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Abstract
Objective
To investigate the relationship between visual hallucinations in Parkinson disease (PD) and
levels of γ-aminobutyric acid (GABA) in the primary visual cortex.

Methods
We utilized magnetic resonance spectroscopy to investigate occipital GABA levels in 36 par-
ticipants with PD, 19 with and 17 without complex visual hallucinations, together with 20
healthy controls without hallucinations. In addition, we acquired T1-weighted MRI, whole-
brain fMRI during a visual task, and diffusion tensor imaging.

Results
We found lower GABA+/creatine in PD with visual hallucinations (0.091 ± 0.010) vs those
without (0.101 ± 0.010) and controls (0.099 ± 0.010) (F2,49 = 4.5; p = 0.016). Reduced gray
matter in the hallucinations group was also observed in the anterior temporal lobe. Although
there were widespread reductions in white matter integrity in the visual hallucinations group,
this was no longer significant after controlling for cognitive function.

Conclusions
The data suggest that reduced levels of GABA are associated with visual hallucinations in PD
and implicate changes to the ventral visual stream in the genesis of visual hallucinations.
Modulation of visual cortical excitability through, for example, pharmacologic intervention,
may be a promising treatment avenue to explore.
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Visual hallucinations are common in Parkinson disease
(PD),1 particularly as the disease advances, and range from
relatively simple flashes of light or color to more complex
hallucinations that are typically well-formed images.2 A
number of models3,4 have been proposed to explain the origin
of complex recurrent visual hallucinations. Unifying elements
across the models include breakdown in communication be-
tween cortical regions involved in visual processing, and al-
teration in the weighting of internal vs external input.

A neuropathologic study of the visual system in dementia with
Lewy bodies (DLB) found reduced GABAergic activity in the
primary visual cortex.5 This may be an adaption to poor visual
input or disrupted connectivity with other visual areas, with
reduced GABAergic inhibition maintaining the ability to
recognize objects, at a cost of seeing things that are not there.

The aims of this study were therefore to investigate γ-ami-
nobutyric acid (GABA)+ levels using magnetic resonance
spectroscopy (MRS) in the occipital lobe of patients with PD
with and without complex visual hallucinations, along with
similarly aged healthy participants. We also used structural,
diffusion, and fMRI with a flashing checkerboard paradigm to
comprehensively investigate brain changes in people with
hallucinations.

We hypothesized that (1) GABA+ would be reduced in par-
ticipants with visual hallucinations, and correlated with hal-
lucination symptom severity; (2) GABA+ levels would
inversely correlate with fMRI activation; and (3) in the visual
system, there would be brain atrophy and disruption of white
matter fibers in those with visual hallucinations, and these
changes would correlate with GABA+.

Methods
Participants

Inclusion and exclusion criteria
We prospectively recruited 45 participants between 2014 and
2017 with PD aged 60 years and older, with a Mini-Mental
State Examination (MMSE) score >12 from a population of
local community-dwelling participants who had been referred
to local neurology and old age psychiatry services. Twenty-
one healthy controls were identified from spouses and friends

of participants included in this and previous studies. Diagnosis
of PDwas made according to the UKBrain Bank criteria6 with
any cognitive impairment either diagnosed as mild cognitive
impairment according to the Movement Disorder Society
level 1 criteria7 or dementia according to the diagnostic cri-
teria for PD dementia.8 Clinical diagnoses were confirmed by
an independent and experienced clinician.

Control participants in the study showed no evidence of de-
mentia (from their history and CAMCOG [Cambridge
Cognition Examination] score >80). For all participants, ex-
clusion criteria included contraindications for MRI, history of
alcohol or substance misuse, moderate to severe visual im-
pairment, significant non-PD–related psychiatric or neuro-
logic history, moderate to severe cerebral small vessel disease,
imaging evidence of focal brain lesions, or the presence of
other unstable or severe medical illness. The sample size was
chosen to give 85% power to detect a 12.5% difference in
GABA concentration.9

Clinical assessment
Global cognitive function was assessed using the CAMCOG
and MMSE. The presence and severity of any extrapyramidal
signs were graded using the motor component of the Unified
Parkinson’s Disease Rating Scale (UPDRS-III).

All participants had their near visual acuity measured with the
Snellen chart and Landolt broken rings (test distance 40 cm)
after correction of any refractive errors. Participants were
excluded if they had significant visual impairment that could
not be corrected. We used the best performance across all
tests for each participant as a measure of acuity in group
comparisons. Computerized tests of visuoperceptual function
included angle and motion discrimination tasks, which have
established metrics in Lewy body disease and have been
reported in a number of our reports.10,11

As in previous work,12 for assessment of visual hallucinations,
the hallucinations subscale of the Neuropsychiatric Inventory
(NPIhall)13 was used with specific reference to visual halluci-
nations occurring in the previous month. Subsequently, we used
the derived NPIhall score (frequency × severity of hallucina-
tions) in analyses. For reliability purposes, patients and carers
were independently asked about the occurrence of visual hal-
lucinations in the month before MRI using screening questions

Glossary
BOLD = blood oxygen level–dependent; CAMCOG = Cambridge Cognition Examination; Cr = creatine; DLB = dementia
with Lewy bodies; DTI = diffusion tensor imaging; FA = fractional anisotropy; FWE = family-wise error; GABA =
γ-aminobutyric acid; 5-HT = 5-hydroxytryptamine; MAYO = Mayo Fluctuations Composite Score; MD = mean diffusivity;
MMSE = Mini-Mental State Examination; MRS = magnetic resonance spectroscopy; NAA = N-acetylaspartate; NPI =
Neuropsychiatric Inventory; NPIhall = Neuropsychiatric Inventory, hallucinations subscale; PD = Parkinson disease; PD-
nonVH = Parkinson disease–non-visual hallucinator; PD-VH = Parkinson disease–visual hallucinator;ROI = region of interest;
SPM = Statistical Parametric Mapping; TBSS = tract-based spatial statistics; TE = echo time; TR = repetition time; UPDRS-
III = Unified Parkinson’s Disease Rating Scale, motor subsection; VBM = voxel-based morphometry.
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originating from theNorth-East Visual Hallucinations Interview
III14; any discrepancies in the accounts of hallucinations be-
tween patient and carer/family member were discussed with
both parties and the assessor, with reformulation of NPIhall test
scores (with primacy given to the opinion of the caregiver,
where the patient seemed to lack insight).

We also used the noise pareidolia test15 as this has been shown
to correlate with tendency to hallucinate in Lewy body de-
mentia. For this test, participants were shown a series of 40
black and white images. These all contain cloud-like noise
formations, and in 8 images, there is a face inserted some-
where (the location and face differ for each case). After 3
example images, participants were shown the 40 images one at
a time, and asked whether they could see any faces. If so, they
were asked to indicate the location of the face(s). We scored
the test according to the number of illusory faces seen
(i.e., faces indicated where there were not faces inserted in the
image). Cognitive fluctuations were quantified with the Mayo
Fluctuations Composite Score (MAYO)16 and the Clinician
Assessment of Fluctuation scale.17

Participants were classed as active visual hallucinators (PD-
VH) if they had complex visual hallucinations in the month
preceding their interview; otherwise, they were classed as
nonhallucinators (controls and PD-nonVH). Since our fo-
cus was on complex visual hallucinations, those with minor
hallucinations (e.g., passage or feeling of presence) but no
complex hallucinations in the last month were included in
the PD-nonVH group. We made this distinction since
passage and feeling of presence probably have a different
etiologic basis to complex hallucinations even though mi-
nor visual hallucinations typically precede complex visual
hallucinations.18,19

Standard protocol approvals, registrations,
and patient consents
The study was approved by the local ethics committee, and
written consent was obtained from all participants (or nom-
inated independent mental capacity advocate where partici-
pant lacked capacity).

MRI acquisition
Participants were scanned on a 3T whole-body MR scanner
(Achieva scanner; Philips Medical Systems, Best, the Neth-
erlands) with body coil transmission and an 8-channel head
coil receiver.

Magnetic resonance spectroscopy
We used the MEGA-PRESS technique,20 as previously
reported21 with a sinc gaussian editing pulse applied alter-
nately at 1.9 ppm (EDIT-ON) and 7.5 ppm (EDIT-OFF).
Subtraction of the EDIT-OFF from EDIT-ON spectra allows
the 3-ppm GABA+ signal to be separated from the overlying
creatine peak. MEGA-PRESS spectra were acquired from
a voxel sized 45 × 32 × 20 mm centered on the midline of the
occipital lobe (data available from Newcastle University

e-prints [figure 1]: eprint.ncl.ac.uk/247552). Sequence
parameters were as follows: repetition time (TR) = 2,000
milliseconds (ms); echo time (TE) = 68 ms; 320 averages;
acquisition bandwidth = 1,000 Hz; VAPOR (variable power
radiofrequency pulses with optimized relaxation delays) water
suppression.22 Macromolecular suppression editing23 was not
performed, and thus our results are of GABA+ (i.e., GABA
plus macromolecules). The magnetic resonance GABA signal
is thought to reflect concentrations of metabolic GABA and
levels of ambient extracellular GABA that contribute to tonic
GABAergic activity.24

Structural and functional magnetic resonance
We acquired images including a whole-brain structural
3-dimensional MPRAGE (magnetization-prepared rapid-
acquisition gradient echo) scan with sagittal acquisition,
slice thickness 1.0 mm; in-plane resolution 1.0 × 1.0 mm; TR
= 8.3 ms; TE = 4.6 ms; flip angle = 8°; and SENSE factor = 2.
fMRI data were collected with a gradient-echo echo planar
imaging sequence (TR = 1.92 seconds; TE = 40 ms; field of
view 192 × 192 mm2; 64 × 64 matrix size; flip angle 90°; 27
slices; slice thickness 3mm; slice gap 1mm)with 100 volumes
(192 seconds) as participants looked at the checkerboard
stimulus.

Diffusion tensor imaging (DTI) acquisitions utilized a 2-di-
mensional spin-echo, echo planar imaging diffusion-weighted
sequence with 59 slices: TR = 6,100ms; TE = 70ms; flip angle
= 90°; field of view = 270 × 270mm; pixel size = 2.1 × 2.1 mm;
slice thickness = 2.1 mm. Diffusion weighting was applied in
64 uniformly distributed directions (diffusion b = 1,000
s·mm−2) and there were 6 acquisitions with no diffusion
weighting (b = 0 s·mm−2). We also collected an identical
image with b = 0 s·mm−2 but with the phase encoding di-
rection reversed for distortion correction purposes.

fMRI stimulus presentation
fMRI was performed with the same checkerboard paradigm as
we have previously utilized.25 fMRI-compatible goggles with
lenses that ranged from −4.0 to 4.0 diopters (0.5 increment)
were used to correct any refractive errors that partic-
ipants had.

The stimulus presentation was controlled by the psycho-
physics toolbox26 (psychtoolbox.org/) extension for MAT-
LAB (MathWorks, Natick, MA). A block design was used
with a full field circular checkerboard stimulus consisting of
five 19.2-second blocks of a black-and-white checkerboard
(inverting at 7.5 Hz) alternating with five 19.2-second base-
line blocks of a gray screen. Participants were asked to focus
on a central cross-hair.

Magnetic resonance analysis

Spectroscopy data analysis
GABA+ quantification was performed using the Gannet
toolbox for MATLAB27 and consisted of the following steps:
(1) alignment of each pair (EDIT-ON and EDIT-OFF) of
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spectra28; (2) subtraction of aligned spectra to produce
GABA+ spectra, followed by averaging across acquisitions;
(3) fitting a gaussian to the 3-ppm GABA+ peak to quantify
GABA+ based on the area under the curve. For a typical
edited spectrum and Gaussian fit, see data available from
Newcastle University e-prints (figure 1): eprint.ncl.ac.uk/
247552.

Choline, creatine, and NAA (N-acetylaspartate) amplitudes
were quantified from nonedited spectra only using the
AMARES (Advanced Method for Accurate, Robust, and Ef-
ficient Spectral fitting of MRS data with use of prior knowl-
edge) algorithm from jMRUI (java-based magnetic resonance
user interface).29 GABA+ and NAA were expressed as ratios
and normalized to creatine. MRS fit quality was assessed by an
experienced physicist as described previously.21

fMRI analysis
Imaging data were processed with Statistical Parametric
Mapping (SPM)12 (fil.ion.ucl.ac.uk/spm/) similar to our
previous work.25 For each participant, the T1 anatomical
image was segmented and spatially normalized in SPM using
the default parameters. The fMRI data for each stimulus
condition were slice timing corrected, motion corrected by
aligning all functional images together, and then coregistered
with the T1 anatomical image. The spatial normalization
parameters from the T1 segmentation were used to transform
the fMRI data to standard space with a voxel size of 3 × 3 ×
3 mm. The normalized images were then smoothed with a 6 ×
6 × 6 mm full width at half maximum gaussian kernel. A high-
pass filter of 128 seconds was used, and serial correlations
were removed with SPM’s AR(1) model.

The general linear model in SPM was used to conduct
a whole-brain analysis of the fMRI data. We created a design
matrix by convolving the time course of the checkerboard
block with the canonical hemodynamic response function and
its first derivative. The 6 parameters from the motion cor-
rection were included in the design matrix as covariates of no
interest. Individual participant and second-level (random-
effects) group analyses were conducted. Contrast images were
generated from β estimates for the comparison of checker-
board vs baseline. Results are shown with a voxelwise
threshold of p < 0.001 (uncorrected) followed by clusterwise
threshold of p < 0.05 family-wise error (FWE)-corrected for
multiple comparisons.

We also used a region of interest (ROI) analysis focusing on
the visual areas. Five ROIs in MNI (Montreal Neurological
Institute) space were defined averaging across left and right
hemispheres: V1, V2, V3, V4, and V5 were taken from the
SPM Anatomy toolbox (fz-juelich.de/inm/inm-1/DE/For-
schung/_docs/SPMAnatomyToolbox/SPMAnatomyTool-
box_node.html). We also defined 3 ROIs from the overall
activation across all participants—all voxels with activation in
the occipital lobe, all voxels with associated deactivation (both
with voxelwise threshold at p < 0.05 FWE-corrected), and

a bilateral LGN (lateral geniculate nucleus) region (voxelwise
p < 0.001 uncorrected).

Structural MRI analysis

Gray matter
For analysis of gray matter atrophy, the T1-weighted struc-
tural images were segmented with the SPM12 segment tool,
and then processed using the DARTEL (Diffeomorphic An-
atomical Registration Through Exponentiated Lie Algebra)
Toolbox to create a group-specific template, to which the
individual images were spatially normalized. Images were
modulated to preserve the total tissue amount during nor-
malization and smoothed with an 8-mm gaussian filter. We
used the SPM Anatomy toolbox30 to identify location of
significant clusters. For each participant, we also extracted the
fraction of gray matter, white matter, and CSF within the
individual spectroscopy voxel location.

Diffusion white matter
DTI data were processed using FSL (fsl.fmrib.ox.ac.uk/fsl/
fslwiki) using the topup program to correct susceptibility-
induced distortions using the 2 b = 0 s·mm−2 images with
opposite phase encoding. The eddy package was then used to
correct images for eddy current distortion, movement, and
motion-induced signal dropout. Fractional anisotropy (FA)
andmean diffusivity (MD) were then calculated with the dtifit
software, and the TBSS (tract-based spatial statistics) pack-
age31 used to align the FA images all together, create a white
matter skeleton of major tracts, and extract FA andMD values
for each participant on the white matter skeleton. The images
were visually inspected at each stage.

Statistical analysis
ROI data and clinical variables were analyzed with the Sta-
tistical Package for Social Sciences (SPSS version 19; IBM
Corp., Armonk, NY). Independent t tests or analysis of vari-
ance was used to compare groups for continuous variables.
Spearman rank correlation coefficient was used to compare
continuous variables.

For the fMRI voxelwise data, a 3-group analysis of variance
was performed using SPM to determine overall activation
patterns and investigate group differences. Voxel-based mor-
phometry (VBM) was done using SPM on the smoothed
modulated gray matter images using a 3-group analysis of
covariance, with age and intracranial volume (sum of CSF,
gray matter, and white matter) as covariates, and also with the
addition of CAMCOG as a measure of cognitive function. We
investigated, with SPM, the relationship of GABA+/creatine
(Cr) with voxelwise gray matter volume, with covariates of
age, intracranial volume, and group (PD-nonVH, PD-VH, and
controls).

For the diffusion analysis, voxelwise differences inMD and FA
between groups (with age as a covariate) were estimated using
the FSL randomise package. We also used this to look at
voxelwise correlations with occipital GABA+/Cr, controlling
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for age and group (PD-nonVH, PD-VH, and control). This
was repeated with the addition of CAMCOG as a measure of
cognitive function.

Data availability
Anonymized data on which this article is based will be shared
on request with any appropriately qualified investigator.

Results
MRI scans were obtained on 20 of the controls and 36 par-
ticipants with PD, of whom 15 had mild cognitive impairment
and 21 had PD dementia. Table 1 shows the demographics for
these participants. There were no significant differences in age
or sex between hallucination groups, and there were no dif-
ferences in duration of PD or levodopa dose between the PD-
VH and PD-nonVH groups. However, the PD-VH group had
worse motor function according to the UPDRS-III score (p <
0.001), worse cognition on the CAMCOG scale (p < 0.001),

and were more likely to be taking cholinesterase inhibitors (p
= 0.025). As expected, the PD-VH group had significantly
higher hallucination scores and were more likely to have
misperceptions on the pareidolia test compared to the PD-
nonVH group. Data available from Newcastle University
e-prints (table 1: eprint.ncl.ac.uk/247552) compare the
patients with PD with vs without dementia. There were no
significant differences in age, sex, years of education, duration
of PD, or levodopa dose. The participants with dementia had
a higher UPDRS-III score, poorer vision, and a greater ten-
dency to hallucinate as indicated by the Neuropsychiatric
Inventory (NPI) and pareidolia test.

We excluded 4 participants (1 PD-VH, 2 PD-nonVH, 1
control) from the spectroscopy analysis because they did
not meet MRS quality-assurance criteria.21 There were no
significant differences in age, sex, or diagnosis of dementia
between the excluded and nonexcluded participants.
Table 2 shows the ratio of GABA+ and NAA to Cr for the

Table 1 Demographics

Control (n = 20) PD-nonVH (n = 19) PD-VH (n = 17)

Age, y 75.4 (5.0) 72.3 (5.1) 75.5 (4.5) F2,53 = 2.6; p = 0.083

Female, n (%) 6 (30) 2 (11) 4 (24) χ2 = 1.8; p = 0.41

Dementia, n (%) 0 7 (37) 15 (83) FET; p = 0.007

Education, y 13.5 (2.1) 11.1 (1.5) 11.6 (2.2) F2,53 = 8.7; p = 0.001a,b

Duration of PD, y — 9.6 (6.5) 11.0 (7.4) F1,34 = 0.4; p = 0.54

Levodopa dose in 24 h — 673.5 (428.2) 717.3 (421.7) F1,34 = 0.1; p = 0.76

ChEI, n (%) — 2 (11) 8 (47) FET; p = 0.025

Antipsychotics, n (%) — 0 (0) 3 (18) FET; p = 0.095

UPDRS-III total score 2.2 (2.5) 34.7 (18.8) 55.9 (19.3) F2,53 = 58.1; p < 0.001a,b,c

CAMCOG total score 95.2 (7.0) 84.5 (11.4) 74.6 (15.3) F2,53 = 14.7; p < 0.001a,b,c

MMSE score 29.1 (1.8) 25.6 (4.1) 23.1 (4.9) F2,53 = 11.5; p < 0.001a,b

Angle test 9.2 (2.6) 25.6 (21.7) 30.0 (27.0) F2,50 = 5.6; p = 0.006a,b

Motion test −2.7 (0.7) 1.1 (3.2) 2.9 (2.6) F2,50 = 26.1; p = 0.000a,b

Best visual acuity decimal 1.2 (0.3) 1.1 (0.4) 0.8 (0.3) F2,51 = 4.6; p = 0.015b

Pareidolia noise task 1.0 (1.5) 2.3 (3.3) 6.8 (5.1) F2,49 = 11.9; p < 0.001b,c

NPI total (A × B) hallucinations — 0.1 (0.2) 3.5 (2.4) F1,34 = 39.6; p < 0.001

NPI total score — 7.5 (6.6) 22.5 (17.8) F1,31 = 10.5; p = 0.003

CAF total — 2.1 (2.7) 5.8 (3.8) F1,33 = 11.8; p = 0.002

MAYO total — 1.4 (1.1) 2.4 (1.5) F1,33 = 6.0; p = 0.020

Abbreviations: CAF = Clinician Assessment of Fluctuation scale; CAMCOG = Cambridge Cognition Examination; ChEI = cholinesterase inhibitor; FET = Fisher
exact test; MAYO = Mayo Fluctuations Composite Score; MMSE = Mini-Mental State Examination; NPI = Neuropsychiatric Inventory; PD = Parkinson disease;
UPDRS-III = Unified Parkinson’s Disease Rating Scale, motor subsection; VH = visual hallucination.
The pareidolia task result is the number of pareidolias seen.
Significant (p < 0.05) Tukey post hoc tests:
a Control vs PD-nonVH.
bControl vs PD-VH.
cPD-VH vs PD-nonVH.
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groups. There was a significant group difference in the
GABA+/Cr ratio (figure 1), with post hoc Tukey test
finding GABA+/Cr reduced in PD-VH relative to PD-
nonVH. The group difference remained significant after
including CAMCOG as a measure of cognitive ability in the
linear model (F2,48 = 3.27, p = 0.047). There were no sig-
nificant differences in gray or white matter proportion
within the voxel between groups (table 2). Within the PD
group, GABA+/Cr correlated with visual acuity (Spearman
ρ = 0.4, p = 0.025), MMSE (ρ = 0.35, p = 0.047), UPDRS-III
(ρ = −0.345, p = 0.049), and MAYO total score (ρ = −0.627,
p < 0.001). There were no significant correlations (p > 0.1)
with disease duration, CAMCOG, angle or motion test, or
the pareidolia test. There were no significant correlations
between GABA+/Cr and NPI hallucination score after
controlling for VH group.

There was no significant difference in GABA+/Cr levels be-
tween participants with PD taking cholinesterase inhibitors vs
those not taking them (0.098 SD 0.012 vs 0.093 SD 0.008; t31
= 1.16, p = 0.26), between those taking antipsychotic agents
(quetiapine) vs those not (0.088 SD 0.007 vs 0.097 SD 0.011;
t31 = 1.42, p = 0.17), and there was no significant correlation
between levodopa dose and GABA+/Cr (ρ = 0.018, p = 0.9).

The fMRI scans were not acquired on one PD participant, who
did not tolerate the full scanning session, and 4 PD participants’
scans were excluded because of excessive motion, leaving 17
PD-VH, 14 PD-nonVH, and 20 controls with usable fMRI data.
All groups showed a typical activation pattern to the checker-
board (data available fromNewcastle University e-prints [figure
2]: eprint.ncl.ac.uk/247552), but there were no significant dif-
ferences in activation between any groups. In the ROI analysis

Table 2 Occipital spectroscopy results

Control (n = 19) PD-nonVH (n = 17) PD-VH (n = 16)

GABA+/Cr 0.099 (0.010) 0.101 (0.010) 0.091 (0.010) F2,49 = 4.5; p = 0.016a

NAA/Cr 1.11 (0.22) 1.11 (0.19) 1.11 (0.15) F2,49 = 0.0; p = 0.99

GM in voxel 0.447 (0.050) 0.448 (0.044) 0.428 (0.045) F2,49 = 1.0; p = 0.39

WM in voxel 0.333 (0.071) 0.344 (0.065) 0.333 (0.054) F2,49 = 0.2; p = 0.84

CSF in voxel 0.218 (0.067) 0.205 (0.055) 0.237 (0.043) F2,49 = 1.3; p = 0.29

Abbreviations: Cr = creatine; GM= graymatter; GABA = γ-aminobutyric acid; NAA =N-acetylaspartate; PD-nonVH = Parkinson disease–non-visual hallucinator;
PD-VH = Parkinson disease–visual hallucinator; WM = white matter.
a PD-VH vs PD-nonVH (Tukey post hoc test).

Figure 1 The occipital lobe GABA+/Cr ratio in the 3 groups

Cr = creatine; GABA = γ-aminobutyric
acid; PD = Parkinson disease; VH =
visual hallucinator.
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(table 3), there were significant within-group activations in all
regions apart from the V5 in the PD-VH group (1-sample test,
T16 = 0.64; p = 0.53). However, there were no significant dif-
ferences in activation between groups for any region. In the PD
group, there was a significant positive correlation between the
GABA+/Cr ratio and activation in the V5 ROI (Pearson
degrees of freedom = 29, r = 0.373, p = 0.046) but not with the
V1–V4 ROIs (Pearson r < 0.33, p > 0.08).

MRI diffusion data were obtained on 17 PD-VH, 18 PD-
nonVH, and 20 controls. The TBSS analysis found wide-
spread differences between controls and PD-VH in both FA
and MD (data available from Newcastle University e-prints
[figure 3]: eprint.ncl.ac.uk/247552). However, after including
CAMCOG as a covariate in the analysis, this obviated sig-
nificant group differences. For the voxelwise correlations be-
tween GABA+/Cr and both MD and FA controlling for age
and group, there was only a very small cluster (24 voxels) in
the posterior corpus callosum. This was still significant after
inclusion of CAMCOG in the model.

The VBM analysis on the 17 PD-VH, 19 PD-nonVH, and 20
controls found a significant cluster of reduced gray matter in
the right anterior temporal lobe of the PD-VH group com-
pared to both the PD-nonVH and the control group (figure 2;
data available from Newcastle University e-prints [table 2]:
eprint.ncl.ac.uk/247552). This cluster extended to the hip-
pocampus and amygdala in the control vs PD-VH compari-
son, and there was a nonsignificant cluster in the right
hippocampus and amygdala. There was also a cluster of re-
duced gray matter in the PD-VH compared to the control
group in the V4 region (27% V4, 26% fusiform gyrus FG1,
16% V3v). With the addition of CAMCOG as a covariate to
the model, there were still significant differences in the an-
terior temporal lobe for the PD-nonVH vs PD-VH compari-
son (figure 2; data available from Newcastle University
e-prints [table 2]: eprint.ncl.ac.uk/247552).

To investigate associations between GABA+ and atrophy, we
performed a VBM analysis of gray matter against GABA+/Cr
controlling for age and group. There was an occipital cluster
(66% in V1 and 22% in V2) where GABA+/Cr positively
correlated with gray matter (data available from Newcastle
University e-prints [table 2, figure 4]: eprint.ncl.ac.uk/
247552), but this was not significant after correcting for
multiple comparisons (cluster p = 0.08, FWE-corrected).

Discussion
We found reduced levels of GABA+ in the PD-VH group, and
there was evidence of gray matter loss in the anterior temporal
lobe as well as region V4 of the visual cortex. There were,
however, no alterations in functional activity in response to
visual excitation by the checkerboard stimulus or in whitematter
diffusion parameters, once covariates were accounted for.

As hypothesized, GABA+ concentration was reduced in PD-
VH compared to PD-nonVH. This agrees with the neuro-
pathologic study finding reduced GABAergic markers in
DLB.5 We found that the participants with hallucinations had
worse acuity, which correlated with GABA+ levels in the PD
group. Combined with previous research that found that oc-
cipital GABA levels decrease after eye occlusion,32 our find-
ings support the hypothesis that poor input to the visual
cortex leads to levels of inhibitory GABA being reduced to
optimize visual processing, at the price of increased mis-
classifications of ambiguous stimuli.33 The absence of asso-
ciations between GABA+ and severity of visual hallucinations
suggests that low GABA levels may predispose people to
hallucinate, but the occurrence of visual hallucinations is
controlled by other factors, including attention and the visual
environment. If visual hallucinations are partly facilitated by
decreased levels of GABA in the occipital cortex causing hy-
perexcitability, one therapeutic strategy might be to utilize

Table 3 Checkerboard fMRI BOLD β value from predetermined regions of interest

Control (n = 20) PD-nonVH (n = 14) PD-VH (n = 17) ANOVA

All actived voxels 1.137 (0.49)a 1.173 (0.52)a 1.147 (0.54)a F2,48 = 0.02; p = 0.979

All deactived voxels −0.316 (0.15)a −0.287 (0.29)a −0.270 (0.18)a F2,48 = 0.23; p = 0.792

LGN 0.176 (0.17)a 0.226 (0.30)b 0.186 (0.26)a F2,48 = 0.19; p = 0.829

V1 0.479 (0.37)a 0.615 (0.42)a 0.682 (0.43)a F2,48 = 1.22; p = 0.304

V2 0.602 (0.38)a 0.734 (0.38)a 0.758 (0.39)a F2,48 = 0.89; p = 0.418

V3 0.852 (0.41)a 0.907 (0.47)a 0.897 (0.48)a F2,48 = 0.07; p = 0.930

V4 0.798 (0.39)a 0.797 (0.43)a 0.793 (0.56)a F2,48 = 0.00; p = 0.999

V5 0.295 (0.31)a 0.215 (0.28)b 0.085 (0.55) F2,48 = 1.28; p = 0.287

Abbreviations: ANOVA = analysis of variance; BOLD = blood oxygen level–dependent; LGN = lateral geniculate nucleus; PD = Parkinson disease.
One-sample t test for activation within region of interest for each group.
a p < 0.01.
b p < 0.05.
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antiepileptic drugs. In PD, the 5-hydroxytryptamine type 3 (5-
HT3) antagonist ondansetron and the 5-HT2 reverse agonist
pimavanserin have been used to treat visual hallucinations.34

Since 5-HT receptors can modulate release of GABA,35 it may
be that the mode of action of these drugs in treating halluci-
nations is partly through their effect on GABA.

Figure 2 Voxelwise morphometry results, showing regions of altered gray matter

Decreased graymatter for (A) PD-VH < control, (B) PD-VH < PD-nonVH, (C) PD-VH < PD-nonVH controlling for CAMCOG score. Voxelwise threshold = p < 0.001,
uncorrected for multiple comparisons (radiologic convention: L = R). CAMCOG = Cambridge Cognition Examination; PD-nonVH = Parkinson disease–non-
visual hallucinator; PD-VH = Parkinson disease–visual hallucinator.
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There was no difference in functional activation between the
PD-VH group and any other group. This relative lack of dif-
ference in functional activity fits with the suggestion that vi-
sual hallucinations are a side effect of neural changes aimed at
preserving visual function in the face of worsening visual input
or connectivity.36 It is also in agreement with the postmortem
observations5 of little Lewy body disease pathology in the
primary visual cortex but alterations of neurone function in
the fusiform gyrus.37 The PD-VH group, unlike the PD-
nonVH group, did not show significant activation in the V5
region. Duann et al.38 reported that activation in the V5 region
to a flickering checkerboard was more variable within-subject
compared to primary visual cortex and speculated that this
might be due to differing levels of top-down influence such as
paying attention to the motion aspect of the stimulus. We
previously reported25 reduced activation in V5 in DLB to
a motion stimulus, and it could be that dysfunction of this
region contributes to visual hallucinations as object motion is
improperly tracked, leading to discrepancies between the in-
ternal model of the world and reality.

We found only a weak association in the PD group between
GABA+ and blood oxygen level–dependent (BOLD) activa-
tion in the V5 ROI. This goes against our hypothesized
negative relationship between GABA and occipital BOLD
activations, which was based on previous observations that
these factors are related.39 However, some recent studies in
normal participants have also failed to demonstrate a signifi-
cant association between occipital GABA and BOLD.40 Pos-
sible explanations for the lack of an association include the fact
that the BOLD signal is an indirect measure of neuronal ac-
tivity and is dependent on blood flow and vascular reactivity,
which could be altered in our participants.

We found widespread alterations in MD and FA in the PD-
VH group in comparison to controls controlling for age.
However, after including CAMCOG score in the model, there
were no significant group differences, and there was only
a very small region where GABA+ correlated with FA, and
none with MD. Previous reports have found widespread
reductions in FA and increases in MD in PD dementia,41

suggesting that the DTI group differences were driven by
overall disease severity, rather than being specifically related
to the presence of visual hallucinations. Few studies have
investigated the relationship between DTI measures and vi-
sual hallucinations in PD; Lee et al.42 found increased MD in
the parietotemporal region of PD-VH, with more widespread
changes in those with dementia. Although we found that
differences in MD and FA were not specifically related to
visual hallucinations, nevertheless, it is possible that the
presence of the white matter alterations may have contributed
to the formation of hallucinations in the group, as suggested
by the disconnection models of visual hallucinations.3,4

The ventral visual stream is likely to be involved in visual
hallucination genesis, since it is chiefly responsible for object
representation and recognition.43 The ventral stream includes

projections from the primary visual cortex to the temporal
lobe. Previous MRI studies of gray matter atrophy in PD-VH
have found a number of regions involved, including the
temporal lobe and lateral occipital lobe.44,45 Ventral stream
temporal areas contain relatively high numbers of Lewy
bodies,46,47 with a gradient of increasing density toward the
anterior temporal lobe,37 and it has been speculated that these
pathologic changes may contribute to visual hallucinations in
DLB. The midline occipital lobe is relatively spared in
DLB,46,48 and as shown by our fMRI data, is functionally
intact, suggesting that the observed GABA reduction may be
driven by ventral stream pathology leading to altered con-
nectivity between the primary visual cortex and higher visual
areas.

Our most significant structural finding was gray matter loss in
the temporal pole and amygdala, along with reductions in PD-
VH relative to controls in area V4 of the occipital lobe. The V4
area projects to the parahippocampal gyrus43 and is involved
in object recognition and coordinating signals between the
early and higher visual areas. The combination of atrophy in
ventral stream structures, and white matter changes including
to the temporal and frontal lobes, is consistent with the hy-
pothesis49 of disrupted communication between the ventral
visual stream and lateral frontal cortex as being mechanisti-
cally involved in the generation of visual hallucinations.

Although we used a well-established MRS technique for in-
vestigating GABA, there are some limitations to the study.
The magnetic resonance spectrum of GABA is complex and
coincides with that of other molecules. To maximize the
signal-to-noise ratio of the MRS, we did not use macromol-
ecule suppression techniques,23 and our measured signal thus
represents a combination of GABA and macromolecules.
Other limitations of the study include that, because of time
constraints, we acquired a spectrum from only one location,
and thus we are not able to say whether the GABA+ changes
in PD-VH are specific to the occipital lobe. Since visual hal-
lucinations are more common in more severe disease and in
those with cognitive impairment, it may be that GABA+ levels
related to disease severity, rather than specifically hallucina-
tions. However, our finding of increased GABA+ remained
significant after including a measure of global cognition in the
model, suggesting that the changes were not purely driven by
disease stage.

Finally, an inherent difficulty in investigating visual halluci-
nations is that the investigator must rely on subjective
reports from the participant, thus risking misclassification,
particularly in individuals with cognitive impairment, and
making it more challenging to find correlates of hallucina-
tion severity. We cross-checked hallucination reports be-
tween participants and their informants to increase
reliability, and used the previously validated pareidolia
test,15 finding significantly increased rates of visual mis-
perception in the PD-VH group, providing confidence in
our visual hallucinations group classification.
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We found alterations to GABA+ in the occipital cortex, to-
gether with structural changes in the ventral stream of patients
with PD who had visual hallucinations. Further longitudinal
studies are required to elucidate the connection between
these changes and how they influence the development of
visual hallucinations. This may have important translational
implications, as remediation of GABAergic function or re-
duction in visual cortical hyperexcitability may represent
a novel treatment approach for visual hallucinations in PD.
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