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Abstract

Background—Spinocerebellar Ataxias (SCAs) belong to polyglutamine repeat disorders and are 

characterized by a predominant atrophy of the cerebellum and the pons.

Methods—Proton magnetic resonance spectroscopy (1H MRS) using an optimised semiadiabatic 

localization by adiabatic selective refocusing (semi-LASER) protocol was performed at 3 T to 
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determine metabolite concentrations in the cerebellar vermis and pons of a cohort of patients with 

SCA1 (n = 16), SCA2 (n = 12), SCA3 (n = 21), SCA7 (n = 12) and healthy controls (n = 33).

Results—Compared to controls, patients displayed lower total N-acetylaspartate and, to a lesser 

extent, lower glutamate, reflecting neuronal loss/dysfunction, while the glial marker, myo-inositol, 

was elevated. Patients also showed higher total creatine as reported in Huntington disease, another 

polyglutamine repeat disorder. There was a strong correlation between the Scale for the 

Assessment and Rating of Ataxia and the neurometabolites in both affected regions of patients. 

Principal component analyses confirmed that neuronal metabolites (total N-acetylaspartate and 

glutamate) were inversely correlated in the vermis and the pons to glial (myo-inositol) and 

energetic (total creatine) metabolites, as well as to disease severity (motor scales). Neurochemical 

plots with selected metabolites also allowed the separation of SCA2 and SCA3 from controls.

Conclusion—The neurometabolic profiles detected in patients underlie cell-specific changes in 

neuronal and astrocytic compartments that cannot be assessed by other neuroimaging modalities. 

The inverse correlation between metabolites from these two compartments suggests a metabolic 

attempt to compensate for neuronal damage in SCAs. Because these biomarkers reflect dynamic 

aspects of cellular metabolism, they are good candidates for proof-of-concept therapeutic trials.
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profile

INTRODUCTION

Spinocerebellar ataxias (SCA 1, 2, 3, 7) are polyglutamine repeat disorders inherited as an 

autosomal dominant trait. The cerebellum and the brainstem are mainly affected in SCAs,1 

their atrophy being detectable several years before the predicted onset of motor symptoms.2 

Progressive ataxia is the prominent symptom of all SCAs. In SCA1, SCA2, SCA3 and 

SCA7, ataxia is often accompanied by pyramidal signs, sensory disturbances, muscle 

wasting and brainstem oculomotor signs.3 SCA7 is clearly distinguished from all other 

SCAs by the invariable presence of pigmentary retinal dystrophy. Several scales exist to 

assess disease state but the Scale for the Assessment and Rating of Ataxia (SARA) is the 

best studied and validated so far.4 SARA is however of no use in presymptomatic 

individuals and is also not able to identify subtle differences that can serve as endpoints in 

future therapeutic trials.5 Since SCAs are rare, studying a large cohort with adequate power 

for clinical trials is a major hindrance.6 Magnetic resonance spectroscopy (MRS) offers a 

non-ionizing and non-invasive approach for quantitative information on the relationship 

between metabolism and clinical function in patients with neurodegenerative diseases.7 

Moreover, MRS allows the identification of in vivo alterations in brain metabolite 

concentrations that are likely to occur prior to brain atrophy8 and may be amended by early 

therapeutic intervention.

Changes in brain metabolites in SCAs have been previously studied with MRS but mainly 

on a 1.5 Tesla MR system, with smaller cohorts and none included SCA7 patients.9-12 Most 

of these studies only reported metabolite ratios, which complicate data interpretation.13,14 A 
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few MRS studies have also been implemented on a 4 Tesla MR system but only in SCA1, 

SCA2 and SCA6.15,16 Furthermore, 4 Tesla systems are uncommon, and MRS data obtained 

in patients with SCAs on clinical 3 Tesla scanners, such as those now widely available in 

hospitals, are still lacking. In this context, the purpose of our study was to identify in vivo 

metabolic biomarkers in a large cohort of patients with SCA1, SCA2, SCA3 and SCA7 on a 

3 Tesla MR system commonly used in hospitals.

METHODS

Experimental procedures were approved by the local ethics committee (AOM10094, CPP Ile 

de France VI, Ref: 105-10). MRS data were acquired on a 3 Tesla whole-body Siemens 

Magnetom Trio scanner (Siemens Medical Solutions, Erlangen, Germany). All participants 

were over 18 years and signed a written informed consent before participating in the study.

Patients and Controls

We recruited 16 patients with SCA1, 12 patients with SCA2, 21 patients with SCA3 and 12 

patients with SCA7 as part of the BIOSCA study (NCT01470729). All patients underwent 

neurological examinations. Thirty-three healthy volunteers with no history of neurologic 

diseases and with a median age, gender and BMI similar to the patient groups were also 

recruited (Table). SARA was used to evaluate the severity of the cerebellar ataxia.4 The 

scale ranges from 0 (no cerebellar symptoms) to 40 (most severe cerebellar symptoms).

MR Protocol

A modified semiadiabatic localization by adiabatic selective refocusing (semi-LASER) 

sequence was used for 1H MRS.17 This sequence provides approximately twice the signal-

to-noise ratio (SNR) compared to the stimulated-echo acquisition mode (STEAM) sequence, 

is less prone to motion artifacts compared to the spin echo full-intensity-acquired 

localization (SPECIAL) sequence and has the lowest chemical shift displacement artefact.18 

3D T1-weighted volumetric images (TR = 2530 ms, TE = 3.65 ms, 1 mm isotropic, FOV = 

256 × 176 mm2, matrix size = 256 × 256) were acquired for spatial normalization and 

localization of brain volumes. Shimming was performed on a 25 × 10 × 25 mm3 volume-of-

interest (VOI) in the vermis, and a 16 × 16 × 16 mm3 VOI in the pons, using a fast 

automatic shimming technique with echo-planar signal trains utilizing mapping along 

projections, FAST(EST)MAP.19 The radiofrequency power for the 90° asymmetric pulse of 

the semi-LASER sequence and the variable pulse power and optimised relaxation delays 

(VAPOR) water suppression pulses were calibrated for each VOI. The power for the 90° 

excitation pulse also served as the basis for setting the power for the outer volume 

suppression (OVS) pulses. Siemens 32 channels head coil was used to collect signals from 

the VOI in the vermis and pons of participants using the semi-LASER sequence (TR = 5000 

ms, TE = 28 ms, Averages = 64). VAPOR water suppression pulses in combination with 3D 

OVS pulses allowed for improved localization and water suppression performance. Two 

unsuppressed water spectra were acquired: one for eddy current correction (the 

radiofrequency pulses of the VAPOR scheme were turned off) and one for use as reference 

for metabolite quantification (VAPOR and OVS schemes turned off in order to eliminate 

magnetization transfer effects). Unsuppressed water spectra were also acquired at a series of 
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TE values (TE = 28 – 4000 ms; TR = 15000 ms for full relaxation) to evaluate the 

cerebrospinal fluid (CSF) contribution to the VOI.20 The total acquisition time per voxel, 

including power calibrations, metabolite spectrum acquisition and water reference 

acquisition for quantification and CSF evaluation, was approximately 20 minutes.

Metabolite Quantification

Spectral processing and metabolite quantification were performed in the frequency domain 

using LCModel21 as described previously.22 The model spectra (basis set) were generated to 

include the following metabolites: alanine (Ala), ascorbate (Asc), aspartate (Asp), creatine 

(Cr), γ-aminobutyric acid (GABA), glycerophosphorylcholine (GPC), phosphorylcholine 

(PCho), phosphocreatine (PCr), glucose (Glc), glutamine (Gln), glutamate (Glu), glutathione 

(GSH), myo-inositol (myo-Ins), scyllo-inositol (sIns), lactate (Lac), N-acetylaspartate 

(NAA), N-acetylaspartylglutamate (NAAG), phosphorylethanolamine (PE), taurine (Tau) 

and experimentally measured macromolecules (Mac) as illustrated in Supplementary 

eFigure 1. Pre-processing steps included shot-to-shot phase and frequency correction as well 

as eddy-current compensation using the unsuppressed water spectra acquired from the same 

VOI. Metabolite concentrations were obtained using water as an internal concentration 

reference. Concentrations were corrected for CSF content determined by fitting the integrals 

of the unsuppressed water spectra at different TE values with a bi-exponential fit.20 Tissue 

water content was assumed at 82% for vermis and 72% for pons.23,24 T2 of CSF was fixed at 

740 ms based on experimental measurement. The water signal at TE = 28 ms used as 

concentration reference was corrected for signal loss due to T2 relaxation. Since metabolites 

have longer T2 than water, the loss of signal due to T2 relaxation of metabolites at TE = 28 

ms was neglected.22 Tissue concentrations of glucose and lactate were corrected for CSF 

contribution to the VOI assuming 3.2 mM of glucose and 1.8 mM of lactate in CSF.15 Only 

metabolites quantified with mean Cramér-Rao lower bounds (CRLB), which are estimated 

errors of metabolite quantification, ≤ 20% are reported. The 20% CRLB threshold allows the 

selection of the most reliably quantified metabolites, as outlined by the LCModel manual 

and the MRS Consensus Group.25,26 We calculated and reported the average of all 

concentration values of reliably quantified metabolites including values with high CRLB but 

excluding metabolites with CRLB = 999%. Only the sum of metabolites was reported if the 

correlation between two metabolites was consistently high (correlation coefficient < - 0.7) in 

a given region (e.g. total creatine, tCr = Cr + PCr). Similarly, when the correlation 

coefficient was in the range of -0.5 to -0.7, the sum of the two correlated metabolites was 

reported in addition to the individual metabolites (e.g. NAA, NAAG and tNAA = NAA + 

NAAG). Spectra with water linewidth > 10 Hz were excluded from data analysis. 

Approximately 3 minutes were required for preprocessing and quantification of each 

spectrum.

Statistical Analysis

Participant characteristics, spectral quality and metabolite concentrations – separately for the 

vermis and the pons – were analyzed using ANOVA with a Dunnett multiple comparison 

test to compare each SCA type to the controls. For each SCA type separately, using those 

regions and metabolites showing significant SCA versus control differences, Pearson 

correlation was performed between the metabolite and SARA score, CAG repeat length and 
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disease duration; these p-values were corrected for multiple testing using the step-down 

Bonferroni procedure,27 separately for pons and vermis. Using patient data only, clinical 

characteristics and concentrations of metabolites that were significantly different in patients 

compared to controls were grouped into two principal components using principal 

component analysis (PCA). PCA was performed to investigate the global interaction 

between the selected metabolites and the clinical parameters across patient groups using 

XLSTAT. In addition, the metabolites that showed the largest difference between patients 

and controls were plotted against each other to find ratios that could separate patient groups 

from the control group. A partial least squares discriminant analysis (PLS-DA) was also 

performed on the entire set of metabolites to identify the variables with class separation 

information using XLSTAT.

RESULTS

Data quality control

Good quality spectra with a high SNR and excellent resolution were consistently obtained 

from both controls and patients. SNR was 6-24% lower and water linewidth 1-2 Hz 

narrower in some patient groups than controls, likely due to the higher CSF fraction in 

patients’ vermis and pons, especially in patients with SCA2 in whom cerebellar and 

brainstem atrophy was the most severe and % CSF highest (Table). Pons data were rejected 

in one patient with SCA1, one patient with SCA2, one patient with SCA7, 4 patients with 

SCA3 and 2 healthy control subjects due to broad water linewidth (> 10 Hz). Ala, Asp, Asc, 

GABA, Lac, PCho and PE did not meet the mean CRLB criterion of ≤ 20% in both the 

vermis and pons. In addition, NAAG did not meet this criterion in the vermis, whilst Cr, 

Glc, Gln, GSH, PCr and Tau did not meet the criterion in the pons. Our control data were 

also part of a two-site reproducibility study previously published in which the two 

participating centers obtained consistent spectral quality and similar neurochemical 

concentrations in controls by using the same MRS pulse sequence (semi-LASER) in 

conjunction with identical calibration and quantification procedures.22

Neurochemical alterations in patients with SCAs

In patients with SCAs, NAA and tNAA were significantly lower than in controls in both the 

vermis and the pons (Figure 1). Glu was also significantly lower in the vermis of patients 

with SCA3 and the pons of patients with SCA2 and SCA3 (Figure 1). Lower NAA, a marker 

of neuronal loss/dysfunction, in the vermis and the pons of patients was associated with 

significantly higher concentrations of myo-Ins, a putative glial marker, and tCr, a marker of 

energy metabolism (Figure 1). Neurochemical alterations tended to be more pronounced in 

patients with SCA2 and SCA3 (Figure 1 and Supplementary eFigure 2 and eFigure 3).

Correlation between disease parameters and neurochemical concentrations

A strong negative correlation was found between SARA scores and tNAA in the vermis of 

patients with SCA7 and in the pons of patients with SCA3 and SCA7 (Figure 2). Total 

creatine also strongly correlated with SARA scores in the vermis of patients with SCA1 and 

in the pons of patients with SCA3 (Figure 2). Furthermore, SARA scores correlated with 

myo-Ins in the pons of patients with SCA3 (Figure 2). However, CAG repeat length and 
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disease duration did not correlate with the concentration of any neurochemical 

(Supplementary eTable).

Using patient data only, PCA was used for metabolites with significant differences between 

patients and controls – tNAA, myo-Ins, tCr and Glu – as well as for disease parameters of 

interest in SCAs – SARA, CAG repeat length and disease duration. The first two principal 

components explained 57.18% and 63.94% of the variance in the vermis and the pons 

respectively (Figure 3). PCA separated the neuronal markers – tNAA and Glu – from the 

glial (myo-Ins) and energetic markers (tCr) in both vermis and pons (Figure 3). Among the 

disease parameters, PC1 further showed that the motor score (SARA) was the only one 

inversely correlated with the neuronal markers and correlated with the glial and energetic 

markers in both vermis and pons (Figure 3). Of note, PCA showed a negative correlation 

between CAG repeat length and disease duration (Figure 3).

Separation between patients and controls using neurochemical concentrations

The concentrations of metabolites that showed the largest differences between patients and 

controls – tNAA, tCr, myo-Ins and Glu – were plotted against each other to determine the 

separation between patient and control groups. These neurochemical plots demonstrated the 

separation of patients with SCA2 and SCA3 from controls in both vermis and pons (Figure 

4). However, we could not clearly separate patients with SCA1 and SCA7 from controls 

(data not shown). In addition, we used PLS-DA to identify the variables with class 

separation information but we were unable to obtain a good separation between the different 

SCAs (data not shown). Likewise, while MRS allowed discriminating metabolic profiles 

from patients and controls as well as correlating patients’ metabolic profile with clinical 

status, it did not reveal metabolic profiles characteristic to any of the SCA types.

DISCUSSION

This is the first study reporting neurochemical profiling on a large cohort of patients with 

SCAs (SCA 1, 2, 3 and 7) using a 3 Tesla clinical MR system. In the vermis and the pons, 

patients displayed lower NAA, a neuronal marker, higher myo-Ins, a glial marker, and 

higher total Cr compared to controls. Glu, another neuronal marker, was also lower in 

patients’ vermis (SCA3) and pons (SCA2 and SCA3). Our control data has also been part of 

a two-site study to establish the reproducibility of our methods, which underscores the 

robustness of our findings.22 Although the CRLB ≤ 20% criterion is fairly conservative, 

quantification of some metabolites such as GSH from short-TE spectra still requires caution 

as their quantification may be sensitive to small changes in the baseline, even with the 

excellent spectral quality achieved in this study. However, all the main findings reported 

here focus on metabolites (NAA, myo-Ins, tCr, Glu) that have the most prominent 

resonances and are therefore visually apparent in spectra.

The significant decrease in NAA and Glu observed in patients with SCAs, likely reflecting 

neuronal loss/dysfunction in those structures,1 is in agreement with prior MRS studies in 

SCAs.28 We also observed the decrease of NAA in the pons to be more substantial than that 

in the vermis. This is similar to the observations in SCA1 studies15 and may be due to a 

more pronounced pathological involvement and atrophy in the pons.29 On the other hand, 
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the increase in myo-Ins, a six-carbon sugar that serves as an intermediate in the metabolism 

of membrane and myelin phospholipids,30 can indicate damage to myelin sheaths as a result 

of neurodegeneration resulting in increased concentration of free myo-Ins. As a glial marker, 

the increase in myo-Ins levels in response to neuronal loss may also be an attempt to 

improve glial proliferation to modulate vascular and metabolic activities and therefore to 

compensate for neuronal loss.31 This pinpoints the important role of non-neuronal cells in 

SCAs, especially astrocytes that play key roles in brain homeostasis through their 

neurovascular and neurometabolic coupling with neurons – i.e. neurotransmitter recycling 

and provision of energy substrates.32

Furthermore, we observed a significant increase in tCr, an energetic marker often used in 

prior studies as a concentration reference in MRS,29 in both the vermis33 and the pons of 

patients. Due to the limited ability of the brain to store glucose, the creatine kinase/

phosphocreatine (CK/PCr) system is important to keep up with the high energy demands of 

neurons.34 Since mitochondrial CK activity suppresses formation of free radicals within the 

mitochondria,35,36 the increase in tCr might be an attempt to increase Cr levels to suppress 

formation of free radicals and increase neuroprotection. Changes in Cr and PCr have been 

reported in Huntington disease (HD), another polyglutamine disease that shares 

pathophysiological commonalities with SCAs.37 Using microwave fixation techniques, 

which instantaneously inactivate brain enzymatic activities and preserve in vivo levels of 

analytes, increased levels of Cr and PCr were reported in HD mice brain. The increase of tCr 

preceded decreased ATP levels as early as 4-weeks of age in presymptomatic mice.38 

Similarly, increased tCr39 and significant changes in [PCr] / [Cr] ratio40 have been reported 

in the brain of HD mouse models at an early age using 1H MRS techniques. Recently, we 

also described abnormal ratios of inorganic phosphate (Pi) / PCr using 31P MRS during 

brain activation in patients with HD at an early stage of the disease confirming altered brain 

bioenergetics in HD.41 Therefore, the increase of tCr in patients with SCAs is comparable to 

the dysregulation of the tCr pool that we observed in patients and animal models with HD. 

Accordingly, it would be interesting to determine whether the above-mentioned mechanisms 

are activated at a presymptomatic stage of SCAs.

Higher disease severity, reflected by higher SARA scores, was associated with lower tNAA 

concentration and higher concentrations of myo-Ins and tCr in both the vermis and the pons 

of several SCA types. Moreover, the PCA confirmed that neuronal metabolites – tNAA and 

Glu – varied inversely in the vermis and the pons to glial metabolites – myo-Ins –, energetic 

metabolites – tCr – and disease severity – SARA score – in patients with SCAs. This inverse 

correlation suggests that the metabolic attempt to compensate for neuronal damage is critical 

to SCAs pathophysiology, even more as the metabolic changes are associated with disease 

severity scores. The absence of correlations between neurochemical concentrations and 

CAG repeat length or disease duration may be partly explained by the limited dynamic 

range in CAG and duration.

Using neurochemical plots with our metabolites of interest – tNAA, myo-Ins, tCr and Glu –, 

we were able to separate patients with SCA2 and SCA3 from controls but not SCA1, unlike 

what was previously reported.15 Moreover, metabolic profiles could not discriminate the 

different SCAs from one another. Altogether, this study indicates that, rather than providing 
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subtype-specific information about SCAs, MRS has the potential to unravel early metabolic/

cellular changes in various SCAs, which are likely to occur prior to brain atrophy. 

Neurometabolic profiles also provide cell-specific information on neurons and astrocytes, 

which cannot be assessed in vivo by other neuroimaging modalities. Because these 

biomarkers reflect dynamic aspects of cellular metabolism and mirror disease severity, they 

may also be of special interest to establish proof-of-concepts for drugs prior to the 

evaluation of clinical outcome measures in phase III therapeutic trials. Our previous report 

of highly reproducible data in controls in a two-site study supports the claim that these 

biomarkers can be used in multicentric trials.22

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Mean concentrations of metabolites that showed significant differences in the vermis and the 

pons of patients with SCA1, 2, 3, 7 vs. controls. p values represent Dunnett-corrected 

statistically significant differences between patients and controls differences (* p < 0.05; # p 

< 0.01; † p < 0.001). Lower neuronal markers tNAA and Glu in patients are associated with 

higher glial marker myo-Ins and higher energy marker tCr. Error bars represent standard 

deviations (SDs).
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Figure 2. 
Correlation between clinical scores and neurochemical concentrations in the vermis and the 

pons of patients with SCAs. SARA scores correlated with (A) tCr in SCA1 vermis, (B) 

tNAA in SCA7 vermis, (C) myo-Ins in SCA3 pons, (D) tCr in SCA3 pons, (E) tNAA in 

SCA3 pons, and (F) tNAA in SCA7 pons. Metabolites that showed Dunnett significance 

when each SCA type was compared to controls were included in the correlation analysis. p 

values of the correlations have been corrected for multiple testing with step-down 

Bonferroni method.
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Figure 3. 
Principal component analysis of metabolites of interest and disease characteristics of 

patients with SCAs. The first two components accounted for 57.4% and 64% variation in the 

vermis and the pons respectively. PCA was able to separate the neuronal markers – tNAA 

and Glu – from the energetic marker (tCr), the glial marker (myo-Ins) and the SARA score.
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Figure 4. 
Separation between patients with SCAs and controls by plotting the concentrations of 

neurochemicals against each other. The concentrations of metabolites that showed 

significant differences in patients – tNAA, tCr, myo-Ins and Glu – were plotted against each 

other to determine the ratio that could separate subjects into patient and control groups, with 

almost no overlap. SCA2 has the best separation with at most one dataset overlapping with 

controls.
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Table

Demographic and spectroscopic parameters of all subjects.

Variable Control SCA1 SCA2 SCA3 SCA7

No of participants 33 16 12 21 12

Gender (M/F) 15/18 9/7 7/5 9/12 6/6

Age (yrs) 48±13 44±16 45±13 51±12 46±14

BMI (kg/m2) 25±4 24±6 26±5 24±4 23±3

SARA score 0.7±0.9
11.1±6.2 

†
12.6±6.0 

†
13.2±7.1 

†
9.2±7.2 

†

CAG length 47±7 40±3 69±6 42±5

Disease duration (yrs) 7±7 10±6 9±5 9±5

Lw vermis (Hz) 7.3±0.6
6.4±1.1 

*
5.6±1.1 

†
6.6±1.5 

* 6.7±1.2

Lw pons (Hz) 8.1±0.9 8.0±1.6
6.0±1.5 

† 7.6±1.1 7.7±0.8

SNR vermis 33±6 31±6
27±5 

# 31±4 29±4

SNR pons 21±3 19±3
16±3 

#
16±3 

† 18±4

% CSF vermis 9±4
20±8 

†
33±10 

†
22±8 

†
19±8 

†

% CSF pons 2±2 2±2
8±5 

† 3±2 2±1

SNR: signal-to-noise ratio; Lw: water linewidth; CSF: cerebrospinal fluid. Data are presented as mean ± SD and compared by one-way ANOVA 
with Dunnett correction.

*
p < 0.05

#
p < 0.01

†
p < 0.001 represent significant difference between SCAs and controls.
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