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Abstract

Background—Huntington’s Disease (HD) is a neurodegenerative disorder characterized by
early cognitive decline, which progresses at later stages to dementia and severe movement
disorder. HD is caused by a cytosine-adenine-guanine triplet-repeat expansion mutation in the
Huntingtin gene, allowing early diagnosis by genetic testing. This study aims to identify the
relationship of N-acetylaspartate and other brain metabolites to cognitive function in HD-mutation
carriers by using high field strength magnetic-resonance-spectroscopy at 7-Tesla.

Methods—Twelve individuals with the HD-mutation in premanifest or early stage of disease
versus twelve healthy controls underwent 1H magnetic-resonance-spectroscopy (7.2ml voxel in
the posterior cingulate cortex) at 7-Tesla, and also T1-weighted structural magnetic-resonance-
imaging. All participants received standardized tests of cognitive functioning including the
Montreal Cognitive Assessment and standardized quantified neurological examination within an
hour before scanning.

Results—Individuals with the HD mutation had significantly lower posterior cingulate cortex N-
acetylaspartate (—9.6%, p=0.02) and glutamate levels (-10.1%, p=0.02) than controls. By contrast,
in this small group, measures of brain morphology including striatal and ventricle volumes did not
differ significantly. Linear regression with Montreal Cognitive Assessment scores revealed
significant correlations with N-acetylaspartate (r?=0.50, p=0.01) and glutamate (r=0.64, p=0.002)
in HD subjects.
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Conclusions—Our data suggest a relationship between reduced N-acetylaspartate and glutamate
levels in the posterior cingulate cortex with cognitive decline in early stages of HD. N-
acetylaspartate and glutamate magnetic-resonance-spectroscopy signals of the posterior cingulate
cortex region may serve as potential biomarkers of disease progression or treatment outcome in
HD and other neurodegenerative disorders with early cognitive dysfunction, when structural brain
changes are still minor.
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MRS; NAA; glutamate; cognition; neurodegeneration; biomarker

Introduction

Huntington’s Disease (HD) is a neurodegenerative disorder, which is characterized by
abnormal movements and early cognitive decline progressing to dementia 1-8. HD is caused
by a cytosine-adenine-guanine (CAG) -repeat length expansion of the Huntingtin gene,
resulting in a toxic effect of the mutant Huntingtin protein in neuronal populations of the
central nervous system 7+ 8. Subjects at risk for HD can be identified by predictive genetic
testing when they still are in the “premanifest” or “prodromal” phase, and do not have
movement disorder sufficient for clinical diagnosis  10. HD therefore has been referred to
as a model for other more common neurodegenerative disorders such as Alzheimer’s or
Parkinson’s disease 7 8. In the present study, the “premanifest” period will be referred to as
any time before the presence of diagnosable motor signs and symptoms of HD, and the
“prodromal” phase as the period closer to diagnosable onset, when there may be subtle
motor,scognitive or emotional changes not yet sufficient to warrant a diagnosis of clinical
HD 78,

While individuals with the HD gene mutation develop characteristical morphological brain
changes in the prodromal phase 4 11-13 including cortical volume loss correlating with
cognitive deficits 1416, metabolic alterations may precede structural neuronal damage 7.
There is considerable evidence for low N-acetyl aspartate (NAA) as a reflection of
metabolic disturbances, and possibly neuronal loss, in subjects with the mutation responsible
for HD 18-23 Recent magnetic-resonance-spectroscopy (MRS) studies additionally suggest
elevated myo-inositol (ml) and reduced glutamate as possible biomarkers of HD-
manifestation and progression 24 25, However, at this point there are still relatively few
studies of metabolic biomarkers in HD before significant atrophy of brain tissue, which
would be a particularly promising time-point for therapeutic interventions, as brain
alterations still might be reversible 2628,

Dementia is a central clinical finding in HD, and first signs of cognitive dysfunction are
observable in the prodromal phase, significantly preceding motor symptoms 2 3: 5. 6.26,29 ¢
therefore is the aim of this study to investigate NAA and other detectable brain metabolites
in relation to cognitive decline in a sample of subjects with the HD mutation (most still
clinically not diagnosable and thus “premanifest” or “prodromal”) versus unaffected
controls.

To maximize sensitivity of MRS detection and the specificity of resonance assignment, this
study was performed at the high field strength of 7 Tesla (7T). This has been reported to
achieve increased signal to noise ratio (SNR) and spectral resolution compared to lower field
strength 39. While most MRS-studies on HD so far have focused on the striatal

area 1921, 24, 25 e focused on the posterior cingulate cortex (PCC), as distinct alterations
related to cognitive deficits have been reported both for early HD 16 and also other
neurodegenerative disorders 31-35. Based on previous studies, we hypothesized that PCC
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levels of NAA and possibly other brain metabolites would be reduced in subjects with the
mutation responsible for HD, that metabolite levels would be related to impaired cognitive
performance in premanifest and early HD, and that detection of decreased metabolite levels
could be achieved even in the absence of significant volume loss of brain tissue.

Study population

Twelve subjects positive for the CAG-expansion in Huntingtin were recruited through the
Baltimore Huntington’s Disease Center at Johns Hopkins University School of Medicine.
Estimated time to onset of motor symptoms was calculated based on CAG-repeat length of
the mutated Huntingtin allele and age 38. Disease burden score (DBS) was calculated as
[(CAG-repeat length —35.5) * age]3”. All gene-positive subjects received standardized
neurological examination 38, two subjects had diagnosable HD based on movement disorder,
the ten other participants where in the premanifest or prodromal period. Additionally twelve
age-, sex- and education level-matched control subjects were recruited through Johns
Hopkins University. None of the 24 participants had a history of diagnosed mood-,
obsessive compulsive-, or psychaotic disorder or substance abuse. Consent was obtained
according to the Declaration of Helsinki 39 and approved by the Johns Hopkins University
Institutional Review Board with respect to the United States Health Insurance Portability
and Accountability Act of 1996 (“HIPAA™). Clinical personnel, trained in
neuropsychological subject evaluation, performed the following interviews and tests on the
day of scanning: Beck Depression Inventory (BDI) 40, Hamilton Depression Rating Scale
(HDRS) #1, Mini Mental State Exam (MMS) to screen for dementia 42, the MOntreal
Cognitive Assessment (MOCA) to screen for mild cognitive dysfunction 43, and the
National Adult Reading Test (NART) as an estimate of premorbid intelligence (Full Scale
Intelligence Quotient — FSIQ, Verbal Intelligence Quotient — VI1Q) 44. A subgroup of early
HD subjects with mild cognitive dysfunction as defined by MOCA-scores < 26 was

formed 43. MOCA scores were lower in the HD subjects (Table 1); there were no significant
differences in the other parameters assessed.

MRI and MRS acquisition

Structural magnetic resonance imaging (MRI) and MRS were performed at the F.M. Kirby
Center for Functional Brain Imaging at the Kennedy Krieger Institute using a Philips 7-Tesla
Achieva whole-body scanner (Philips Healthcare, Best, The Netherlands) equipped with a
Nova Medical quadrature transmit head coil and 32-channel receive coil array. A high
quality T1-weighted MPRAGE structural brain image (TE/TR=2.1ms/4.8ms; resolution:
0.6*0.6*0.6mm3; total scan time: 6min 32sec) was acquired for planning of the MRS voxel
position and tissue segmentation. Localized proton spectra were acquired using a Stimulated
Echo Acquisition Mode (STEAM) sequence 4°: 46 with the following parameters: TE/TR/NS
13ms/3000ms/112. The 20x30x12mm3 voxel was placed bilaterally on the posterior
cingulate cortex aligned tangential to the corpus callosum in a sagittal plane, centered on the
midline, positioned a-p with the posterior edge centered to the splenium. (PCC, Figure 1).
An unsuppressed water reference scan was acquired for quantification (TE/TR/NS 13ms/
3000ms/112).

Post acquisition image analysis and MRS quantification

Analysis of T1L MPRAGE images was performed using TOpology-preserving, Anatomy-
Driven Segmentation (TOADS) with desired topology and relationships as given by a
template (http://medic.rad.jhmi.edu/download/public/index.shtml) 47. Resulting volumes of
main cerebral structures were used for subsequent group comparisons of regional brain
morphology.
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To test for partial volume bias, the coordinate information for the volume of interest used for
MRS was transformed into the coordinate space of the 7T MR acquisition. By segmenting
the MR volume 47, each voxel was given a discrete classification of either cerebrospinal
fluid (CSF), gray matter (GM), and white matter (WM) based on a fuzzy topological
consistent classification. A simple ratio comparison was done in the transformed regions,
comparing the mean ratios of each populations to the other and also to the mean of the entire
population with unpaired t-tests showing no significant difference. Additional segmentation
of the PCC-region resulting in subvolumes of the cingulate gyrus (anterior cingulate,
anterior-middle cingulate, posterior-middle cingulate, dorsal posterior cingulate and ventral
posterior cingulate) was performed with the Freesurfer image analysis suite, using standard
operations for construction of cortical models and further data analysis
(http://surfer.nmr.mgh.harvard.edu/). Quantification of MRS spectra was performed using
the LCModel 48 49 with unsuppressed water as internal reference (Figure 2). The basis set
included a total of 19 metabolites: N-acetylaspartate (NAA), -y-aminobutyric acid (GABA),
glutamine (GlIn), glutamate (Glu), glutathione (GSH), myo-inositol (Ins), N-
acetylaspartylglutamate (NAAG), phosphoethanolamine (PE), taurine (Tau), total Choline
(glycerophosphocholine and phosphocholine), total creatine (phosphocreatine and creatine),
alanine (Ala), ascorbate (Asc), aspartate (Asp), glucose (Glc), glycine (Gly),
guanidinoacetate (Gua), lactate (Lac), scyllo-inositol (scyllo-Ins). Metabolites included in
the basis-set that yielded values with Cramér-Rao lower bound (CRLB) above 20% in this
study were excluded. Also metabolites with CRLB <=20% in fewer than 20 study
participants were also excluded from the group analysis. There were no quality differences
observable between controls and HD-subjects regarding MRS measures. The metabolites
included in the current study had CRLB below 20% for all 24 participants (Table 3).

Statistical analysis

Results

Statistical analyses were performed using SPSS for Windows (version 17.0, SPSS Inc,
Chicago, IL, USA). Group differences of clinical measures and brain volumes derived from
segmentation were assessed using independent sample t-tests. Analysis of covariance
(ANCOVA) was used to test for metabolite group differences with age as a covariate and
also to test for an interaction effect of age and disease-status. To confirm specificity of
differences of metabolite levels, metabolites differing in the initial ANCOVA were in
addition converted to Z-scores (z=(x-p.)/o) indicating distance from controls (mean) in
standard deviations and compared to total choline Z-scores using independent sample t-tests.
Metabolite concentrations were tested for normal distribution and applicability of parametric
testing by applying a one-sample Kolmogorov-Smirnov test, resulting in confirmation of the
null hypothesis. Statistics were performed using the SPSS statistical software package for
Windows, Version 17.0. We predicted that NAA would be lower; other tests were
exploratory. Metabolites with significantly different concentrations between controls and
HD subjects were tested in a secondary analysis for correlation with clinical measures using
linear regression to estimate coefficients of determination (/2) and correlation coefficients
(Pearson’s 7). Significant correlations were additionally tested for an impact of age, sex and
years of education by using these parameters as covariates.

Subject characteristics

Group demographics for the 24 individuals included in this study (twelve unaffected
controls, twelve HD subjects) are displayed in Table 1. Two of the twelve subjects
expansion positive for HD had motor signs (e.g. QNE chorea subscores: 7 and 8) consistent
with manifest HD, the other ten were in the premanifest or prodromal phase resulting in an
overall sample representing a very early stage of HD (average estimated years to onset: 7.7
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years (SD 3.1), disease burden score: 369.8 (SD 97.3)). The twelve subjects expansion
positive for HD differed significantly from controls in their cognitive performance as
assessed by MOCA scores (controls: 28.5 (SD 2.2); HD mutation positives: 25.0 (SD 4.7),
p=0.03), there were no further group differences in either of the demographic and disease
parameters assessed.

Group comparisons of brain morphology between controls and HD subjects

The assessed measures of brain morphology indicate a slight tendency toward reduced
putaminal and caudate volumes and increased ventricular-volumes in the group of early HD
subjects versus controls, but differences, including cingulate subvolumes, were not
significant (Table 2). Also whole brain ratios of cerebral gray- (GM), white-matter (WM)
and cerebro spinal fluid (CSF) did not differ between the groups assessed indicating similar
tissue distributions (group averages controls and early HD, respectively, (SD): GM/WM:
1.05(0.07); 0.99(0.09); p=0.12; GM/CSF: 2.61(0.36); 2.42(0.38); £=0.20; WM/CSF:
2.5(0.32); 2.43(0.34); p=0.60).

Quality of MRS measures

The 24 individuals studied showed for 11 measures analyzed with MRS spectra with
sufficient fit quality as estimated using LCModel (CRLB <= 20%, Table 3). We were not
able to achieve sufficient signal quality for the following eight metabolites included in the
basis set: Alanine, ascorbate, aspartate, glucose, glycine, guanidinoacetate, lactate, scyllo-
inositol. MRS-voxel specific segmentation for each participant indicated similar shares of
CSF, GM and WM in controls and HD-subjects within the volume assessed (CSF/GM/WM,
mean%, SD): controls 0.40%(0.19)/20.3%(1.9)/79.3%; HD-subjects 0.35% (0.24)/20.1%
(1.74)/79.6% (1.59).

Group comparison of metabolite levels between controls and HD subjects

We found significantly lower NAA in HD subjects versus controls (=9.6%, p=0.02). Of the
other 10 metabolites fulfilling criteria of sufficient signal quality, only glutamate showed
significantly lower levels in the HD sample (-10.1%, p=0.02) (Table 3). No significant
interaction effect between age and group differences could be observed for NAA
(F(2,23)=0.34, p=0.73) and glutamate (F2,23)=0.82, p=0.49). Z-scores indicating distance to
controls were significantly higher in both NAA (-1.24 SD, p=0.13) and glutamate (-1.27
SD, p=0.11) than for total choline (-0.33 SD) and indicate specificity of the observed
alterations versus global changes. Group differences increased when a subset of the HD
subjects with mild cognitive dysfunction (MOCA<26, n=5; mean NAA (SD): 12.2 (0.9),
mean glutamate (SD): 12.9 (1.1)) was compared to controls (NAA: -18.8%, p=0.005;
glutamate: —18.7%, p=0.006).

Secondary regression analysis with cognitive dysfunction in HD subjects

By applying linear regression analysis, a relation between MOCA-scores with NAA
(2=0.50, p=0.01, Pearson’s /=0.71) and glutamate levels (/2=0.64, p=0.002, Pearson’s
=0.80) could be observed (Figure 3). There was no significant relationship measurable
between NAA or glutamate with MMSE, NART-VIQ, NART-FISQ, CAG repeat length,
disease burden score, QNE-total, QNE-chorea, HAM-D or BDI.

Discussion

The aim of this study was to identify metabolic brain alterations in an early phase of HD that
relate to cognitive decline, and might be used as biomarkers for disease progression and
neuroprotective treatment approaches in the prodromal or early disease phase. We focused

Mov Disord. Author manuscript; available in PMC 2013 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Unschuld et al.

Page 6

on the PCC as a brain region centrally involved in cognitive control and early
neurodegeneration 16. 31, 32,50-53 'and tested NAA and a broad range of other brain
metabolites for group differences between controls and early HD subjects. Metabolites
significantly differing between both groups were tested in a secondary analysis for
correlations with clinical measures of cognitive function and also HD status.

To our knowledge, this is the first study to perform MRS on the PCC in an HD sample. This
region was mainly selected because of its central role in cognitive functions particularly
affected in early HD 3:29:54.55 pyt also because of the fact that the PCC is only affected by
subtle volume loss compared to other brain areas such as frontal lobes or

striatum 13 16,56, 57 "\which simplifies MRS analysis. Methodological strengths of this study
include normalization of metabolites to unsuppressed water, which has been shown earlier to
reflect biochemical changes more reliably than total creatine ratios and therefore resulting in
more valid measures particularly in HD 24, In addition, we used high field strength of 7T,
which yields significantly higher signal to noise ratio and spectral resolution than lower
field-strengths of 1.5T or 4T 30, thereby increasing sensitivity of the analysis. This is
consistent with our results, as we could identify 11 metabolites at high signal quality for the
7.2ml PCC voxel analyzed, reflected by CRLB significantly below 20% (Table 3). There
were no significant differences in cingulate volumes or GM/WMY/CSF tissue distribution for
the voxel measured by MRS between both samples, therefore minimizing the risk of bias
through partial volume effects in our study. Weaknesses of the study include in particular
the small sample size and also the solely cross-sectional design, which necessitate follow-up
studies. Furthermore the fact that inferences on pathology before manifestation of motor
symptoms have to be made with caution due to the heterogeneity of the studied sample, as
both prodromal HD subjects and individuals at an early stage of HD were included.

We tested a group of twelve early HD subjects including a broad spectrum of disease
burden, reflected by accordingly distributed clinical measures of neurological and cognitive
symptoms (Table 1). These were compared for group differences with twelve healthy
control subjects, which were matched for factors that might affect the statistical analysis
including age, sex, ethnicity and education. Due to its homogeneous matching of cases and
controls, with sufficient spread of quantitative clinical markers in the early HD sample, our
sample appears well suited to detect relevant alterations of brain metabolite levels. The
MOCA test assesses different types of cognitive abilities reported to be affected at early
stages in HD, including orientation, short-term memory, language abilities, visuospatial
ability and unlike the Mini-Mental State Exam (MMSE), a widely used method of screening
for dementia, the MOCA includes a test of executive function 2% 42. 43, |_ower MOCA-
scores in the sample of subjects with the HD mutation are consistent with earlier reports on
cognitive deficits occurring very early in the course of HD 3: 295455 The fact, that we do
not find significant brain atrophy of striatal structures such as putamen and caudate nucleus
(Table 2), as it has been shown to be characteristical for HD 11-13. 16 ynderlines the
generally early stage of disease progression in the studied population, but also lack of power
to detect subtle effects due to small sample size. If the sample size were larger, we would
expect to detect structural changes; it is striking that MRS at 7T has the power to detect
changes even in such a small group, suggesting consistent alterations due to HD observable
at high signal to noise with the applied protocol.

By testing a total of 11 brain metabolites found to be measurable at sufficient quality, we
find significant differences between controls and early HD subjects for NAA and glutamate
levels in a voxel located in the PCC-region. Specificity of these findings for NAA and
glutamate versus global alterations is supported by the fact that differences to control were
significantly larger than for total-choline measures, where no alterations in the context of
HD have been reported at this point. These differences were more pronounced in a subgroup
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of early HD subjects with cognitive dysfunction (MOCA<26) and appear independent from
age effects or global non-specific effects on metabolite levels. Secondary analysis indicates
a relation of both NAA and glutamate with cognitive performance (MOCA-scores) in early
HD (Figure 3). CRLB and also spectra suggest sufficient signal quality at 7T to resolve
glutamine from glutamate (Table 3 and Figure 2). However, a low degree of contamination
of the glutamate signal by glutamine is nevertheless possible. While we expected to see
changes in NAA, the glutamate finding is more exploratory and needs to be interpreted with
caution as it does not remain significant after correction for multiple testing.

Although earlier studies did not include the PCC, our findings nevertheless appear to be
consistent with reports on reduced NAA and glutamate in HD 24 25, While we find reduced
levels of glutamate to be related to cognitive dysfunction in HD-subjects, earlier literature
supports glutamatergic excitotoxicity as a significant mechanism in the pathogenesis of
HD 822,58 For neurons glutamatergic excitotoxicity has been suggested to result from
increased levels of glutamate as a neurotransmitter but also possibly through increased
sensitivity of glutamate receptors in a context of generally lower abundance of

glutamate 29: 60, The glutamate levels measured by our MRS approach however, are not
specific for synaptic transmission, but rather reflect cellular integrity of viable neurons
which may decrease with progressing HD. We did not find relationships between metabolite
levels and measures of HD-status such as disease burden score or CAG-repeat length or
neurological symptoms, which has been reported for populations including subjects at later
stages of HD 19.24. 25,

While impaired cognitive performance, which progresses to dementia in later phases, is a
frequent finding in early HD 5: 6.8.29.61 g our knowledge there are no published studies
reporting a relation between altered brain metabolites and cognitive decline in HD. Earlier
MRS-studies testing mainly striatal and other subcortical areas, did not find significant
correlations between brain metabolites and cognitive performance 24 25, However, a recent
study applying structural MRI suggests a relationship between reduced PCC volume and
impaired visual working memory in early HD 8. This fits well with considerations about an
important role of the PCC in cognitive processing 5153 62.63 and a concatenation of data on
PCC dysfunction being related to cognitive decline in other neurodegenerative disorders
including Alzheimer’s and Parkinson’s Disease 31-3% 64, These data are consistent with our
findings of a relationship between NAA and glutamate levels with cognitive dysfunction in
early HD, and might indicate common patterns of brain system impairment in
neurodegenerative diseases generally. Furthermore, low glutamate in the PCC has recently
been suggested as a marker of cognitive decline in schizophrenia 63, which might be
additional evidence for the relation of PCC neuronal integrity with cognitive performance in
chronic CNS diseases. While our data indicate changes of PCC NAA and glutamate-levels
in parallel with cognitive decline in HD, further studies are necessary to clarify the neural
mechanisms implied and particularly how these may relate to the metabolite alterations
observable by MRS.

In summary, the present study provides first evidence of reduced NAA and glutamate levels
in the PCC of HD gene mutation carriers, which relate to decreased cognitive performance
and possibly precede structural brain changes. However, further studies are necessary to
replicate our findings and also to evaluate their applicability as longitudinal biomarkers for
disease progression in HD. Considering the congruence of our findings with earlier reports
on other neurodegenerative disorders, the alterations here reported might be generally
applicable to syndromes of progressive cognitive decline and serve as outcome biomarkers
for potential neuroprotective therapy approaches.
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Figure 1.
Location of the voxel used for MRS within the posterior cingulate cortex region.
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A) Control B) HD-subject
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Figure 2.
Spectral fit obtained with LCModel for NAA, glutamate and glutamine, examples for one
unaffected control and one HD subject.
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Figure 3.
Group means of NAA and glutamate levels measured by MRS in controls and HD-subjects
(A); linear regression for the HD-sample of MOCA scores with NAA (B) and glutamate (C).
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Demographic data and clinical assessment scores for controls and HD-subjects. Data are presented as mean

(standard deviation).

N

Females
Age

CAG repeat length
Disease burden score (DBS)
Estd. years to onset (YTO)
QNE total

QNE chorea

Years of education
MMSE

MOCA

NART-Verbal 1Q
NART-Full Scale 1Q
HDRS

BD/

Controls EarlyHD  T-test (p)
12 12 -
50% 50% 1
43.2(15) 46.3(7.9) 0.53

- 43.8 (2.8) -

- 370 (97) -

- 7.7 (3.1) -

- 9.8 (14) -

- 2(3.1) -
185(4.3) 16 (3.2) 012
294 (17) 284 (L9) 02
285(2.2) 25(4.7) *0.03
113(9.6) 111 (10) 0.58
114 (8.9)  112(9.0) 0.65
1.0(L9) 27(4.4) 024
1.3(15) 1.9(25) 05
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Volumes (ml) derived from tissue segmentation of the T1-weighted MPRAGE scans for controls and HD-
subjects. Data are presented as mean (standard deviation).

Sulcal CSF

Ventricles

Cerebellar GM

Cerebral GM

Caudate

Thalamus

Putamen

Brainstem

Cerebellar WM

Cerebral WM

Anterior Cingulate Gyrus
Anterior-Middle Cingulate
Posterior-Middle Cingulate
Dorsal Posterior Cingulate

Ventral Posterior Cingulate

Controls  EarlyHD  T-test (p)
180 (27) 183 (20) 0.81
17.2(8.9)  22.0 (14.7) 034
56.8 (10)  59.5 (17) 0.64
466 (63) 436 (43) 018
8.30 (1.1)  7.90(3.0) 0.64
20.6(1.8)  20.0(1.9) 042
9.10 (0.8)  8.80 (1.0) 0.46
217(23) 21.3(3.0) 0.65
215(2.6) 221(3.1) 0.60
448 (69.6) 440 (46.1) 0.75
9.95(2.12) 9.75(1.13) 0.80
552 (1.01) 5.08(0.43) 022
5.2(0.92)  4.88 (0.59) 0.36
3.18(0.91) 2.67 (0.24) 010
1.4(0.33) 1.27(0.23) 0.30
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Metabolite concentrations measured by MRS, data are presented as mean (standard deviation). Abbreviations:

N-acetylaspartate (NAA), -y-aminobutyric acid (GABA), glutamine (GIn), glutamate (Glu), glutathione

(GSH), myo-inositol (Ins), N-acetylaspartylglutamate (NAAG), phosphoethanolamine (PE), taurine (Tau),
total choline (glycerophosphocholine and phosphocholine), total creatine (phosphocreatine and creatine).

NAA

GABA

Gin

Glu

GSH

ml

NAAG

PE

Tau

Total Choline

Total Creatine

Metabolite Concentrations (i.U.) CRLB
Controls EarlyHD T-test(p) Entire Sample
14.2(15) 129(1.1)  *0.02 3.46 (1.1)
2.79(0.7) 2.64(0.5) 0.54 15.0 (3.1)
3.77(0.8) 3.48(0.8) 0.38 15.0 (4.1)
153 (1.8) 13.8(123  *0.02 5.17 (0.5)
1.65(0.4) 1.49(0.2) 0.29 16.0 (3.1)
6.65(1.1) 6.59 (1.1) 0.90 9.21 (1.2)
3.00(0.9) 2.91(0.7) 0.78 12.5 (3.0)
419(0.7) 3.67(0.6) 0.07 14.7 (2.6)
2.14(0.5) 2.33(0.4) 0.32 15.9 (3.4)
2.30 (0.4) 2.18(0.2) 0.34 6.46 (0.9)
13.2(0.9) 127 (0.9) 0.15 3.00 (0.3)
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