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ABSTRACT

Background: Psychosis prevalence in Parkinson’s disease is estimated at 8-30%. Proton magnetic resonance spectroscopy
measures specific metabolites as markers of cell functioning. Objective: To study N-acetyl-aspartate and glutamate levels in the
caudate and putamen nuclei in subjects with Parkinson’s disease with and without psychosis. Methods: We included 20 non-
demented Parkinson’s disease patients with psychosis and 20 Parkinson’s disease patients without psychosis matched for age,
sex, disease duration, and levodopa equivalent daily dose, all attended at an academic medical center. Proton magnetic resonance
spectroscopy scans were performed in a 3T GE whole-body scanner. Results: Decreased glutamate levels scaled to creatine were
found in the dorsal caudate (p = 0.005) and putamen (p = 0.007) of the Parkinson’s disease psychosis group compared with
the without psychosis group. Glutamate plus glutamine levels scaled to creatine and N-acetyl-aspartate levels scaled to creatine
were also significantly reduced in the dorsal caudate of the Parkinson’s disease with psychosis group (p = 0.018 and p = 0.011,
respectively). No group differences were found for any of the other metabolites in the two regions of interest. Conclusions: Our
findings suggest that decreased metabolite levels in specific brain areas may be implicated in the development of psychosis in
Parkinson’s disease. (REV INVES CLIN. 2015;67:227-34)
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INTRODUCTION

With the increasing understanding of neuropsychi-
atric symptoms in Parkinson’s disease (PD), this
entity is no longer conceptualized as a pure motor
disorder. Among the non-motor symptoms, psy-
chosis stands out due to the important detrimental
consequences for patients and their families and
caregivers!. Psychosis prevalence in PD has been
reported to be between 8 and 30%. Risk factors for
psychosis include older age, longer duration of dis-
ease, disease severity, and dopamine agonist use?.
Visual hallucinations are considered the most fre-
quent clinical manifestation of Parkinson’s disease
psychosis (PDP)3.

Dopamine/acetylcholine disbalance and alterations
in serotoninergic neurons have been proposed to
have a role in the mechanism of visual hallucinations
in PDP4. Ten anatomical regions have been impli-
cated in the physiology of the sleep/wake cycle and
visual processing. These same regions may be re-
lated with the pathophysiology of PDP>. The cau-
date and putamen nuclei are of particular interest
since these are regions densely populated by dopa-
minergic neurons. These neurons are lost with the
progression of PD.

Proton magnetic resonance spectroscopy (*H-MRS)
measures specific metabolites as markers of cell
functioning. N-acetyl-aspartate is the most abundant
cerebral metabolite, and is thought to be a marker of
neuronal functional integrity. Glutamate is the second
most abundant cerebral metabolite; decreased lev-
els of glutamate suggest a decrease in excitatory
tone in a specific region. Changes in glutamate are
activity dependent and may indicate an alteration in
the integrity of excitatory neurons®. Lower N-acetyl-
aspartate/choline plus creatine concentration in the
lenticular nucleus contralateral to the symptomatic
side, and lower glutamate/creatine concentrations in
the posterior cingulate cortex in PD subjects have
been reported’®. To the best of our knowledge, no
!H-MRS studies specifically on PDP subjects have
been reported.

The objective of the present study was to compare
N-acetyl-aspartate and glutamate levels in the cau-
date and putamen in subjects with PD with psychosis
with those in PD subjects without psychosis.
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MATERIAL AND METHODS

Participants

Parkinson’s disease participants who fulfilled the United
Kingdom Brain Bank Criteria® were screened for psy-
chosis at the Movement Disorders Outpatient Clinic of
the National Institute of Neurology and Neurosurgery
(INNN) of Mexico. The presence of psychotic symp-
toms was determined using a structured interview
based on current accepted criterial®. Inclusion criteria
were age > 40 years and current treatment with do-
paminergic replacement therapy. A Mini-Mental State
Examination cutoff score of < 26 and a Beck Depres-
sion Inventory cutoff score of > 16 were used as ex-
clusion criteria. Subjects who were on antipsychotic
treatment or who had undergone recent (< 8 weeks)
modifications on their anti-parkinsonian drug scheme
were also excluded. The diagnosis of PDP was confirmed
using the criteria proposed by the U.S. National Institute
of Neurological Disorders and Stroke (NINDS)0. These
criteria are inclusive and take into account a full range
of symptoms, chronology of onset, duration of symp-
toms, as well as differential diagnoses and associated
features. These criteria include the presence of hal-
lucinations (visual and non-visual) and delusions, and
minor symptoms such as sense of presence, visual
illusions, and passage hallucinations.

Demographic and clinical data were collected, includ-
ing age, age of onset, severity of Parkinson’s disease
in terms of Hoehn and Yahr stage (1, being unilateral
involvement with minimal functional disability, to 5,
being confinement to bed), current anti-parkinsonian
treatment and total daily dose. Levodopa-equivalent
daily dose (LEDD) was calculated by multiplying the
total daily dosage of each anti-parkinsonian drug by
its potency relative to a standard levodopa prepara-
tion assigned the value of 1, as described elsewherell.
In addition, age-, sex-, disease duration-, and LEDD-
matched PD subjects without psychosis were included
for imaging study comparison. Control subjects did not
have a family history of primary psychotic illnesses. All
participants provided written informed consent ac-
cording to the determination of the local Institutional
Review Board and Ethics committee. All participants
underwent a motor evaluation using the Unified Par-
kinson’s Disease Rating Scale part Ill (UPDRS II[)12,
The Positive and Negative Syndrome Scale (PANSS)
was applied only to PDP subjects?3.
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Figure 1. Voxel placement in two regions of interest: the dorsal caudate and the putamen. Representative spectra with the raw
and fitted data are shown for each region.
Glu: glutamate; Glx: glutamate + glutamine; NAA: N-acetyl-aspartate + N-acetylaspartylglutamate acid; Cho: glycerophospho-
choline + phosphocholine; Ins: myo-Inositol; Cr: creatine + phosphocreatine.

Magnetic resonance studies

Proton magnetic resonance spectroscopy scans were
performed in a 3T GE whole-body scanner (Signa Ex-
cite HDxt; GE Healthcare, Milwaukee, WI) with a high-
resolution 8-channel head coil at the Neuroimaging
Department of the INNN. The participant’s head was
positioned along the cantho-meatal line and immobi-
lized by means of a forehead strap. The participants
were initially scanned with a T,-weighted spoiled gra-
dient echo, 3D axial acquisition (SPGR, TE = 5.7 ms,
TR = 13.4 ms, Tl = 450 ms, flip angle = 20°, FOV =
25.6 cm, 256 x 256 matrix, slice thickness = 1 mm),
oriented above and parallel to the anterior-posterior
commissures line (AC-PC). These T,-weighted SPGR
images were reformatted to sagittal and coronal views
and were used for optimal 'H-MRS voxel placement.
The 'H-MRS spectra were obtained using point-resolved
spectroscopy (PRESS, TE = 35 ms, TR = 1,500 ms,
spectral width = 5,000 Hz, 4,096 data points used,
128 water-suppressed, and 16 water-unsuppressed
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averages) in volume elements (voxels) of 8 ml (2 x 2
x 2 cm), centered on the dorsal caudate nucleus and
putamen. Voxels were placed contralateral to the af-
fected side of each participant. The lower ends of the
dorsal caudate and putamen voxels were located 3 mm
dorsal to the AC to include the maximum amount of
gray matter (Fig. 1).

Proton magnetic resonance spectroscopy
data analysis

Water suppressed spectra were analyzed using LCMod-
el, version 6.2-1T%, a fully automated, commercially
available curve-fitting software that uses a least squares
analysis method for estimating metabolite concentra-
tions. A standard basic set of metabolites was used for
analysis: L-alanine, aspartate, creatine, phosphocreatine,
y-aminobutyric acid, glucose, glutamate, glutamine,
glycerophosphocholine, phosphocholine, glutathione,
L-lactate, myo-inositol, N-acetyl-aspartate, N-acetylas-
partylglutamate acid, scyllo-Inositol, taurine, creatine
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Table 1. Demographic and clinical characteristics of Parkinson’s disease patients with and without psychosis

PDP PD without psychosis p

(@) 20 20

Male/Female 9/11 10/10 > 0.99
Age (years) 69.9 £ 7.5 66.7 = 7.4 0.18
Non-smokers 17 (85%) 16 (80%) >0.99
Age at motor onset (years) 62.1 £10.3 59395 0.36
Disease duration (years) 8.0+ 46 7.6 +55 0.80
Tremor dominant (%) 14 (70%) 16 (80%) 0.72
Right asymmetry (%) 13 (65%) 15 (75%) 0.73
Hoehn & Yahr stage 2.7 0.6 25+0.6 0.14
On dopaminergic agonist (%) 11 (55%) 14 (70%) 0.51
Pramipexole daily dose (mg) 1.5+09 31+1 0.001
On L-Dopa (%) 19 (95%) 18 (90%) > 0.99
L-Dopa dose (mg/day) 686.1 + 341.7 580.3 £ 218.4 0.27
LEDD 694.3 £ 420.8 734.4 + 259.4 0.66
UPDRS Il score 28.6 + 10.5 33 £24.8 0.47
PANSS positive symptoms 16.8 +54 NA

PANSS negative symptoms 186 +7.4 NA

PANSS general symptoms 37.3 £10.5 NA

PDP: Parkinson’s disease with psychosis; PD: Parkinson’s disease; LEDD: levodopa equivalent daily dose; UPDRS: Unified Parkinson’s
Disease Rating Scale; PANSS: Positive and Negative Syndromes Scale.

methylene group, guanidinoacetate, lipids (Lip) (Lip13a,
Lip13b, Lip09), and macromolecules (MM) (MMO09,
Lip20, MM20, MM12, MM14 and MM17). This basic
set, which was included in the LCModel, was acquired
with the same sequence parameters used in our study.

Water-scaled metabolites were normalized with re-
spect to creatine-containing compounds (creatine and
phosphocreatine). All metabolites with a Cramér-Rao
lower-bound (CRLB) of > 20%, as reported by LCMod-
el, were considered of poor quality and were excluded
from further analyses. The reported metabolites in-
cluded glutamate (Glu), glutamate plus glutamine (GIx),
creatine plus phosphocreatine (Cr), glycerophospho-
choline plus phosphocholine (Cho), myo-inositol (Ins)
and N-acetyl-aspartate plus N-acetylaspartylgluta-
mate acid (NAA). Spectroscopic values are expressed
in “institutional units”.

Statistical analysis

The results are presented in terms of mean, standard
deviation, and percentages. Statistical analyses were
performed using SPSS v16.0 software (SPSS, Chica-
go, IL). Group differences were assessed using de-
pendent t-test for paired samples for quantitative
variables. Qualitative variables were compared using
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a McNemar test. Metabolite concentrations were tested
for normal distribution using a Schapiro-Wilk test.
Metabolite measures between groups were compared
using a paired t-test due to the matched-pair design.
Spearman’s correlations (non-parametric) rather than
Pearson coefficients were used due to the relatively
small sample size. Significance level was set at p < 0.05.

RESULTS
Demographic and clinical characteristics

A total of 236 subjects with PD were screened for the
presence of psychosis; 33 of them fulfilled the criteria
for PDP, of whom 13 were excluded since they were
receiving antipsychotic treatment. The final sample
consisted of 20 PD subjects with psychosis. According
to the PANSS scores, all of the subjects with PDP had
hallucinations (80% were visual hallucinations) and
50% had delusions. We recruited 20 controls without
psychosis from the initial sample using the same ex-
clusion criteria, matched for age, sex, disease duration,
and LEDD. Clinical and demographic characteristics
from both groups are shown in table 1. No statisti-
cally significant difference in the mean Hoehn and
Yahr stage was found between groups. Nine subjects
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Table 2. Means (+ standard deviation) for each metabolite in the two regions of interest in Parkinson’s disease with psychosis

and Parkinson’s disease participants

Region Group Metabolites Spectra quality
Glu/Cr  GIx/Cr NAA/Cr Ins/Cr  Cho/Cr Cr FWHM, SNR
ppm
Dorsal caudate  PD-Psychosis 1.36 149 + 119 + 0.73 0.28+ 1553 = 0.088 + 11.80 +
0.12* 0.16* 0.12* 0.09 0.02 3.16 0.013 3.38
n=1 n=1 n=1 n=1 n=1 n=1
PD 1.52 % 1.68 * 1.28 0.73 # 0.29 # 13.79 0.091+ 1294+
0.20 0.29 0.09 0.14 0.05 3.19 0.016 3.15
n=1 th=1 ‘h=1 ‘n=1 n=1 n=1
Putamen PD-Psychosis 1.37 16l + 1.36 0.60 * 0.28 * 16.79 0.078 + 1475
0.20* 0.19 0.15 0.07 0.2 3.75 0.017 3.49
PD 1.52 £ 1.59 £ 1.37 £ 0.64 + 0.27 + 16.81 + 0.111 + 1392
0.12 0.15 0.16 0.10 0.03 4.92 0.111 4.58

Glu: glutamate; Glx: glutamate + glutamine; NAA: N-acetyl aspartate + N-acetyl aspartyl glutamic acid; Ins: myo-Inositol;
Cho: glycerophosphocholine + phosphocholine; Cr: creatine + phosphocreatine; FWHM: full width at half maximum; SNR: signal to noise ratio;

PD: Parkinson’s disease.
*p < 0.05.

Number of spectra rejected due to a Cramer-Rao lower-bound > 20%.

in the PDP group and five subjects in the PD group
were taking anticholinergics. Two subjects in the PDP
group and two subjects in the PD group were treated
with monoamine oxidase B inhibitors. Subjects in the
PD without psychosis group received a larger dose of
pramipexole compared with PDP subjects.

Cerebral metabolites

The 'H-MRS data from one PDP subject and one PD
subject, both from the dorsal caudate, were excluded
due to poor quality. There was a significant difference
in Glu/Cr levels in the dorsal caudate (p = 0.005) and
putamen (p = 0.007), with a markedly decreased con-
centration in the PDP group. The GIx/Cr was also
significantly reduced in the dorsal caudate in the PDP
group (p = 0.018). The NAA/Cr levels were signifi-
cantly different only in the dorsal caudate, with lower
levels in the PDP group (p = 0.011). No group differ-
ences in the levels of the other metabolites (Cho/Cr,
Ins/Cr, Cr) were found in any voxel (Table 2). No
correlation was found between PANSS total score and
measured metabolites.

DISCUSSION

Psychosis in Parkinson’s disease comprises a wide ar-
ray of symptoms including hallucinations, delusions,
and minor symptoms such as illusions and false sense
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of presencel®. Of these symptoms, visual hallucina-
tions are the most frequent in the context of PD3.

Simple visual hallucinations include flashes, lines, ab-
stracts, shapes, swirls, and repeating patterns, while
complex hallucinations are coherent objects, people,
animals, and landscapes. Synucleinopathies like PD
are hallmarked by the presence of complex visual hal-
lucinations rather than simple hallucinations?.

Regarding the physiopathology of psychosis in PD, most
of the current knowledge is based on visual hallucina-
tions as a complex symptom. Voxel-based morphom-
etry has demonstrated lower gray matter volume in
primary visual cortex, visual association cortex, limbic
regions, cholinergic structures such as pedunculopon-
tine nucleus and sustantia innominate in non-dement-
ed patients with PD16. In addition, two main visual
processing pathways appear to be affected in PD: the
ventral stream, which processes orientations to ob-
jects, and the dorsal stream, involved in spatial loca-
tion. The latter has been involved in the development
of minor hallucinations in PDY7.

The functional connections between basal ganglia and
frontal areas may also play a role in the development
of hallucinations in PD. A recent SPECT study reported
a significant reduction in the caudate uptake in patients
with PD and visual hallucinations*®. The striatum has
been proposed to be involved in the pathophysiology
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of hallucinations; increased caudate activation has been
shown during visual stimulation in PD patients with
hallucinations compared to PD patients without hal-
lucinations!®. The striatum is subdivided into three
anatomo-functional areas: the sensorimotor area, the
associative area, and the limbic area?°. The projection
of these areas to the cerebral cortex enables the reg-
ulation of normal adaptive behavior. In this manner,
the basal ganglia are involved in switching behavior
according to internal or external sensory stimuli?!.

To our knowledge, this is the first study using 'H-MRS
to describe metabolite changes in subjects with psy-
chosis. H-MRS evaluates neurochemical changes in
specific areas of interest. Most of the acute and chron-
ic neurologic disorders are associated with an imbalance
between excitatory and inhibitory neurotransmission. As
such, the detection of Glu and NAA changes by H-MRS
may improve our understanding of these diseases.

In addition to its role as the main excitatory neurotrans-
mitter, Glu mediates synapse formation, dendrite prun-
ing, cell migration, differentiation, and death. Further-
more, Glu acts as a precursor for g-aminobutyric acid
in neurons and glutamine in astrocytes??2.

Here, we describe a 'H-MRS study in PD subjects
with psychosis and this is, to the best of our knowl-
edge, the first report of metabolite concentrations
in putamen and dorsal caudate in PDP subjects. In
the present study, 13.9% of the total PD population
presented with psychosis, which is similar to what
has been reported in other countries?3. Risk factors
for psychosis in PD include older age and disease
stage?. For our study, groups were paired by age
group and disease duration, and no statistical differ-
ence was found in disease severity as assessed by
the Hoehn and Yahr scale between groups. Despite
similar disease duration in both groups, PDP subjects
were in a more advanced disease stage than PD sub-
jects without psychosis.

Reports regarding treatment with dopaminergic ago-
nists as a risk factor for the development of psychosis
in PD patients are varied?425. Also, there are studies
reporting hallucinations in drug-naive PD subjects?®. In
addition, the dosage of dopaminergic agonists does
not appear to be correlated with the risk of hallucina-
tions?”. Interestingly, in our study, PD subjects with-
out psychosis received a higher dose of pramipexole
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than PDP subjects, which opposes the hypothesis of
dopamine agonist as a risk factor for psychosis.

The findings of the present study indicate that the
Glu/Cr in the dorsal caudate and putamen and GIx/Cr
in the dorsal caudate are significantly reduced in PDP
subjects compared with PD patients without psychosis.
Previous studies have failed to show abnormalities in
GIx/Cr in the striatum, cortex, and lentiform nucleus
in PD patients?8-3°. However, these studies were per-
formed in 1.5T scanners and measured Glu as a com-
ponent of the GIx peak. On the other hand, Griffith,
et al, using 3T 'H-MRS, reported decreased Glu/Cr
in the posterior cingulate gyrus of subjects with
idiopathic PD8.

Given that Glu detected by magnetic resonance is
thought to represent the intracellular compartment3?,
our findings of reduced Glu in PDP patients suggests
that Glu-containing neurons are reduced in number
in the dorsal caudate. The degeneration of the do-
paminergic nigrostriatal pathway results in profound
changes within this loop. Specifically, decreased glu-
tamatergic function has been postulated to be a sig-
nificant factor in the physiopathology of psychosis.
An important contribution to this hypothesis is the
observation that compounds such as ketamine or
phencyclidine, N-methyl-D-aspartate receptor antag-
onists, can produce psychotic symptoms. The interac-
tion between glutamate and dopamine is widely doc-
umented3?-34, so an increase of dopaminergic activity
and/or a reduction of Glu activity may contribute to
the development of hallucinations.

The glutamatergic corticostriatal innervation of medi-
um-sized spiny neurons is considered the main synapse
of the striatum?3>. Findings from human studies indicate
that changes in the Glu neurotransmitter system are
complex. Autoradiography of N-methyl-D-aspartate
Glu receptors performed on neuropathologic specimens
from subjects with PD have shown reduced binding of
Glu receptors in basal ganglia3®.

The NAA can be found exclusively in neurons, and
reductions in NAA have been proven to occur after
exposure to neurotoxic lesions. Therefore, NAA has
been proposed as a marker of neuronal integrity37-38.
Previous studies comparing 'H-MRS findings in basal
ganglia, motor cortex, temporoparietal cortex, and cin-
gulate cortex between subjects with PD and healthy
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subjects have shown inconclusive results regarding dif-
ferences in the NAA/Cr ratio”3%4%, A decrease in stria-
tal NAA/Cho has been reported in elderly patients with
PD when compared to healthy subjects*!. A recent
study found significant differences in NAA/Cr, NAA/
Cho, NAA/(Cho+Cr) in the substantia nigra between
PD patients and healthy controls, but also between PD
subjects with mild and severe disease*?. In our study,
no differences were found between PDP and PD without
psychosis in terms of Hoehn and Yahr stage, thus our
results cannot be attributed to disease severity. The
NAA/Cr in the putamen nucleus was also significantly
reduced in PDP subjects. Several studies have indicated
cortical reductions in NAA/Cr in subjects with PD. Lu-
cetti, et al. propose that the reduction in NAA/Cr in
the motor cortex may be due to a loss of thalamo-
cortical excitatory inputs*3. Camicioli, et al. reported
similar results in the pre-supplementary motor area*4.

The limitations of this study need to be considered.
First, we did not include cognitive evaluations; there-
fore, we could not address the possible effect of cog-
nition on Glu or NAA levels*°. Second, direct measure-
ment of Glu neurotransmission is not possible with
'H-MRS since the technique can only measure total
tissue levels, including metabolic, synaptic, and vesicu-
lar pools. Third, macromolecules were not measured
and they have a potential influence on glutamate and
glutamine quantification. However, the contribution
of macromolecules was modeled using the default
LCModel function. In addition, dopamine concentration
was not measured, so a possible interaction between
glutamate and dopamine levels could not be analyzed.
It should also be mentioned that due to the high fre-
quency of visual hallucinations, there might be a con-
cern regarding the possibility of misdiagnosing as PD,
patients with dementia with Lewy Bodies. In this regard,
patients were selected using the Brain Bank Criteria,
which exclude by definition these cases; moreover, the
NINDS criteria for psychosis in PD also exclude these
patients. Finally, patients with cognitive decline were
excluded using a mini-mental cut-off value of < 26, and
the sample had a large mean disease duration.

In conclusion, 'H-MRS revealed decreased glutamate
levels in the dorsal caudate and putamen, and de-
creased NAA in putamen of PD subjects with psychosis.
Furthermore, we did not find an association between
the use of dopamine agonist and psychosis. These
findings suggest that decreased metabolite levels in
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specific brain areas may be implicated in the develop-
ment of psychosis in Parkinson’s disease.

DECLARATION OF INTEREST

Mayela Rodriguez-Violante has served as consultant and/or
speaker for UCB, Boehringer Ingelheim, Teva, Vanquish, Ever
Pharma, Novartis, Medtronic and the International Parkinson
and Movement Disorders Society. Amin Cervantes-Arriaga
has received travel grant support from Boehringer Ingelheim
and UCB. Camilo de la Fuente-Sandoval has received grant
support from Janssen (Johnson & Johnson), and has served
as consultant and/or speaker for AstraZeneca, Eli Lilly, and
Janssen.

ACKNOWLEDGEMENTS

This work was supported by Consejo Nacional de Ciencia y
Tecnologia (CONACyYT) research grant 87661 to Mayela
Rodriguez-Violante and Sistema Nacional de Investigadores
(SNI) to Mayela Rodriguez-Violante, Amin Cervantes-Arriaga,
Camilo de la Fuente-Sandoval and Teresa Corona. CONACyT
and SNI had no further role in study design, in the collection,
analysis, and interpretation of data, in the writing of the re-
port, and in the decision to submit the paper for publication.

The authors thank the Neuroimaging Department, in par-
ticular Jesls Taboada and Oscar Marrufo for the facilities
provided during the development of this study.

REFERENCES

1. Aarsland D, Larsen JP, Tandberg E, Laake K. Predictors of nursing
home placement in Parkinson’s disease: A population-based,
prospective study. J Am Geriatr Soc. 2000;48:938-42.

2. Zahodne LB, Fernandez HH. Pathophysiology and treatment
of psychosis in Parkinson’s disease: A review. Drugs Aging.
2008;25:665-82.

3. Mack J, Rabins P, Anderson K, et al. Prevalence of psychotic
symptoms in a community-based Parkinson disease sample. Am
J Geriatr Psychiatry. 2012;20:123-32.

4. Armstrong RA. Visual symptoms in Parkinson’s disease. Parkin-
sons Dis. 2011:908306.

5. Diederich NJ, Goetz CG, Stebbins GT. Repeated visual hallucina-
tions in Parkinson’s disease as disturbed external/internal per-
ceptions: Focused review and a new integrative model. Mov
Disord. 2005;20:130-40.

6. Maddock RJ, Buonocore MH. MR spectroscopic studies of the
brain in psychiatric disorders. Curr Top Behav Neurosci. 2012;
11:199-251.

7. Zheng XN, Zhu XC, Ruan LX, et al. MRS study on lentiform nu-
cleus in idiopathic Parkinson’s disease with unilateral symptoms.
J Zhejiang Univ Sci. 2004;5:246-50.

8. Griffith HR, Okonkwo OC, O’Brien T, Hollander JA. Reduced brain
glutamate in patients with Parkinson’s disease. NMR Biomed.
2008;21:381-7.

9. Gibb WR, Lees AJ. The relevance of the Lewy body to the patho-

genesis of idiopathic Parkinson’s disease. J Neurol Neurosurg

Psychiatry. 1988;51:745-52.

Ravina B, Marder K, Fernandez HH, et al. Diagnostic criteria for

psychosis in Parkinson’s disease: Report of an NINDS, NIMH

work group. Mov Disord. 2007;22:1061-8.

10.



REV INVES CLIN. 2015;67:227-34

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Tomlinson CL, Stowe R, Patel S, Rick C, Gray R, Clarke CE. Sys-
tematic review of levodopa dose equivalency reporting in Par-
kinson’s disease. Mov Disord. 2010;25:2649-53.

Fahn S, Elton RL. UPDRS Development Committee. Unified Par-
kinson’s Disease Rating Scale. In: Fahn S, Marsden CD, Calne DB,
Goldstein M, eds. Recent Developments in Parkinson’s Disease,
Vol. 2. Florham Park, NJ: Macmillan Health Care Information
1987; 153-63, 293-304.

Kay SR, Opler LA, Lindenmayer JP. The positive and negative
syndrome scale (PANSS) for schizophrenia. Schizophr Bull. 1987;
13:261-76.

Provencher SW. Automatic quantitation of localized in vivo 1H
spectra with LCModel. NMR Biomed. 2001;14:260-4.
Collerton D, Taylor JP. Advances in the treatment of visual
hallucinations in neurodegenerative diseases. Future Neurol.
2013;8:433-44.

Lenka A, Jhunjhunwala KR, Saini J, Pal PK. Structural and func-
tional neuroimaging in patients with Parkinson’s disease and
visual hallucinations: A critical review. Parkinsonism Relat Dis-
ord; 2015;21:683-91.

Pagonabarraga J, Soriano-Mas C, Llebaria G, Lopez-Sola M, Pu-
jol J, Kulisevsky J. Neural correlates of minor hallucinations in
non-demented patients with Parkinson’s disease. Parkinsonism
Relat Disord. 2014;20:290-6.

Kiferle L, Ceravolo R, Giuntini M, et al. Caudate dopaminergic
denervation and visual hallucinations: evidence from a 123I-FP-
CIT SPECT study. Parkinsonism Relat Disord. 2014;20:761-5.
Stebbins GT, Goetz CG, Carrillo MC, et al. Altered cortical vi-
sual processing in PD with hallucinations: an fMRI study. Neurol-
ogy. 2004;63:1409-16.

Martinez D, Slifstein M, Broft A, et al. Imaging human mesolim-
bic dopamine transmission with positron emission tomography.
Part Il: amphetamine-induced dopamine release in the func-
tional subdivisions of the striatum. J Cereb Blood Flow Metab.
2003;23:285-300.

Redgrave P, Prescott TJ, Gurney K. The basal ganglia: a verte-
brate solution to the selection problem? Neuroscience. 1999;
89:1009-23.

Agarwal N, Renshaw PF. Proton MR spectroscopy-detectable
major neurotransmitters of the brain: biology and possible clin-
ical applications. AJNR Am J Neuroradiol. 2012;33:595-602.
Salter BC, Anderson KE, Weiner WJ. Psychosis in Parkinson’s
disease: Case studies. Neurol Clin. 2006;24:363-9.

Goetz CG, Pappert EJ, Blasucci LM, et al. Intravenous levodopa in
hallucinating Parkinson’s disease patients: High-dose challenge
does not precipitate hallucinations. Neurology. 1998;50:515-17.
Aarsland D, Larsen JP, Cummins JL, Laake K. Prevalence and
clinical correlates of psychotic symptoms in Parkinson’s disease:
A community-based study. Arch Neurol. 1999;56:595-601.
Fénelon G, Goetz, CG, Karenberg A. Hallucinations in Parkinson’s
disease in the prelevodopa era. Neurology. 2006;66:93-8.
Holroyd S, Currie L, Wooten GF. Prospective study of hallucina-
tions and delusions in Parkinson’s disease. J Neurol Neurosurg
Psychiatry. 2001;70:734-8.

Clarke CE, Lowry M. Basal ganglia metabolite concentrations
in idiopathic Parkinson’s disease and multiple system atrophy
measured by proton magnetic resonance spectroscopy. Eur J
Neurol. 2000;7:661-5.

234

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Taylor-Robinson SD, Turjanski N, Bhattacharya S, et al. A proton
magnetic resonance spectroscopy study of the striatum and cere-
bral cortex in Parkinson’s disease. Metab Brain Dis. 1999;14:45-55.
Clarke CE, Lowry M, Horsman A. Unchanged basal ganglia N-
acetylaspartate and glutamate in idiopathic Parkinson’s disease
measured by proton magnetic resonance spectroscopy. Mov
Disord. 1997;12:297-301.

Kickler N, Krack P, Fraix V, et al. Glutamate measurement in
Parkinson’s disease using MRS at 3 T field strength. NMR Biomed.
2007;20:757-62.

Cepeda C, Levine MS. Dopamine and N-methyl-D-aspartate recep-
tor interactions in the neostriatum. Dev Neurosci. 1998;20:1-18.
West AR, Floresco SB, Charara A, Rosenkranz JA, Grace AA. Elec-
trophysiological interactions between striatal glutamatergic and
dopaminergic systems. Ann N Y Acad Sci. 2003;1003:53-74.
David HN, Ansseau M, Abraini JH. Dopamine-glutamate recipro-
cal modulation of release and motor responses in the rat cau-
date-putamen and nucleus accumbens of “intact” animals. Brain
Res Rev. 2005;50:336-60.

Morales |, Fuentes A, Ballaz S, Obeso JA, Rodriguez M. Striatal
interaction among dopamine, glutamate and ascorbate. Neuro-
pharmacology. 2012;63:1308-14.

Meoni P, Bunnemann BH, Kingsbury AE, Trist DG, Bowery NG.
NMDA NR1 subunit mRNA and glutamate NMDA-sensitive
binding are differentially affected in the striatum and pre-fron-
tal cortex of Parkinson’s disease patients. Neuropharmacology.
1999;38:625-33.

Barker PB. N-acetyl aspartate--a neuronal marker? Ann Neurol.
200149:423-4.

Taylor MJ, Godlewska BR, Norbury R, Selvaraj S, Near J, Cowen
PJ. Early increase in marker of neuronal integrity with antide-
pressant treatment of major depression: 1H-magnetic reso-
nance spectroscopy of N-acetyl-aspartate. Int J Neuropsycho-
pharmacol. 2012;15:1541-6.

Bowen BC, Block RE, Sanchez-Ramos J, et al. Proton MR spec-
troscopy of the brain in 14 patients with Parkinson’s disease.
AINR Am J Neuroradiol. 1995;16:61-8.

Camicioli RM, Hanstock CC, Bouchard TP, Gee M, Fisher NJ,
Martin WR. Magnetic resonance spectroscopic evidence for pre-
supplementary motor area neuronal dysfunction in Parkinson’s
disease. Mov Disord. 2007;22:382-6.

Holshouser BA, Komu M, Mdller HE, et al. Localized proton
NMR spectroscopy in the striatum of patients with idiopathic
Parkinson’s disease: A multicenter pilot study. Magn Reson Med.
1995;33:589-94.

Zhou B, Yuan F, He Z, Tan C. Application of proton magnetic
resonance spectroscopy on substantia nigra metabolites in Par-
kinson’s disease. Brain Imaging Behav. 2014;8:97-101.

Lucetti C, Del Dotto P, Gambaccini G, et al. Proton magnetic
resonance spectroscopy (1H-MRS) of motor cortex and bas-
al ganglia in de novo Parkinson’s disease patients. Neurol Sci.
2001;22:69-70.

Camicioli RM, Korzan JR, Foster SL, et al. Posterior cingulate
metabolic changes occur in Parkinson’s disease patients without
dementia. Neurosci Lett. 2004;354:177-80.

Nie K, Zhang Y, Huang B, et al. Marked N-acetylaspartate and cho-
line metabolite changes in Parkinson’s disease patients with mild
cognitive impairment. Parkinsonism Relat Disord. 2013;19:329-34.



