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Abstract – Late-onset Tay Sachs (LOTS) is a rare lysosomal storage disorder resulting from mutations of 

the subunit of the lysosomal enzyme ß-hexosaminidase A, which catalyzes the degradation of GM2 

ganglioside. We have applied the fast encoding spectroscopic imaging technique to LOTS patients to 

further investigate the neurodegenerative consequences of this disease. 
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1. INTRODUCTION

MRI is a great tool not only because it enables 

informative structural imaging, but also due to the 

fact that it offers possibilities for monitoring 

biochemistry in vivo. Magnetic Resonance 

Spectroscopic Imaging (MRSI), also known as 

chemical shift imaging (CSI), is an imaging technique 

where one obtains a spectrum of signals, e.g. brain 

metabolites in vivo, from an isolated volume of tissue. 

MRSI is based on the MR phenomenon of chemical 

shift, a subtle frequency shift in the signal that is 

dependent on the chemical environment of the 

particular compound. It is due to this frequency shift 

that there is a potential for physiological evaluation 

and material characterization of a volume of interest. 

Chemical shift is defined as a small displacement of 

the resonance frequency due to shielding created by 

the orbital motion of the surrounding electrons in 

response to the main B0 field. By placing a sample of 

biological tissue in a uniform magnet, exciting it, 

recording its free induction decay (FID), and then 

Fourier transforming the FID, the resultant MR 

spectrum shows resonances at different frequencies 

corresponding to different chemical shifts. The 

amount of displacement and the amplitude of the 

peaks in the spectrum depend on the molecular 

structure of the compound of interest. Being in a 

presence of B0, the effective field experienced by the 

nucleus is 
0 0effB B B  ! " . Further, bearing in mind 

that   is proportional to B0 (the Larmor relationship), 

we have that 

0 0 0 (1 )eff  # # # #  ! " ! "  (1) 

where ! equals the shielding constant that depends on 

the chemical environment, and therefore  0! is  the 

displacement of the resonance frequency. From this, 

it can be concluded that the change in frequency is 

proportional to the strength of the main magnetic 

field B0. 

The frequency axis in MRSI, for historical reasons, is 

such that the frequency decreases from left to right 

and it’s given in units of “parts per million” or p.p.m. 

The chemical shift is defined with respect to a 

reference frequency  ". If the resonance frequency of 

the sample of interest is  s, the chemical shift #, in 

p.p.m units (using (1)) is: 
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where the last approximation is due to the fact that 
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Fig. 1 –  1H MR spectrum of acetic acid (CH3COOH) 

showing the effects of the chemical shift phenomenon. 
The COOH group experiences different effective B0 

magnetic field compared to the CH3 group  
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A schematic 1H spectrum is given in Figure 1. Due to 

the fact that the valency of the oxygen in the COOH 

group leads to an attraction of the electron away from 

the proton, there is less shielding for the proton in the 

COOH group compared to the proton in the CH3 

group. This is why COOH deviates more from the 

reference frequency (positioned at 0 p.p.m), 

compared to CH3. 

In this article we present 1H  spectra of the human 

head using time-efficient sampling schemes using 

spiral-shaped k-space trajectories. However, it is 

worth mentioning that 13C and 31P CSI is of 

significant importance. For example, 31P spectra are 

used for obtaining quantitative information about 

chemical compounds like adenosine triphosphate 

(ATP), phosphocreatine (PCr), and inorganic 

phosphate (PI). However, 13C and 31P spectra have 

significantly lower signal-to-noise ratio (SNR) 

compared to 1H spectra and therefore are more 

difficult to detect and quantify. This is mainly 

because of lower abundance and sensitivity for these 

nuclei. 

1.1. Late-onset Tay Sachs (LOTS) disorder 

Late-onset Tay Sachs (LOTS) is a rare lysosomal 

storage disorder resulting from mutations of the 

subunit of the lysosomal enzyme ß-hexosaminidase 

A, which catalyzes the degradation of GM2 

ganglioside [1]. On postmortem examination, 

gangliosides are found not only in cerebellar neurons 

but throughout deep cerebral nuclei. The main 

purpose of this article is to investigate these 

preliminary postmortem examination using magnetic 

resonance spectroscopic imaging, by performing in 

vivo regional analysis of both infra- and 

supratentorial brain metabolites at 3 Tesla. 

2. TIME-EFFICIENT SPECTROSCOPIC 

IMAGING 

2.1. Challenges in MRSI 

The main constraint in MRSI comes from the fact 

that the signals of the metabolites that we are 

interested in are orders of magnitude lower compared 

to the signals coming from the water and the lipids. 

The concentration of the water molecules is roughly  

55 M, and those of the major  metabolites of interest 

are less than 10 mM [2]. This fact is the main reason 

why MRSI scans have intrinsically low SNR 

compared to conventional MRI of water.  Figure 2 

shows that compared to subcutaneous fat signals near 

the brain, the metabolite spectra are much lower and 

present a large dynamic range between the desired 

metabolites and the artifact signals from fat. 

Furthermore, main field inhomogeneities may 

additionally lower the SNR in MRSI and complicate 

signal detection and quantification. Any undesirable 

variations in the main magnetic field B0 will cause a 

shift along the frequency axis, causing overlap of the 

metabolites’ peaks and creating ambiguity in 

metabolites’ identification. These main field 

inhomogeneities are mainly due to susceptibility 

effects within the body near the boundaries of air and 

tissue, and thus vary from one subject to another. 

 

Fig. 2 –  Spectrum from a voxel located near a lipid 

tissue at 1.5 Tesla system. The lipids’ signal was not 
suppressed at all. The signals of the metabolites 

(shown with the arrow) are in the noise level, and 

therefore this spectrum is useless (TI/TE/TR = 
N\A/288ms/2s; Acquisition time = 24 seconds; 1.5 cm 

thick slice and no encoding in (x,y)  

2.2. Conventional CSI  

A straightforward way of doing spectroscopic 

imaging is to do the following (in order, and per 

repetition time, TR) [3-4]: excite the volume of 

interest, “travel” to a certain (kx, ky, kz) position by 

applying short gradient lobes of appropriate area and 

“stop”, turn the Analog to Digital Converter (ADC) 

on, and finally, record the free induction decay signal 

(FID). This is to be repeated for all (kx, ky, kz) 

locations of interest. The number of repetition times 

will depend on the Field of View (FOV) and the 

spatial resolution requirements. This is pictorial 

depicted in Figure 3. 

 

Fig. 3 –  Conventional MRSI: a) timing diagram; b) 
(kx, ky, kz, kf) encoding  

A typical single voxel spectrum is given in Figure 4. 

In this figure it is clear that the water and lipid signals 

have been significantly suppressed. In order to 

suppress the water signal, spectrally selective RF 

pulses [5] (a spin-echo pair) are used in this particular 

sequence design. These pulses act like band-pass 

filter along the kf axis: the frequency of the water 

signal is in their stop band, but the frequencies of the 

lipid signal are in their pass band mainly because at 
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field strengths lower than 3T, the lipid signals and the 

metabolites signals are spectrally close.  

 

Fig. 4 – A typical single voxel spectrum of the human 
head. The above spectrum is obtained on a 1.5T 

system using conventional MRSI (TI/TE/TR = 

171ms/288ms/2s; Acquisition time = 24 seconds; 1.5 
cm thick slice and no encoding in (x,y)  

As mentioned, MRSI suffers from intrinsically low 

SNR. Since SNR in MRI is proportional to the 

acquisition time and the voxel size [6-7], i.e. 

,size ADSNR V T+ &  in order to improve SNR, one 

could increase the voxel volume, or acquisition time, 

or both. Moreover, voxel size depends on the spatial 

resolution (lower spatial resolution gives larger voxel 

size), and further, the number of (kx, ky, kz) encodes 

depends on the FOV and spatial resolution parameter. 

Having said this, it can be concluded that FOV, 

spatial resolution and imaging time are not 

independent parameters in conventional MRSI. This 

is the main reason for one of the biggest 

disadvantages in conventional MRSI – the inflexible 

coupling between scan time and resolution 

parameters. As an example, a volumetric scan that 

encodes a volume at a modest 163 k-space locations 

with TR=2s takes about 2 hours and 20 minutes, a 

prohibitive scan time for in vivo exams. 

2.3. Spiral chemical shift imaging  

In conventional CSI, spectral bandwidth is said to be 

“free” since the ADC design on the current MRI 

systems allows temporal sampling of as low as 0.1$s, 

corresponding to very wide spectral bandwidth of 

10MHz. However, on 1.5 Tesla systems, the 

metabolites of interests span frequencies that are 

within a spectral range of 400Hz. This implies that 

400Hz, corresponding to temporal sampling of 2.5ms, 

is a sufficient spectral bandwidth for the purposes of 

MRSI – temporal sampling at less than 2.5ms per 

point is not logical since it does not provide any more 

information about the proton metabolites of interest. 

These facts open the doors for the development of a 

CSI algorithm that is more efficient than the phase 

encoded CSI scheme. Furthermore, the hardware of 

the gradients has undergone major improvements in 

recent years, allowing possibilities for very fast k-

space traversing. Nevertheless, the conventional CSI 

takes absolutely no advantage of the gradients’ 

potential, suggesting that efficient k-space sampling 

with time-varying gradients could be a method to 

overcome the rigid constraints on minimum 

acquisition time in phase-encoded CSI. In addition as 

noted in [6-7], it can be seen that the SNR does not 

depend on the number of voxels. This fact, combined 

with the ability for fast k-space sampling, provides 

the basis for the development of fast CSI algorithms 

using time-varying gradients. 

Originally introduced by Adalsteinsson et al. [8], 

spiral CSI is a fast spectroscopic imaging algorithm 

that offers two orders of magnitude decrease in 

acquisition times compared to the conventional PE 

CSI. This encoding scheme samples the (kx,ky,kf) 

space simultaneously within one TR, by repeatedly 

playing spiral trajectories along the x and y gradients 

in a rather long readout period (300ms-400ms), as 

shown in Figure 5. For volumetric acquisitions, phase 

encoding is performed along the kz axis. Given a 

small spatial FOV and/or low spatial resolution, it is 

possible to design a spiral trajectory that has a length 

less than, or equal to the temporal sampling rate  s, 

needed to satisfy the spectral bandwidth constraints 

(as noted previously, for 1.5T systems, this is 2.5ms, 

corresponding to 400Hz of spectral BW). This means 

that, for the given special case, one is able to obtain 

single slice spectroscopy data in only one TR! 

 

Fig. 5 –  Simultaneous encoding along,kf axes.  Every 

(ky,kz) point is separated by %s, along the kf axis. For 

volumetric acquisitions, phase encoding along kz is 
performed  

However, for more realistic spatial resolution and 

FOV parameters it is almost always impossible to 

traverse certain k-space volume in time  s. 

Furthermore, the value of  s is inversely proportional 

to the field strengths (higher field strengths give 

wider spectral bandwidth constraints). That means 

that within one TR only gaps of the desired k-space 

are acquired, and the rest of the “unfilled” k-space 

data is obtained in subsequent TRs. In other words, 

the desired k-space spiral trajectory is divided, or 

decomposed into spiral trajectories (angular 

interleaves) that are sparser than the original, and are 

not longer than  s. The concept of interleaving is 

shown in Figure 6, for the case for NA = 4 angular 

interleaves, meaning that for this particular k-space 

trajectory (i.e. spatial FOV and resolution), the spiral 

CSI scan would last four repetition periods. 

Spiral CSI trades off spatial in-plane field of view 

(FOVXY) with spectral bandwidth. This means that 

for a fixed spatial FOV and spatial resolution, going 

to higher field means inherent increase in scan time. 

However, even when comparing the imaging times 

for ultra high field (e.g. 7T) spectroscopic imaging, 

the spiral CSI still provides orders of magnitude the 

two orders increase in time efficiency compared to 

PE CSI. Table 1 compares the acquisition times 
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between spiral and PE CSI for two specific imaging 

parameters, where the time efficiency is evident. 
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Fig. 6 – Angular (00, 900, 1800, 2700) interleaves (NA 

= 4). The final k-space trajectory is four times as 
dense as each individual interleaf  

Table 1. Comparison between the acquisition times of 

spiral and PE CSI for two different sets of imaging 
parameters  

(x,y): (32x32); 

FOVXY = 24cm;  

800Hz spectral BW

(x,y,z):(32x32x32); 

FOVXY = 24cm; 

800Hz spectral BW

Conventional 

CSI
34.13 min 

1092.27 min 

(~18.2h) 

Spiral  

CSI 
0.267 min 5.8 min 

Conv./Spiral 

CSI 
~128 ~188 

 

Having inherently low SNR, spectroscopic imaging 

takes great advantage of receive arrays with large 

number of coil elements as they provide significant 

SNR improvement. 32-channel receive arrays are 

becoming a standard, and 64-, 96- and even 128-

channel arrays are in development. The major 

challenge when reconstructing spiral CSI data is the 

immense amount of data, particularly when using 

large number of coils. Therefore, the time efficiency 

provided by the spiral CSI comes at a cost of high-

capacity receiver pipeline, and non-trivial trajectory 

designs and reconstruction algorithms. Since the 

spirally acquired data is non-uniformly sampled, the 

gridding algorithm [9] is usually used to resample the 

data points on a rectangular grid which can than be 

easily fast-Fourier-transformed. The gridding 

procedure is nothing more than an interpolation (or 

convolution) of the spiral samples with a specified 

kernel (e.g. Kaiser-bassel window). This process can 

be time consuming, since it has to be done for the 

spiral data at every sample point along the kf (or the 

time) axis and for every coil element used. 

3. METHODS AND RESULTS 

We performed single voxel MRS and 3 dimensional 

fast chemical shift imaging (CSI) using spiral 

trajectories [8] in 4 patients with LOTS (3 men and 1 

woman; mean age 41 years; age range, 38-45 years) 

and a healthy age matched control on a 

MAGNETOM 3 T Tim Trio scanner (Siemens 

HealthCare, Erlangen, Germany). The single voxel 

spectroscopy acquisitions used isotropic single voxels 

of size 8cc placed over the basal ganglia and the 

cerebellum (128 averages, TR = 1.6s, TE = 35ms). 

Ratios of metabolites over Creatine (Cr) were 

calculated for N-acetylasparate (NAA), Choline 

(Cho), Myoinositol (MI) and the sum of Glutamate 

and Glutamine (Glu + Gln). 

The 3D CSI acquisitions used constant density spiral 

trajectories appended to a standard Siemens PRESS 

excitation placed wholly within the brain over 5cm 

thick slice-selective slab. With FOVxy = 24cm, FOVz 

= 12cm and encoding matrix of (x,y,z) = (32,32,16), 

the overall isotropic voxel size was 0.42cc. The 

spectral bandwidth was 1.6KHz, encoded over 512 

samples along the frequency axis. 

All 4 LOTS patients had evidence of cerebellar 

atrophy on conventional MRI. Single voxel MRS 

showed more severely perturbed metabolism in the 

cerebellum than in the basal ganglia. In the 

cerebellum NAA/Cr ratios were decreased by 54% 

(range 3-69%) and MI/Cr ratios were increased by 

103% (range 88-124%) (Figure 7). In the basal 

ganglia metabolite ratios of NAA/Cr showed no 

difference but MI/Cr ratios were increased by an 

average of 66% (range 50-83%) compared to control. 

No consistent deviations were found in other 

metabolite ratios. Overall NAA/Cr ratios were lower 

in the cerebellum compared to the basal ganglia but 

the difference was greater in LOTS patients (60% 

versus 30% in control subject). Spatially, these 

findings were also confirmed when comparing three 

slices of the volumetric spinal CSI of the healthy 

volunteer and the LOTS patients. While the NAA 

amount seemed to be in the normal limits for the 

healthy volunteers (Figure 8), that was not the case 

for the patient data. As seen in Figure 9, the amount 

of NAA is significantly decreased, particularly in the 

slice near the ventricles. 

 

Fig. 7 – Single voxel spectroscopy acquisition within 

the cerebellum of one LOTS patient, showing 

decrease in NAA/Cr, and increase in MI/Cr ratio
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Fig. 8 – Magnitude spectra from three different slices and regions acquired in 13.5 minute long spiral CSI scan 
with isotropic voxel size of 0.42cc using 32-channel coil array on a healthy subject  

 

Fig. 8 – Multi voxel spectra from three different slices (8th, 10th, 11th) of the 3D spiral CSI acquisition of a LOTS 
patient. The fast encoding scheme of the spiral CSI enables one to quantify metabolites amounts in different 

spatial locations 
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4. CONCLUSION 

We have developed and implemented the spiral CSI 

algorithm with online gridding reconstruction [9] on 

Siemens scanners, and were therefore able to acquire 

reliable in vivo spectroscopic data. Receive arrays 

with large number of coil elements offer excellent 

benefits for volumetric, time-efficient spiral CSI. The 

results shown in this work illustrate that 3D 

volumetric CSI with 0.42-cc voxels in less then 15 

minutes yield good spectral quality and SNR.  

Furthermore, in LOTS patients, cerebellar atrophy 

coincided with decreases in NAA/Cr and increases in 

MI/Cr, markers of neuroaxonal injury and gliosis 

respectively. Three-dimensional CSI may be a 

sensitive technique to survey various brain regions 

and quantify neuroaxonal injury. This works sets up 

the basis for usage of chemical shift imaging as a 

diagnostic tool for many neurodegenerative diseases 

by providing metabolite quantification at high spatial 

resolution, and therefore the spiral CSI can provide 

critical contribute towards providing important 

information about metabolite quantities in hard-to-get 

brain regions, like cortical areas near the skull and/or 

the spinal cord.  
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