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Abstract Autosomal dominant ataxia type 14 (SCA14) is a

rare usually adult-onset progressive disorder with cerebellar

neurodegeneration caused by mutations in protein kinase C

gamma.We set out to examine cerebellar and extracerebellar

neurochemical changes in SCA14 byMR spectroscopy. In 13

SCA14 patients and 13 healthy sex- and age-matched con-

trols, 3-T single-voxel brain proton MR spectroscopy was

performed in a cerebellar voxel of interest (VOI) at

TE = 30 ms to obtain a neurochemical profile of metabolites

with short relaxation times. In the cerebellumand in additional

VOIs in the prefrontal cortex, motor cortex, and somatosen-

sory cortex, a second measurement was performed at

TE = 144 ms to mainly extract the total N-acetyl-aspartate

(tNAA) signal besides the signals for total creatine (tCr) and

total choline (tCho). The cerebellar neurochemical profile

revealed a decrease in glutathione (6.12E-06 ± 2.50E-06

versus 8.91E-06 ± 3.03E-06; p = 0028) and tNAA

(3.78E-05 ± 5.67E-06 versus 4.25E-05 ± 5.15E-06;

p = 0023) and a trend for reduced glutamate

(2.63E-05 ± 6.48E-06 versus 3.15E-05 ± 7.61E-06;

p = 0062) in SCA14 compared to controls. In the tNAA-

focusedmeasurement, cerebellar tNAA (296.6 ± 42.6 versus

351.7 ± 16.5; p = 0004) and tCr (272.1 ± 25.2 versus

303.2 ± 31.4; p = 0004) were reduced, while the prefrontal,

somatosensory and motor cortex remained unaffected com-

pared to controls. Neuronal pathology in SCA14 detected by

MR spectroscopywas restricted to the cerebellum and did not

comprise cortical regions. In the cerebellum, we found in

addition to signs of neurodegeneration a glutathione reduc-

tion, which has been associated with cellular damage by

oxidative stress in other neurodegenerative diseases such as

Parkinson’s disease and Friedreich’s ataxia.
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Abbreviations

CHESS Chemical shift selective suppression

tCho Total choline

tCr Total creatine

Glu Glutamate

Gln Glutamine

GSH Glutathione

Glx The combined value of glutamate and glutamine

HC Healthy controls

Ins Inositol

Lac Lactate

tNAA N-Acetylaspartate

NAAG NAA-Glutamate

PRESS Point-resolved spectroscopy sequence

SCA14 Spinocerebellar ataxia type 14

VOI Volume of interest

Introduction

The spinocerebellar ataxias are autosomal dominantly

inherited usually adult-onset movement disorders with pro-

gressive cerebellar neurodegeneration. Spinocerebellar

ataxia type 14 (SCA14) is caused by missense or deletion

mutations in the protein kinase C gamma gene (PRKCG) [1].

Protein kinase C gamma (PKCc) is highly expressed in

cerebellar Purkinje cells and SCA14 mutations are associ-

ated with aggregate formation, disrupted synaptic plasticity

and Purkinje cell death [2, 3]. Patients present a slowly

progressive cerebellar ataxia and age of onset may range

from childhood to the seventh decade. Clinical reports on

additional symptoms like cognitive decline, hyper-reflexiv-

ity and myoclonus might reflect cortical damage [4]. So far,

MRI case series have shown mild to severe cerebellar mid-

line atrophy [4–9] with few exceptions of additional pontine,

brainstem or cerebral atrophy [10, 11].

Magnetic resonance spectroscopy (MRS) allows the

detection of specific biochemical markers of neurodegen-

eration in brain tissue in vivo, which even may have the

potential to evaluate therapeutic interventions [12]. For

instance, the widely applied measurement of total

N-acetylaspartate (tNAA) resonance allows assessing the

level of neuroaxonal integrity at early disease stages. Thus,

it represents a useful surrogate marker for neurodegenera-

tion in many diseases and has previously been applied in

other spinocerebellar ataxias [13–18]. The group of Öz

et al. used a different MRS method applying short relax-

ation times to find disease-specific patterns of neuro-

chemical changes, even in ataxia patients [19, 20]. With

such an MRS approach, a spectrum of additional neuro-

chemical alterations of amino acids relevant to neural

transmission, cell structure and cell energy metabolism can

be quantified to map the neurometabolic state non-inva-

sively. We set out to examine ataxic individuals with

mutations in the PRKCG gene in comparison to age- and

gender-matched healthy controls with a similar sensitive

single-voxel MRS in the cerebellum and cerebrocortical

regions.

Materials and methods

Participants

We conducted a cross-sectional study with matched pair

design. Thirteen patients with confirmed mutations in the

PRKCG gene and progressive cerebellar ataxia and thirteen

pairwise sex- and age-matched healthy controls were

prospectively recruited. Based on the mutations and seg-

regation within the pedigree, the diagnosis of SCA14 was

confirmed in ten cases and possible in three cases (previ-

ously not described genetic variants, segregation analyses

not feasible). Inclusion criteria were: age 18–75 years,

genetically confirmed missense or deletion mutations in the

Table 1 Demographic and clinical characteristics of participants

HC SCA14

Gender

Total 13 13

Male/female 6 6

Female 7 7

Age

Mean ± SD 51 ± 12 52 ± 13

Range (30–69) (29–70)

Disease duration

Years, mean ± SD 20 ± 11

Range (5–42)

SARA score

Mean ± SD 11.3 ± 3.5

Range (6.5–20.5)

SARA, [gait and posture (items 1–3)]

Mean ± SD 4 ± 2

Range (0–9)

SARA, [limb kinetic (items 5–8)]

Mean ± SD 6 ± 2

Range (3–12)

INAS Score

Mean ± SD 2 ± 2

Range) (0–6)

HC healthy controls, SD standard deviation, SARA scale for the

assessment and rating of ataxia, INAS Inventory of non-ataxia

symptoms
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PRKCG gene, and no condition prohibiting the use of MRI.

Exclusion criteria were lack of ability to communicate, and

degenerative or inflammatory diseases of the central ner-

vous system, apart from SCA14 in the patient group. There

were no clinically evident cognitive abnormalities on

neurological examination. However, a cognitive screening

test for mild cognitive impairment and early dementia

(DemTect) [21] revealed scores below the cutoff in 3/13

patients tested, potentially indicating mild cognitive

impairment/dementia.

For all patients, the following clinical data were

obtained: age at onset, disease duration, molecular genetic

test results, scale for the assessment and rating of ataxia

(SARA) scores including subscores (gait and posture

(items 1–3); limb kinetic (items 5–8) and inventory of non-

ataxia symptoms (INAS) scores [22, 23]. An overview of

the demographic and clinical characteristics is given in

Table 1.

Magnetic resonance spectroscopy

All spectra were acquired with a clinical 3-T MR Scanner

(Siemens Magnetom Trio, Erlangen, Germany), in the

standard circular polarized head coil. Sagittal, coronal and

transversal T2-weighted turbo spin-echo MR sequence

(FOV: 480 9 512, 14 slices transversal, coronal and sagittal,

7 mm slice thickness, TR = 4900 ms, TE = 111 ms, echo

number: 20) were used for voxel of interest (VOI) posi-

tioning and exclusion of any further relevant pathology than

cerebellar atrophy.

Spectra from the cerebellum and three additional loca-

tions with the following VOI dimensions were acquired:

VOI: 20 9 30 9 20 mm in the right cerebellar hemi-

sphere, 30 9 20 9 20 mm for prefrontal cortex measure-

ments, 30 9 20 9 20 mm for motor cortex measurements,

and 30 9 20 9 20 mm for somatosensory cortex mea-

surements. A sample VOI positioning is shown in Fig. 1.

We were specifically interested in obtaining a neuro-

chemical profile of the cerebellum as clinicallymain affected

region. Hence, the cerebellar VOI measurement included

one with short TE = 30 ms to assess metabolites with short

relaxation times. Here, the clearly discernible metabolites

glutamine (Gln), glutamate (Glu), glutathione (GSH), inos-

itol (Ins), total choline (tCho), tNAA, total Creatine (tCr),

lactate (Lac) and the combined value of glutamate and glu-

tamine (Glx) were included in the analysis.

Fig. 1 Spectroscopy voxel positions. Sample voxel positioning in coronal, sagittal and transverse brain sections for cerebellar, prefrontal, motor

and somatosensory cortex voxel
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All four VOIs (cerebellar, prefrontal, somatosensory,

and motor cortex) were measured with an echo time of

TE = 144 ms to mainly extract the signals from tNAA

consisting of the neurotransmitter NAA-glutamate

(NAAG) and its precursor NAA, tCr and tCho resonances.

This improves the fit quality for tNAA-focused examina-

tions because the signals of other interfering metabolites

are already mostly decayed. Please refer for methodologi-

cal details to supplement 1.

Statistical analysis

MRS metabolite data were normally distributed (Shapiro–

Wilk tests). For group comparisons, we used paired sample

t tests. To account for the small sample size, we addi-

tionally performed Wilcoxon signed ranked tests, which in

all cases resulted in similar p values and identical signifi-

cance levels (not shown). One matched pair was excluded

from this analysis because of insufficient MRS data quality

in the healthy control measurement. The correlation

between SARA and MRS metabolites was analyzed using

Spearman’s Rho. Statistical analysis was performed with

Table 2 Detailed spectroscopic results: cerebellar neurochemical

profile (TE = 30 ms)

SCA14 HC t test

Mean SD Mean SD p

Gln 1.85 0.50 2.11 0.60 0.244

Glu 2.63 0.65 3.15 0.76 0.062

GSH 0.61 0.25 0.89 0.30 0.028

Ins 1.80 0.42 1.94 0.57 0.410

Glx 4.48 0.99 5.26 0.90 0.052

tNAA 3.785 0.57 4.25 0.52 0.023

tCr 4.22 0.53 4.64 0.48 0.084

tCho 1.13 0.19 1.18 0.15 0.670

All mean values are expressed in 910e-05 in arbitrary units, positive

statistical significance and trends are indicated in bold

Fig. 2 Results for short echo time measurements (TE = 30 ms).

a Fit results of several metabolites for cerebellar short echo time

spectra. Values are shown in arbitrary units for patients in comparison

to healthy controls. b Short echo example spectra of the cerebellum.

The corresponding fit results are: Patient: tNAA = 2.92e-6 ± 3 %,

tCr = 3.78e-5 ± 3 %, tCho = 9.72e-6 ± 3 %, Glu = 2.9e-5 ±

10 %, Gln = 2.59e-5 ± 14 %, GSH = 3.68e-6 ± 34 %, GABA =

6.03e-6 ± 45 %, Lac = 5.26e-6 ± 52 % Control: tNAA =

4.63e-5 ± 5 %, tCr = 4.73e-5 ± 3 % tCho = 1.13e-5 ± 3 %,

Glu = 3.75e-5 ± 8 %, Gln = 2.35e-5 ± 15 %, GSH =

6.64e-6 ± 23 %, GABA = 1.18e-5 ± 28 %, Lac = 3.05e-6 ±

101 %. All values are in arbitrary units

1930 J Neurol (2015) 262:1927–1935

123



SPSS version 21 (IBM, Armonk, NY, USA). A

p value\ 0.05 was considered significant. No correction

for multiple testing was applied in this exploratory study.

Results

The investigation of the cerebellum as primarily affected

region using a scan with short TE generated a neuro-

chemical profile including metabolites with short relax-

ation times (Table 2; Fig. 2). We found a decrease of GSH

and tNAA and trends towards reductions of glutamate and

tCr in SCA14 patients. The GSH detection accuracy was

limited to a standard deviation of approximately

SD & 35 %. This is due to the fact that the GSH reso-

nances interfere with other signals, especially the creatine

resonance at 3 ppm. No significant changes were detected

in tCho, Glu, Ins or Lac (Table 2; Fig. 2) and none of the

metabolites measured at short TE did correlate with the

clinical SARA score or subscores (data not shown). NAA

changes as sensitive indicator of neurodegeneration were

also investigated by tNAA-focused measurements

(TE = 144 ms) in the cerebellum. tNAA and NAA but not

NAAG, the second component of tNAA, were reduced in

SCA14 patients. Likewise, tCr was reduced in patients

compared to healthy controls (Table 3; Fig. 3).

While cerebellar tNAA as for the shorter TE did not

correlate with SARA score and subscores in SCA14

patients (p = 0.261), its components cerebellar NAA and

NAAG showed opposing correlations: NAA decreased as

the SARA limb kinetic score increases (Spearman’s

Rho = -0.565, p = 0.044) and a similar correlation is

seen for SARA posture and gait score (Spearman’s

Rho = -0.526, p = 0.065). The correlation between

NAAG and SARA score on the other hand showed a direct

correlation for SARA limb kinetic (Spearman’s

Rho = 0.654, p = 0.015) and SARA posture and gait

(Spearman’s Rho = 0.598, p = 0.031) scores. Thus, more

severe ataxia in SCA14 patients is accompanied by lower

NAA concentrations, but at the same time increased

NAAG concentrations (Fig. 3c).

When cerebellar metabolites were normalized to the

reduced tCr, we found still a trend towards a GSH reduc-

tion in the measurement with short TE = 30 ms, but not

for the other metabolites (tNAA, glutamate) (Supplemen-

tary Table 4). However, the correlation of NAA and

NAAG with SARA subscores remained significant.

In the prefrontal, motor and somatosensory cortical

regions, tNAA-focused measurements (TE = 144 ms)

revealed no differences for tNAA, tCr, and tCho between

SCA14 patients and matched controls (Table 2; Fig. 2) and

no correlation existed between SARA score and any

metabolite in these regions.

Discussion

In this first controlled imaging study in SCA14, we

investigated the cerebellar and cerebrocortical pattern of

neurodegeneration using MR spectroscopy. The main

findings were (1) the restriction of tNAA deficiency to the

cerebellum with NAA and NAAG correlations to SARA

score while cerebrocortical regions remained unaffected

and (2) the unexpected finding of GSH deficiency in the

cerebellum, which may indicate an impaired antioxidative

defense system in the cerebellum of SCA14 patients.

The exclusively cerebellar tNAA deficit seen in our

study is in line with previous neuroimaging case reports on

SCA14 that depicted primarily a pure cerebellar atrophy

most pronounced in the vermis [4, 6–9, 11, 24]. Neu-

ropathological case reports showed in accordance a pre-

dominant cerebellar Purkinje cell loss without involvement

of basal ganglia or cerebral cortex [25, 26].

Voxel-based MR spectroscopy restricts measurements to

few predefined regions due to examination time con-

straints. We focused on the cerebellum and selected cere-

brocortical areas. Pathology in other regions or very small

tNAA changes in cerebrocortical areas may have escaped

detection. To avoid measurement artifacts, we placed the

Table 3 Detailed spectroscopic results: tNAA-focused measure-

ments (TE = 144 ms)

Region Metab. SCA14 HC t test

Mean SD Mean SD p

Cerebellum NAA 247.2 52.4 299.6 55.6 0.021

NAAG 49.4 42.9 52.1 48.2 0.946

tNAA 296.6 42.6 351.7 16.5 0.004

tCr 272.1 25.2 303.2 31.4 0.004

tCho 83.2 12.2 90.0 14.8 0.137

Frontal cortex NAA 230.6 83.6 219.5 73.2 0.686

NAAG 51.7 51.5 42.1 41.7 0.626

tNAA 282.3 66.5 261.6 55.8 0.279

tCr 178.1 27.0 190.1 22.2 0.173

tCho 54.4 10.1 51.9 8.3 0.543

Motor cortex NAA 253.4 64.0 229.2 66.6 0.280

NAAG 21.6 12.5 25.7 11.7 0.280

tNAA 275.0 68.8 254.9 67.2 0.408

tCr 160.3 40.3 145.5 38.1 0.321

tCho 47.4 12.7 41.1 12.8 0.228

Sensory cortex NAA 269.6 63.5 248.2 54.0 0.516

NAAG 20.3 11.2 21.3 9.7 0.900

tNAA 289.9 67.5 269.6 58.1 0.564

tCr 172.2 37.4 161.9 34.8 0.565

tCho 40.8 8.7 38.5 9.4 0.679

The values are in arbitrary units, statistically significant p-values are

indicated in bold
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cerebellar voxel in the cerebellar hemisphere and not in the

macroscopically most affected vermis, where we may have

detected a more pronounced pathology. Given that SCA14

is a rare disorder, only a limited sample size was available.

In spite of these limitations, this study revealed robust

results for the cerebellum and the identical tNAA

Fig. 3 Results for long echo time measurements (TE = 144 ms).

a tNAA and NAA are reduced in the cerebellar voxel but not in the

prefrontal, motor or somatosensory cortex voxels in SCA14 patients

compared to controls. b Typical cerebellar and motor cortex spectra

examples of a patient with SCA14 compared to a healthy control. The

fit results in arbitrary units for the cerebellar measurements are:

patient: tNAA = 212 ± 7 %, tCr = 254 ± 3 %, tCho = 78 ± 3 %;

Healthy control: tNAA = 369 ± 2 %, tCr = 296 ± 3 %,

tCho = 89 ± 3 %. The fit results for the motor cortex measurements

are: Patient: tNAA = 366 ± 1 %, tCr = 205 ± 2 %, tCho =

69 ± 2 %; Healthy control: tNAA = 165 ± 5 %, tCr = 106 ±

3 %, 27.5 ± 5 %. All values are in arbitrary units. c NAA and

NAAG reduction in SCA14 patients correlates with SARA cerebellar

score
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optimized MRS technique had previously been capable of

detecting cerebrocortical neuronal damage in a similar

sample size of SCA1 patients [18]. In concordance with our

MRS results, extracerebellar symptoms in our SCA14

patient cohort were limited as reflected by the patients’ low

INAS scores. Previous reports described extracerebellar

symptoms related to cortical involvement for SCA14 such

as stimulus-sensitive myoclonus and cognitive dysfunction

to a variable extent. In line with our cohort, these deficits

were usually mild compared to the trinucleotide repeat-

expansion disorders SCA1, 2 and 3. Reduction of cere-

bellar NAA is a common finding in SCA1, 2 and 3 and

MSA-C [14, 18, 20], but not in SCA 6 [15, 20]. In our

study, an inverse correlation of cerebellar NAA with the

clinical SARA score was shown, which supports NAA

reduction as primary deficit related to clinical severity. The

additional direct correlation of NAAG with the SARA

score may suggest an imbalance between the two

metabolites as a result of a molecular dynamics effect since

NAAG is synthesized from NAA and glutamate [27], has

multiple proposed functions such as glutamate storage and

neurotransmission at metabotropic glutamate receptors

[28], and comprises a source of glutamate and NAA, which

both were reduced in our study. A cerebellar glutamate

reduction, which may indicate disrupted glutamatergic

neurotransmission, but overall can be seen as indication for

neurodegeneration, has previously been described in

SCA1, SCA2 and MSA-C, but not in SCA6 [20].

In the cerebellar neurochemical profile with short TE,

cerebellar GSH was decreased in SCA14 patients, which has

not been seen in other SCAs before [20]. When normalizing

the cerebellar results to the reduced tCr, the GSH reduction

still remained as trend; other metabolite changes were no

longer detected while the correlations for (normalized) NAA/

NAAG with the clinical SARA score remained significant.

However, the tCr reduction in SCA14 patients may reflect

neurodegenerative changes in brain tissue, since it is known

that tCr levels differ between gray and white matter and are

related to cell energy pathways. TCr is both the substrate and

product of creatine kinase and reflects the energy potential

available in brain tissue. In SCA1, SCA2 andMSA-C tCr has

been found to be increased in the cerebellar hemisphere and

was discussed as gliosis marker [19, 20]. Interestingly in

Parkinson’s disease, tCr was reduced along with GSH selec-

tively in the affected substantia nigra pars compacta [29]. As

in Parkinson’s disease, the tCr and GSH reduction detected in

SCA14 may reflect deficient oxidative metabolism. GSH

eliminates the effects of reactive oxygen species under

physiological conditions and its lack has been associated with

impaired antioxidant defense in neurodegenerative disorders

[30]. In general, a decrease of GSH can have two major rea-

sons depending on the relevant pathophysiology. On the one

hand, an increased oxidative load can lead to constant GSH

utilization and its decrease. On the other hand, a genetic

intermediary metabolism anomaly can cause a decrease in

GSH, since GSH biochemistry is strongly interweaved with

intermediary amino acid metabolism being synthesized of L-

cysteine, L-glutamic acid and glycine by several enzymatic

reactions. In this case, increased oxidative load is the result

and not the cause of decreased GSH.

Interestingly, it has been described for primary GSH

deficiencies, that a loss of GSH in the CNS may be asso-

ciated with cerebellar ataxia and cognitive decline [31]. In

ataxia disorders, cerebellar GSH has been evaluated by MR

spectroscopy in SCA1 [19] and in Friedreich’s ataxia [32],

where it was at control levels. Neuropathological data on

GSH in neurodegenerative disorders are scarce and lacking

for SCA14. However, single experimental studies on PKCc
knockout mice described increased susceptibility to

oxidative stress [33]. GSH was reduced in substantia nigra

tissue from Parkinson’s disease patients, whereas MR

spectroscopy in vivo gave inconsistent results [30]. Nev-

ertheless, in vivo MR spectroscopy in a Parkinson’s disease

patient captured the reversion of GSH decrease after

treatment with the precursor N-acetylcysteine [34]

demonstrating its usefulness to monitor potential thera-

peutic interventions. Future studies should aim to assess

GSH deficiency in independent samples and to elucidate

the role of GSH reduction in SCA14, before it may be

considered as disease-specific biomarker or therapeutic

target.
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