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Abstract

Patients with advanced Parkinson’s Disease (PD) commonly suffer with significant
executive dysfunction and concomitant visual hallucinations. Although the underlying
pathophysiology remains poorly understood, numerous studies have highlighted the
strong association between these neuropsychiatric features suggesting that they may
share common neural pathways. Whilst previous neuroimaging studies have identified
widespread volume loss across a number of cortical regions, to date no studies have
utilised Proton Magnetic Resonance Spectroscopy (MRS) to provide insights into how
neurometabolic changes may relate to such symptoms. In this study, twenty patients
underwent MRS to determine the N-Acetyl Aspartate/Creatine ratio, which reflects
the degree of neuronal integrity in neurodegenerative diseases. VVoxels were obtained
from a test region within the anterior cingulate cortex, an area critical for a wide range
of executive mechanisms as well as from a control volume in the posterior cingulate
cortex. Lower N-Acetyl Aspartate/Creatine ratios in the anterior but not the posterior
cingulate cortex significantly correlated with poorer executive function on tasks of
attentional set-shifting and response inhibition. In addition, lower levels of this
metabolite were associated with more severe psychotic symptoms (as measured by the
Scales for Outcomes in Parkinson's disease-Psychiatric Complications) and poorer
performance on the bistable percept paradigm, a recently developed
neuropsychological probe of visual hallucinations in PD. Levels of N-Acetyl
Aspartate/Creatine were significantly lower in hallucinators compared to non-
hallucinators within the anterior cingulate cortex but did not differ in the posterior
cingulate cortex. These results suggest that loss of neuronal integrity within the
anterior cingulate cortex plays an important role in the pathophysiology underlying
executive functioning and visual hallucinations in PD.



Introduction

Given their significant contribution to disease burden, the non-motor symptoms of
Parkinson’s Disease (PD) are gaining increasing recognition (for review see %).
Deficits in executive function are common in PD ? and previous work has highlighted
the association between this pattern of cognitive impairment and the presence of
visual hallucinations **. This relationship suggests that these neuropsychiatric
features may share common neural pathways and a greater understanding of this
pathophysiology would therefore be of importance for the development of future
therapeutic strategies.

Executive dysfunction in PD has commonly been related to frontostriatal mechanisms
> whereas visual hallucinations have been linked to Lewy Body pathology within
temporal cortical structures, such as the amygdala and parahippocampus ’. Structural
imaging studies have confirmed atrophy across these limbic regions in hallucinating
PD patients ® °, as well as degeneration across frontal and visual association regions *
19 Work utilising functional MRI (fMRI) has demonstrated that PD patients with
visual hallucinations respond to the presentation of simple visual stimuli with greater
frontal and caudate nucleus activation and less visual cortical activation than non-
hallucinating subjects **. This finding implicates frontostriatal circuitry where
impaired processing of visual information may trigger ‘higher order’ frontal regions,
recruited via the basal ganglia. These regions could then modulate the selection of
behavioural outputs, to generate a “false’ internal image in an effort to compensate for
poor stimulus characterisation. However, a recent fMRI paradigm utilising the
presentation of more complex visual stimuli failed to find any evidence to support this
“top-down’ compensatory process 2, thus the contribution of neocortical processes in
hallucinations remains unclear.

A number of researchers have highlighted the likely role of reduced visual processing
and integration in the generation of hallucinations arising from sensory perceptual
impairments ***°. More recently, our own group has proposed an Attentional Control
hypothesis, which highlights the key role of the brain’s Default Mode Network
(DMN, centred in the posterior cingulate and limbic regions) and Ventral Attention
Network (VAN, centred in the ventral frontal, temperoparietal, basolateral amygdala
and ventral striatal regions) over the Dorsal Attention Network (DAN, centred in the
dorsolateral prefrontal, posterior parietal and striatal regions). In brief this hypothesis
posits that the pathophysiology underlying PD disrupts these systems leading to a
relative inability to recruit activation in DAN in the presence of an ambiguous
percept. This in turn leads to an over-reliance on DMN processing and salience
arising from the VAN which generates visual misperceptions and hallucinations *°.
Attentional deficits consistent with reduced activity in DAN are well known in PD
hallucinators *” and a recent empiric study utilising a novel neuropsychological task
(the Bistable Percept Paradigm - BPP) which probes such activity found reduced
performance in PD patients with visual hallucinations *°. Thus it appears that
hallucinations in PD represent a failure in the tight regulation across networks that
normally coordinate attention and the accurate perception of a stimulus.

Whilst Proton Magnetic Resonance Spectroscopy (*H-MRS) has been used
extensively to assess metabolic brain activity across a range of neurodegenerative
diseases, this technique has not been targeted for the specific investigation of



executive dysfunction or hallucinations in PD. Previously the N-Acetyl Aspartate
(NAA) and Creatine (Cr) ratio (NAA/Cr) has been found to be a reliable indicator of
neuronal integrity and studies in PD have demonstrated that a reduced level of this
metabolite in the Posterior Cingulate (PCC) and temporoparietal cortices is associated
with memory impairment and PD dementia 2*%°. A large body of work has identified
the anterior cingulate cortex (ACC) as a key region in the integration and switching
between the attentional control networks (for review, see Neurosci Biobehav Rev.
2012 Jan;36(1):90-110 *°) and this region is a known predeliction site for the classic
Lewy body pathology of PD (Acta Neuropathol. 2001 Oct;102(4):355-63). Given
these observations, we hypothesise that a loss of neuronal integrity within the ACC
(but not the PCC central to the DMN) directly associates with the severity of
executive dysfunction and the severity of hallucination symptoms in patients with PD.
To test this hypothesis, this study conducted *H-MRS to measure neural integrity
(NAA/Cr ratio) in both the ACC and PCC in twenty PD patients who had undergone
tests of executive functioning as well as neuropsychiatric assessment for
hallucinations.

Methods

Participants

Twenty patients were recruited from the Brain and Mind Research Institute PD
Research Clinic. All patients satisfied UKPDS Brain Bank criteria and were deemed
unlikely to have dementia %° or major depression according to DSM-1V ?’ criteria by
consensus rating of a Neurologist (SJGL) and a Neuropsychologist (SLN).
Demographic details are presented in Table 1. Permission for the study was obtained
from the local research ethics committee and all patients gave written informed
consent.

All patients underwent assessment in their “‘on’ state and Dopamine Dose Equivalence
(DDE, mg/day) was calculated for their PD medications *%. The patients were all rated
as between Hoehn and Yahr stages I-1V and were assessed on section 111 of the
Unified Parkinson’s Disease Rating Scale (UPDRS-III). Eighteen of the twenty
patients were taking levodopa, while one patient was using a rotigotine patch and one
patient was untreated. Of the eighteen patients taking levodopa, five were on an
additional dopamine agonist, seven were on levodopa alone and six of the patients
combined their levodopa with entacapone. Five of the patients in the cohort were
taking a selective serotonin reuptake inhibitor for mood and three were taking a
nocturnal benzodiazepine to aid sleep.

Neuropsychiatric Assessment

Cognition was assessed by a Clinical Neuropsychologist using standardised tests.
Executive functioning was measured using Part B of the Trailmaking Test %°,
reflecting set-shifting under timed conditions **. Response inhibition was examined
using the Delis Kaplan Executive Functioning System (DKEFS) Stroop task
(inhibition subtask, age-scaled score) **. For reporting purposes the MMSE was also
administered *,

In addition to this battery, all patients performed the Bistable Percept Paradigm (BPP)
described in detail elsewhere ‘. In brief, the BPP is a computer-based task that
requires participants to process visual stimuli and records whether information is
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being correctly or incorrectly interpreted. Subjects evaluate a series of monochromatic
images, which represent either bistable/ambiguous or stable/non-ambiguous percepts.
The task assesses whether patients fail to characterise all of the content presented in a
bistable percept (representing a failure to engage the DAN and missing a bistable
percept) or misperceive the images being presented (representing a failure in the
DMN and VAN). As detailed previously ‘8, a BPP error z-score was calculated for
patients relative to an aged-matched healthy control sample.

The presence of visual hallucinations and misperceptions were assessed by a semi-
structured interview in conjunction with a witness (most commonly a spouse),
utilizing the Scales for Outcome in PD-Psychiatric Complications (SCOPA-PC). This
questionnaire contains a subsection of four questions (SCOPA-PC,.4) that specifically
query the presence of visual misperception and hallucinations, as well as probing for
the presence of delusional thinking ?’. Depressive and anxiety symptoms were
measured using the Hospital Anxiety and Depression Scales .

Neuroimaging

Imaging was conducted on the day of clinical assessment and took place at the Brain
& Mind Research Institute imaging centre on a 3-Tesla GE Discovery MR750 scanner
(GE Medical Systems, Milwaukee, WI) using an 8-channel phased array head coil.
The following images were acquired in order: (a) Three-dimensional sagittal whole-
brain scout for orientation and positioning of subsequent scans; (b) a T1-weighted
magnetization prepared rapid gradient-echo (MPRAGE) sequence producing 196
sagittal slices (TR = 7.2ms; TE = 2.8ms; flip angle = 10°; matrix 256 x 256; 0.9mm
isotropic voxels) to aid in the anatomical localisation of sampled voxels; and (c)
Single voxel *H-MRS using Point RESolved Spectroscopy (PRESS) acquisition with
two chemical shift-selective imaging pulses for water suppression. Spectra were
shimmed to achieve full-width half maximum (FWHM) of <13Hz.

Spectra were acquired separately from voxels placed midline in the ACC and PCC
(see Figure 2). A voxel measuring 2x2x2cm was used for both locations using
identical imaging parameters (TE = 35ms, TR = 2000ms and 128 averages).
Anatomical localisation of voxel placement was based on the Talaraich brain atlas **
and positioning was guided by the T1 MPRAGE image. Following MRS acquisition,
data was transferred offline for post processing using the LCModel software package
% As demonstrated in Figure 3, all spectra were visually inspected separately by two
different raters to ensure consistent spectra and poorly fitted metabolite peaks as
reflected by large Cramer—Rao lower bounds (>20) were excluded from further
analysis. For each patient, NAA was computed relative to Creatine (NAA/Cr).

Statistical analysis

Data were analysed using the Statistical Package for the Social Sciences (version 19
for Mac). Pearson coefficients were used for all correlations unless otherwise stated.
Partial correlations were used when a covariate was included. Analyses between
hallucinators and non-hallucinators were conducted using students t-tests. All
analyses were 2-tailed and used an alpha level of 0.05.



Results

Table 1 displays the demographic, neurological and neuropsychiatric details for this
sample. On average, patients in the study were 62 years of age (range 51-74 years),
with an average disease duration of almost six years (range = 1-13). Table 2
demonstrates the relationship between the NAA/Cr ratio and neurological and
neuropsychiatric data. The NAA/Cr ratio in the PCC was only significantly associated
with motor symptom severity, and not with executive functioning, BPP performance
or the presence of hallucinations, as predicted. Also, the NAA/Cr ratio in the PCC
was not significantly different between hallucinators and non-hallucinators (t = -0.5,
ns).

The ACC NAA/Cr ratio did not correlate with MMSE, disease duration, DDE or
affective symptoms, but there were lower ACC NAA/Cr ratios with increasing age
and motor symptom severity (UPDRS Il1). As predicted, poorer performance on (the
age-adjusted) tasks of executive functioning (set-shifting, TMT-B and response
inhibition, Stroop) and the BPP correlated with lower ACC NAA/Cr ratios (Figure
?7?), even after adjusting for motor symptom severity. Furthermore, lower ACC
NAA/Cr levels were also associated with higher psychiatric symptoms, as measured
by the SCOPA-PC (Figure ??), even after correcting for motor symptom severity. The
ACC NAA/Cr ratio was significantly lower in patients who reported having visual
hallucinations compared to those who did not report this symptom (t = 2.2, p <0.05),
despite there being no differences in age (t = -1.7, ns), motor severity (t =-1.4),
disease duration (t = -0.2, ns), DDE (t = -0.01, ns) or affective symptoms (HADS
depression: t =-0.9, ns; HADS anxiety: t = -0.8, ns) between the two groups.

Discussion

This study represents the first use of *H-MRS in the investigation of executive
dysfunction and hallucinations in PD. Reduced levels of NAA/Cr within the ACC
were correlated with impairments on attentional set-shifting and response inhibition,
as well as self-reported symptoms of hallucinations and performance on the BPP, a
task that can probe the severity of visual hallucinations in PD. Importantly, these
findings did not simply reflect the likely confounds of disease severity. Nor did they
relate to disease duration, dopamine dose equivalence or affective disturbance. By
contrast, the NAA/Cr ratio within the PCC did not reveal any such correlations. These
findings suggest that neuronal integrity within the ACC may play a critical role in the
pathophysiology underlying the related neuropsychiatric features of executive
dysfunction and hallucinations in PD.

NAA represents an abundant amino acid concentrated within neurons rather than glial
cells in the brain. It is believed to have a wide range of possible functions and has
been implicated in mediating osmoregulation and acid-base homeostasis *, serving as
a storage form for aspartate *', initiating protein synthesis through donation of an
acetyl group *%, and transporting carbon molecules from pyruvate into lipids across
the mitochondrial membrane *°. Thus reduced levels of the metabolite NAA on *H-
MRS has been taken to represent either a depletion of neuronal populations or a loss
of neuronal function in these regions *°. Although there is currently a dearth of studies
exploring clinicopathological correlations of the NAA/Cr ratio in PD, a small number
of studies have been conducted in patients with Alzheimer’s disease **. These have
revealed significant decreases in NAA levels, which have been further correlated with



cognitive decline and increasing pathological change including counts of amyloid
plagues and neurofibrillary tangles (for review see *%).

A recent clinicopathological study has reported that compared to PD patients without
visual hallucinations those who did report this symptom had significantly higher
Lewy body densities in the ACC, as well as middle frontal, middle temporal and
transentorhinal cortices **. These findings suggest that the pathology underlying

visual hallucinations is more widespread than the temporal lobe and is likely to
disrupt frontostriatal circuitry. However, it should be noted that the pathology may not
necessarily be diffuse, given that the authors of this clinicopathological study did not
find significant changes throughout the parietal cortex.

The ACC has been highly implicated in the control of executive functions *° and is
considered to be a key hub across the attentional networks *>%%. A recent attentional
control hypothesis of hallucinations and misperceptions in PD *° has proposed that
that there is a relative inability to recruit activation in the DAN in the presence of an
ambiguous percept, leading to an over-reliance on DMN processing and salience
arising from the VAN. The loss of functional integrity in the region of the ACC found
in this study gives weight to this proposal and might suggest that hallucinations arise
from a breakdown between competing yet complementary attentional networks.

In addition to attentional deficits, perceptual difficulties have been widely
acknowledged as playing a major role in the generation of visual hallucinations in PD.
A wide range of potential pathophysiological mechanisms have been suggested
including retinal impairments right through to the higher integration of external
sensory information with pre-formed internal images ***> **_ In support of these
hypotheses, previous volumetric studies have revealed grey matter loss in PD
hallucinators across the visual association regions > '°. However, the current study did
not perform *H-MRS in any voxel from the visual association cortex and clearly this
would represent an important consideration for future spectroscopy studies.

Although further work will be required to confirm the findings presented here, a
greater understanding of the pathophysiology underlying executive dysfunction and
hallucinations has significant clinical implications in PD, as well as a host of other
conditions that experience this phenomenon. It is possible that *H-MRS of the
NAA/Cr ratio might represent a useful clinical biomarker in PD allowing for the
prediction of cognitive decline and hallucinations, as well as for the objective
monitoring of therapeutic interventions.



Table 1:
Demographic, neurological, psychiatric and spectroscopic details of the sample (n =
20)

Mean SD
Age, years 62.3 5.5
Education, years 13.9 3.0
H &Y, stage 2.2 0.2
UPDRS-III 23.3 9.5
Disease duration, years 5.9 3.1
Dopamine dose equivalence, mg 806.3 526.4
Mini-Mental State Examination 27.9 2.0
HADS, anxiety 4.2 3.4
HADS, depression 3.7 3.9
SCOPA-PC (1-4) 1.3 2.1
Stroop, age-scaled score 10.3 3.5
Trailmaking Test, Part B, z-score -0.1 1.0
Bistable percept paradigm, errors, z-score -1.7 2.0
NAA/Cr ratios
Anterior Cingulate 1.2 0.2

Posterior Cingulate 1.4 0.1




Table 2:

Correlations between anterior and posterior cingulate NAA/Cr and neurological and

neuropsychiatric data (n=20)

Anterior Posterior
Age, years -0.56** -0.35
H &Y, stage -0.03 0.03
UPDRS-III -0.45* 0.51*
Disease duration, years -0.23 -0.07
Dopamine dose equivalence, mg/day 0.34 0.18
Mini Mental State Examination 0.05 -0.29
HADS, anxiety -0.36 0.36
HADS, depression -0.31 0.28
SCOPA-PC (1-4) -0.45% -0.25
Trailmaking Part B, z-score? 0.68** 0.39
Stroop, age-scaled score® 0.54* 0.03
Bistable percept paradigm, error z-score? -0.61** -0.15

% Spearman correlation, * p <0.05, ** p <0.01
HADS, Hospital Anxiety and Depression Scale

SCOPA-PC, Scales for Outcome in Parkinson’s Disease- Psychiatric Complications
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Figure 1: Scatterplot demonstrating the relationship between Anterior Cingulate
NAA/Cr ratios and performance on a task of set-shifting (Part B of Trailmaking Test,

z-score).




Anterior Cingulate NAA/Cr Ratio

1.8000+

16000
1.4000
o
ol
1.2000 o
g o
o
o
1.0000- o
o
0.8000-
| 1 I I I 1
-8.00 -6.00 -4.00 -2.00 0.00 2.00

BPP, errors z-score




References

1. Chaudhuri KR, Healy DG, Schapira AH, Cn NIfCE. Non-motor symptoms of
Parkinson's disease: diagnosis and management. Lancet Neurol. 2006; 5(3): 235-45.
2. Kudlicka A, Clare, L., Hindle, J. V. Executive functions in Parkinson's
disease: Systematic review and meta-analysis. Mov Disord. 2011; 26(13): 2305-15.

3. Ramirez-Ruiz B, Marti MJ, Tolosa E, Giménez M, Bargall6 N, Valldeoriola F,
et al. Cerebral atrophy in Parkinson's disease patients with visual hallucinations.
European Journal of Neurology. 2007; 14(7): 750-6.

4. Imamura K, Wada-1soe K, Kitayama M, Nakashima K. Executive dysfunction
in non-demented Parkinson’s disease patients with hallucinations. Acta Neurologica
Scandinavica. 2008; 117(4): 255-9.

5. Postuma RB, Dagher, A. Basal Ganglia Functional Connectivity Based on a
Meta-Analysis of 126 Positron Emission Tomography and Functional Magnetic
Resonance Imaging Publications Cereb Cortex. 2006; 16(10): 1508-21.

6. Alexander GE, Crutcher MD. Functional architecture of basal ganglia circuits:
neural substrates of parallel processing. TrendsNeurosci. 1990; 13(7): 266-71.

7. Harding AJ, Stimson E, Henderson JM, Halliday GM. Clinical correlates of
selective pathology in the amygdala of patients with Parkinson's disease. Brain. 2002;
125(Pt 11): 2431-45.

8. Ibarretxe-Bilbao N, Ramirez-Ruiz B, Junque C, Marti MJ, Valldeoriola F,
Bargallo N, et al. Differential progression of brain atrophy in Parkinson's disease with
and without visual hallucinations. Journal of Neurology, Neurosurgery & Psychiatry.
2010; 81(6): 650-7.

9. Ibarretxe-Bilbao N, Ramirez-Ruiz B, Tolosa E, Marti M, Valldeoriola F,
Bargalld N, et al. Hippocampal head atrophy predominance in Parkinson’s disease
with hallucinations and with dementia. Journal of Neurology. 2008; 255(9): 1324-31.
10.  Sanchez-Castaneda C, Rene R, Ramirez-Ruiz B, Campdelacreu J, Gascon J,
Falcon C, et al. Frontal and associative visual areas related to visual hallucinations in
dementia with Lewy bodies and Parkinson's disease with dementia. Movement
Disorders. 2010; 25(5): 615-22.

11.  Stebbins GT, Goetz CG, Carrillo MC, Bangen KJ, Turner DA, Glover GH, et
al. Altered cortical visual processing in PD with hallucinations. Neurology. 2004;
63(8): 1409-16.

12. Meppelink AM, de Jong BM, Renken R, Leenders KL, Cornelissen FW, van
Laar T. Impaired visual processing preceding image recognition in Parkinson's
disease patients with visual hallucinations. Brain. 2009; 132(11): 2980-93.

13. Diederich NJ, Goetz CG, Stebbins GT. Repeated visual hallucinations in
Parkinson's disease as disturbed external/internal perceptions: Focused review and a
new integrative model. Movement Disorders. 2005; 20(2): 130-40.

14, Hobson JAP-S, E. F. . The cognitive neuroscience of sleep: neuronal systems,
conciousness and learning. Nat Rev Neurosci. 2002; 3: 679-93.

15. Collerton D, Perry, E. and McKeith, I. Why people see things that are not
there: A novel perception and attention deficit model for recurrent complex visual
hallucinations. Behav Brain Sciences. 2005; 28(6): 737-57.

16.  Shine JM, Halliday, G. M., Naismith, S. L., and Lewis, S. J. G. Visual
Misperceptions and Hallucinations in Parkinson’s Disease: Dysfunction of Attentional
Control Networks? Mov Disord. 2011; 26(12): 2154-9.

17. Collerton DP, E., McKeith, 1. When people see things that are not there: a
novel Perception and Attention Deficit model of recurrent complex visual
hallucinations. Behav Brain Sci. 2005; 28(6): 737-57.



18. Shine JM, Halliday, G. M., Carlos-Lopez, M., Naismith, S. L., and Lewis, S.
J. G. Investigating visual misperceptions in Parkinson’s disease: a novel behavioural
paradigm. Mov Disord. 2011; Accepted for publication.

19. Duncan J, Owen, A. M. Common regions of the human frontal lobe recruited
by diverse cognitive demands. Trends Neurosci. 2000; 23(10): 475-83.

20. Meindl T, Teipel, S., EImouden, R., et al. Test-retest reproducibility of the
default-mode network in healthy individuals. Hum Brain Mapp. 2010; 3(12): 237-46.
21.  Silton RL, Helter, W., Towers, D. N., et al. The time course of activity in
dorsolateral prefrontal cortex and anterior cingulate cortex during top-down
attentional control. Neurolmage. 2010; 50(3): 1292-302.

22. Fichtenholtz HM, Dean, H. L., Dillon, D. G., et al. Emotion-attention network
interactions during a visual oddball task. Cognitive Brain Research. 2004; 20(67-80).
23. Hu MTM, Taylor-Robinson, S. D., Chaudhuri, K. R., et al. Cortical
dysfunction in non-demented Parkinson's disease patients: A combined 31P-MRS and
18FDG-PET study Brain. 2000; 123(2): 340-52.

24.  Camiciloi RM, Korzan, J. R., Foster, S. L. et al. Posterior cingulate metabolic
changes occur in Parkinson's disease patients without dementia. Neurosci Lett. 2004;
354(3): 177-80.

25.  Griffith HR, Okonkwo, O. C., O'Brien, T., Hollander, J. A. Reduced brain
glutamate in patients with Parkinson's disease. NMR Biomed. 2008; 21(4): 381-7.
26. Goetz CG, Tilley BC, Shaftman SR, Stebbins GT, Fahn S, Martinez-Martin P,
et al. Movement Disorder Society-sponsored revision of the Unified Parkinson's
Disease Rating Scale (MDS-UPDRYS): scale presentation and clinimetric testing
results. Movement disorders : official journal of the Movement Disorder Society.
2008; 23(15): 2129-70.

27.  American Psychiatric Association., American Psychiatric Association. Task
Force on DSM-IV. Diagnostic and statistical manual of mental disorders : DSM-IV-
TR. 4th ed. Washington, DC: American Psychiatric Association; 2000.

28. Tomlinson CL, Stowe, R., Patel, S., Rick, C., Gray, R., Clarke, C. E.
Systematic review of levodopa dose equivalency reporting in Parkinson's disease.
Mov Disord. 2010; 25(15): 2649-53.

29.  Strauss E, Sherman, E. M. S. . A compendium of neuropsychological tests:
administration, norms, and commentary. Third Edition. Oxford University Press.
2006.

30. Naismith SL, Shine JM, Lewis SJG. The specific contributions of set-shifting
to freezing of gait in Parkinson’s Disease. Mov Disord. 2009; In press (accepted
12/12/09).

31. Delis D, Kaplan E. Delis-Kaplan Executive Function System. San Antonio,
TX: Harcourt Brace & Company; 2001.

32. Folstein MF, Folstein SE, McHugh PR. Mini-mental state - Practical method
for grading cognitive state of patients for clinician. Journal of Psychiatric Research.
1975; 12(3): 189-98.

33.  Zigmond AS, Snaith RP. The hospital anxiety and depression scale. Acta
Psychiatr Scand. 1983; 67: 361-70.

34. Talairach J, Tournoux P. Co-Planar Stereotaxic Atlas of the Human Brain: 3-
Dimensional Proportional System: An Approach to Cerebral Imaging. New York:
Thieme; 1987.

35. Provencher SW. Estimation of metabolite concentrations from localized in-
vivo proton NMR-spectra. Magnetic Resonance in Medicine. 1993; 30(6): 672-9.



36. Taylor DL, Davies, S. E., Obrenovitch, T. P., Urenjak, J., Richards, D. A.,
Clark, J B., Symon, L. Extracellular N-acetylaspartate in the rat brain: in vivo
determination of basal levels and changes evoked by high K+. J Neurochem. 1994;
62(6): 2349-55.

37. Baslow MH. N-acetylaspartate in the vertebrate brain: metabolism and
function. Neurochem Res. 2003; 28: 941-53.

38. Mehta V, Namboodiri, M. A. N-acetylaspartate as an acetyl source in the
nervous system. Brain Res Mol Brain Res. 1995; 31(1): 151-7.

39.  Chakraborty G, Mekela, P., Yahya, D., Wu, G., Ledeen, R. W. Intraneuronal
N-acetylaspartate supplies acetyl groups for myelin lipid synthesis: evidence for
myelin-associated aspartoacylase. J Neurochem. 2001; 78(4): 736-45.

40.  Clark JB. N-Acetyl Aspartate: A Marker for Neuronal Loss or Mitochondrial
Dysfunction. Dev Neurosci. 1998; 20(4): 271-6.

41.  Tsai G, Coyle, J. T. N-Acetylaspartate in neuropsychiatric disorders. Prog
Neurobiol. 1995; 46(5): 531-40.

42.  Chen JG, Charles, H. C., Barboriak, D. P., Doraiswamy, P. M. Magnetic
resonance spectroscopy in Alzheimer's disease: focus on N-acetylaspartate. Acta
Neurol Scand Suppl. 2000; 176: 20-6.

43. Gallagher DA, Parkkinen, L., O'Sullivan, S. S., Spratt, A., Shah, A., Davey, C.
C., Bremner, F. D., Revesz, T., Williams, D. R., Lees, A. J., Schrag, A. Testing an
aetiological model of visual hallucinations in Parkinson's disease. Brain. 2011;
134(11): 3299-309.

44, Pieri V, Diederich NJ, Raman R, Goetz CG. Decreased color discrimination
and contrast sensitivity in Parkinson's disease. Journal of the Neurological Sciences.
2000; 172(1): 7-11.

45, Price MJ, Feldman, R. G., Adelberg, D. and Kayne, H. Abnormalities in color
vision and contrast sensitivity in Parkinson's disease. Neurology. 1992; 42: 887.

46. Diederich NJ, Goetz CG, Raman R, Pappert EJ, Leurgans S, Piery V. Poor
Visual Discrimination and Visual Hallucinations in Parkinson's Disease. Clinical
Neuropharmacology. 1998; 21(5): 289-95.



	Participants
	Neuroimaging

