. The profiles of LASER with OVS along z-, y-, and x-directions 

   

Figure 48. The linewidth (25.5Hz) of water peak and the LASER MRSI image 

 

Figure 49. The LASER MRS spectrum of the metabolites in water and oil 

phantom – contamination of the metabolite signal by lipid was almost 

completely removed.  
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Figure 50. The metabolite mapping of PCh and NAA in water and oil 

phantom – the quality of mapping is very poor to identify the spatial 

distribution of metabolites 

 

 

Figure 51. LCModel Analysis of metabolites in water and oil phantom (the 

nominal voxel size: 1X1X2 mm3) – only NAA is detected in CRLB<15% 
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Figure 52. The metabolite mapping of NAA in rat brain – the metabolite 

mapping is not matched with the distribution from reference (28). 

Because of low SNR, relatively poor metabolite maps were obtained with 

the sequence both in phantom and in vivo. Furthermore, the 6 adiabatic 

refocusing RF pulses deposit a large amount of energy in vivo, and 

therefore an alternative approach such as semi-LASER may be needed. 
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6. Semi-LASER 

 

Figure 53. The profiles of sLASER pulse sequence without OVS 

 

Figure 54. The profiles of semi LASER with OVS 

Without OVS, the localization performance was not as effective as LASER. 

But in combination with OVS, the localization profile was comparable to 

that with LASER. The contamination from the peripheral lipid is 

negligible.  
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Figure 55. The linewidth (26Hz) of water peak and the semi-LASER image 

 

Figure 56. The semi-LASER MRS spectrum of the metabolites in water and 

oil phantom – the contamination of the metabolite signal by lipid is 

negligible 
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Figure 57. The metabolite mapping of PCh and NAA in water and oil 

phantom – the nominal voxel size: 1X1X2 mm3 

 

 

Figure 58. LCModel analysis of metabolites in water and oil phantom – the 

nominal voxel size: 1X1X2 mm3 
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Figure 59. The metabolite mapping of NAA in rat brain 

 

Because of the relatively high SNR of semi-LASER, metabolite mapping is 

feasible. The metabolite map of NAA is consistent with the distribution 

of hemispheres and ventricles (28). In LCModel analysis, four of the 6 

metabolites in phantom were detected in CRLB<15%. Thus, given the 

shorter TE attainable and reduced SAR (29), this sequence may find 

applications instead of LASER. 
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7. The comparison of SNR among the localization methods 

 

Table 2. The SNR of metabolite peaks from MRS 

 

Figure 60. The comparison of SNR of uncoupled metabolites in phantom 

 

Figure 61. The comparison of normalized SNR of all metabolites in phantom 
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The SNRs of uncoupled metabolites in semi-LASER spectrum were 

almost equal or higher than that with the rest of the localization 

methods. The shorter TE with semi-LASER can also minimize apparent 

SNR loss resulting from J-evolution. 
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DISCUSSION 

The purpose of the study was to implement and optimize MRSI pulse 

sequences that allow for excellent volume localization with effective 

suppression of unwanted peripheral lipid and water signal, while 

maintaining minimal TE and low SAR, against severe B0 and B1 

inhomogeneity at high field. The results showed that the slab selection 

without prelocalization was prone to poor localization profile with 

significant signal contamination from lipid. For the localization by 

inversion recovery band method, it also showed limited performance in 

areas where the multiple inversion bands overlap. It should be noted 

that such overlapping multiple inversion bands are unavoidable in vivo 

where at least 6 inversion bands (i.e. at least 2 inversion bands for each 

direction) are required for complete volume localization. Additionally, it 

is also subject to poor water suppression performance due to the long 

interval between the water suppression pulses and the excitation pulse. 

63 



While the PRESS pulse sequence had the highest SNR of the sequences 

in comparison, the large CSDE with the sequence can be of concern at 

high field. In contrast, STEAM had very good localization performance 

with relatively small CSDE, but the resulting SNR is drastically low 

compared with other methods. The resulting long scan time should be a 

critical disadvantage in in-vivo experiments. In contrast to those 

conventional methods, LASER showed excellent localization performance. 

Nonetheless, the relatively low SNR, long TE, and high SAR with LASER 

can be problematic in vivo. For these reasons, we have referred to the 

implementation of semi-LASER, which may be advantageous over LASER 

in terms of SNR, minimum TE attainable (11.47ms), and SAR, while 

providing localization performance comparable to that of LASER. 

Therefore, the proposed semi-LASER method may be best suited for in 

vivo applications at high field.  
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Challenges in the implementation: Literally implementing the sequence 

based on the reference (5) was not enough to obtain robust localization 

performance. Instead, a considerable amount of additional effort had to 

be made in order to fine-tune the sequence including, but not limited to 

minimization of the distortion of the projection profile arising from non-

optimal sequence parameters such as the amplitude of the crushers after 

being modified in design from the original, sandwich gradient pulses to 

a single gradient pulse for further reduction of the minimum TE. 

Future Direction: To avoid coil sensitivity mapping, a volume coil was 

used for the experiments. However, the volume coil had power limitation 

resulting in  restricted bandwidth or minimum duration of RF pulses, 

and thus limited reduction of CSDE, which is inversely proportional to 

the bandwidth of RF pulse (30). The problem can be expected to be 

resolved by using gradient modulated constant adiabatic pulses (31).  
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In this research project, the first- and second-order FASTMAP 

and the 3D gradient-echo shimming (3DGESHIM) methods were used in 

phantom and in vivo, respectively, to improve B0 homogeneity. FASTMAP 

showed excellent performance in phantom experiments, but not in in-

vivo experiments, for which, therefore, 3DGESHIM was used. To obtain 

higher B0 homogeneity, additional high-order (3rd and 4th) shimming 

methods should be implemented. 

 Although the TEs of the LASER and semi-LASER were minimized 

by adjusting the duration and the number of pulses and gradients, the 

resulting minimum TEs are still considerably longer than that of PRESS 

and STEAM. Such a long TE makes the quantification of metabolites 

further complicated. For instance, T2 relaxation correction and the effect 

of J-evolution should be considered in the quantitative analysis of 

metabolites. The use of a spectral basis-set taking account of spin 
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evolution during such a long TE would further improve measurement 

precision of the methods.   

Because of the process of spatial encoding in MRSI, scan time is 

long. Therefore, accelerated acquisition methods should be considered 

such as compressed sensing (32), signal acquisition with phased array 

coils (33, 34), and modified k-space trajectories (33-35).   
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CONCLUSION 

Given the excellent volume localization performance along with the 

shorter minimum TE attainable and less SAR, semi-LASER may be the 

sequence of choice for in vivo MRSI at high field. 
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국문초록 

서론: 자기공명스펙트럼영상 (MRSI) 기법은 자기공명영상 (MRI)에 

자기공명스펙트럼 (MRS) 기법을 적용한 기술로, 비침습적으로 

대사물질의 프로파일과 그 물질의 공간적인 분포를 동시에 볼 수 있다. 

자기공명스펙트럼 영상 기법은 대사체의 공간적인 분포와 농도를 함께 

살펴 볼 수 있는 장점 때문에 의료진단 및 기초연구 분야에 있어서 

잠재적 가치가 높다. 그러나, 앞서 연구된 바에 의하면, 개선해야 할 

기술적인 문제가 많이 남아있다. 특히 고자장에서는 B0 및 B1 불균등성 

때문에 이러한 문제점들을 개선하기가 더욱 어려워진다. 이 논문의 

목적은 여러 문제점이 보고된 slab selection 그리고 PRESS 및 

STEAM 펄스 스퀀스의 대안으로, LASER 및 semi-LASER 구획화 

펄스 시퀀스를 고자장에서 성공적으로 구현하고 최적화하는데 있다. 

방법: 구현된 펄스 시퀀스의 성능을 평가하기 위해서 대사물질(PCr, 

Tau, PCh, Gln, NAA, Lac) 펜텀을 제작하였다. 그리고 ROI 외의 

영역에서 들어오는 lipid 신호의 정도를 평가하기 위해서 물과 오일의 

두 개의 층을 가지는 펜텀도 제작하였다. 모든 실험은 Agilent 사의 

소동물용 MR 장비(9.4T)를 이용하였다. 동사에서 제작된 quadrature 

detection volume coil 이 사용되었으며 최대 크기 40 G/cm 의 
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gradient 가 사용되었다. Shimming 은 FASTMAP 을 이용하였고 

반복적인 shimming 으로 FOV 내의 Water peak 반치폭이 25Hz 미만이 

되도록 B0 균등성을 유지하였다. 측정 조건 (TR=2000ms, 

TE=11~21ms, FOV=8 X 8 X 2 mm3, 8 X 8 X 1 matrix size, 

slices=1, BW=5000Hz, data points=2048, 90° 펄스 길이=1000ms, 

180° 펄스 길이=1400ms, 펄스 BW=5kHz, 수신기 이득=2dB w/o 

water suppression 그리고 30dB w/ water suppression)은 모든 

시험에 동일하게 적용하였다 

결과: Projection Profile 를 이용하여 성능 비교를 진행하였다. 기존의 

slab selection 에 적용한 presaturation 은 실제 사용하기에 어려울 

정도의 구획화 성능을 보였다. Inversion recovery band 를 이용하기 

위한 실험에서는 T1 값(물, 2521ms 그리고 지방, 844ms)을 

측정하였으며 이를 이용하여 null point 를 실험적으로 반복하여 

설정하였다. 단일 band 를 이용한 실험에서는 매우 좋은 성능을 

보였으나 4 개의 band 를 이용한 실험에서 band 가 겹치는 부분에서 

신호가 남아있는 문제점이 생겼다. LASER 는 매우 안정적인 구획화 

성능을 OVS 여부와 상관없이 보여주었으나, TE(20.24ms)를 줄이는데 

한계를 보여 T2 및 J-modulation 으로 인한 신호의 손실이 예상된다. 

Semi LASER 를 이용한 실험에서는 OVS 와 함께 사용하였을 때는 
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LASER 와 비슷한 구획화 성능을 보였으며 11.47ms 까지 TE 를 줄일 

수 있어 프로파일 분석의 정확도를 높일 수 있을 것으로 보인다. 또한 

RF 펄스의 개수가 기존 LASER 의 6 개에서 4 개로 줄어들었기 때문에 

SAR 측면에서도 이득이 있을 것으로 예상된다. 

결론: 높은 구획화 성능과 더불어 짧은 TE 와 개선된 SAR 로 인해 

semi LASR 는 상대적으로 높은 에너지 및 안정적인 구획화 성능을 

요하는 고자장에서, 생체 자기공명스펙트럼 영상을 얻는데 유용하게 

사용될 수 있을 것으로 기대된다. 
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