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Abstract: Background: There is growing evidence that the serotonergic system, in particular serotonin 2A
receptors, is involved in neuropsychiatric symptoms in Parkinson’s disease (PD), including cognitive
processing and visual hallucinations. However, the relationship between serotonin 2A receptor availability,
visual hallucinations, and cognitive profile is unknown. The objective of this study was to investigate the level
of serotonin 2A receptor availability in brain regions affected by visual hallucinations and to test the
association with cognitive/behavioral changes in patients who have PD with visual hallucinations.
Methods: Nondemented patients who had PD with (n = 11) and without (n = 8) visual hallucinations and age-
matched controls (n = 10) were recruited. All participants completed neuropsychological testing, which
consisted of visuoperceptual, executive, memory, language, and frontal-behavioral function. Positron emission
tomography scans using [18F]setoperone, a serotonin 2A antagonist radioligand, were acquired in patients
with PD, and a parametric binding potential map of [18F]setoperone was calculated with the simplified
reference tissue model using the cerebellum as a reference.
Results: Patients who had PD with visual hallucinations exhibited significantly lower scores on measures of
executive and visuoperceptual functions compared with age-matched controls. These changes were
paralleled by decreased [18F]setoperone binding in the right insula, bilateral dorsolateral prefrontal cortex,
right orbitofrontal cortex, right middle temporal gyrus, and right fusiform gyrus. The psychometric correlation
analysis revealed significant relationships among tests associated with visuoperceptual function, memory and
learning, and serotonin 2A binding in different prefrontal and ventral visual stream regions. There was also
reduced serotonin 2A receptor binding in patients who had PD with depression.
Conclusions: These findings support a complex interaction between serotonin 2A receptor function and
cognitive processing in patients who have PD with visual hallucinations.

Nonmotor symptoms, including cognitive decline and psy-

chosis, are significant causes of morbidity and contribute to

mortality in patients with Parkinson’s disease (PD). Well-formed

visual hallucinations (VHs), along with illusions and a sense of

presence, are common psychotic symptoms in PD, affecting

22% to 30% of patients.1,2 The cause of VHs in PD is
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multifactorial. Antiparkinsonian medications may be responsible

for triggering VHs3; however, other neurotransmitters may also

be implicated, because patients often continue to have symp-

toms despite the reduction or withdrawal of dopaminergic

agents.2,4 Evidence suggests that serotonin (5-HT) neurotrans-

mission may also play a role in VHs. For example, the atypical

antipsychotic agents clozapine and quetiapine reduce VHs in

PD. Both agents are not only dopamine D2 receptor antagonists

but also 5-HT 2A and 2C (5-HT2A/2C) receptor antagonists at

the low doses employed in PD.5 Using a serotonergic radioli-

gand, [18F]setoperone, with positron emission tomography

(PET), we previously demonstrated that patients who have PD

with VHs and normal cognitive performance have altered 5-

HT2A binding in several different cortical regions, particularly

the visual ventral pathway, compared with those who have PD

without VHs.6 That study suggested a role for 5-HT2A in the

pathophysiology of VHs in PD.

Basic mechanisms underlying the generation of VHs in PD

include dysfunction in “top-down” systems (i.e., orbitofrontal

prefrontal cortex and dorsolateral prefrontal cortex [DLPFC]),

which may implicate executive and attentional cognitive

impairment, as well as a “bottom-up” (i.e., occipitotemporal

cortex) defect in visual processing, which may implicate visu-

ospatial dysfunction.7,8 Growing numbers of studies provide

evidence that patients who have PD with VHs may exhibit

greater cognitive impairment than those without VHs in multi-

ple areas, from attention to executive, visuospatial, learning, and

memory functions, although findings are not consistent (see

Table S1). In addition, neuroimaging studies have shown alter-

ations in brain regions associated with cognitive performance in

patients who have PD with VHs. For example, cortical and

subcortical regional atrophy in the prefrontal and visual areas as

well as in the limbic structure have been reported in patients

with PD who experience VHs.9,10 Hippocampal pathology with

disrupted visuospatial memory has also been associated with

VHs in PD11 along with disrupted default-mode network.12

These functional and anatomical changes may be associated with

alterations in “top-down” and “bottom-up” information

proposed to underlie the development of VHs.

The neural mechanisms underlying VH phenomena are com-

plex and are the results of poorly understood interactions

between cognitive changes and several neurotransmitter abnor-

malities, such as acetylcholine and dopamine as well as sero-

tonin. Understanding patterns of 5-HT2A receptor binding

associated with cognitive dysfunction and VHs may enable a

better understanding of the pathophysiology of neuropsychiatric

issues in PD and possibly may also allow for the future identifi-

cation of individuals who are at risk of VHs using PET imag-

ing. The purpose of the current study is to investigate the

interaction between cognitive function and 5-HT2A receptor

availability in cortical regions associated with “top-down” and

“bottom-up” processing in patients with PD who experience

VHs. We hypothesized that: (1) patients who have PD with

VHs have visuoperceptual deficits mediated by the right infer-

otemporal cortex, (2) patients who have PD with VHs exhibit

alterations of 5-HT2A receptor function in the right inferior

temporal (RIT) cortex, and (3) 5-HT2A receptor availability in

top-down/bottom-up network-related areas is associated with

the performance of visuoperceptual function in patients who

have PD with VHs.

Patients and Methods
Patients
Right-handed patients with idiopathic PD (age range,

30–80 years; UK Brain Bank criteria) were recruited from the

Movement Disorders Clinic, Toronto Western Hospital. For

patients who had PD with VHs, the proposed diagnostic criteria

for PD-associated psychosis13 were used. Thus, eligible patients

had illusions, a sense of presence, and/or intermittent, well-

formed VHs with maintained insight; but they had no delu-

sions, paranoia, or persistent hallucinations, and these had to

occur at least once a week and be present for at least 1 month.

All antiparkinsonian and concomitant medications had to be

stable for at least 1 month before study enrolment.

A group of age-matched and education-matched healthy

controls were recruited from the community for neuropsycho-

logical testing (spouses/relatives of patients in the clinic and

through advertisements in the hospital and on a website). Other

detailed exclusion criteria are included in the online supporting

information.

Patients with PD were evaluated for parkinsonian disability

using the Unified Parkinson’s Disease Rating Scale (UPDRS).

A neuropsychiatric evaluation was conducted, and VHs were

characterized according to phenomenology and severity using

the Neuropsychiatric Inventory (NPI) (caregiver reported) and

the Parkinson Psychosis Questionnaire (PPQ) (patient reported).

For screening general cognitive abilities, the Montreal Cogni-

tive Assessment (MoCA) was used. Mood was evaluated using

the Beck Depression Inventory (BDI-II) and the Hospital Anxi-

ety and Depression Scale due to potential confounder of mood

issues on 5-HT2A binding.

The study was approved by the Center for Addiction and

Mental Health and University Health Network Research Ethics

Boards. For each patient, written informed consent was

obtained.

Neuropsychological Testing
Full neuropsychological evaluation was performed on all partici-

pants and included tests for: (1) estimated premorbid intellectual

function (the Wechsler Test of Adult Reading14), (2) attention

(the Brief Test of Attention15), (3) processing speed (the Trail

Making Test [Part A]16), (4) language (verbal fluency subtests of

the Delis-Kaplan Executive Function System [D-KEFS]17 and

the 30-item Boston Naming Test-odd version18), (5) visuopercep-

tual function (the Visual Object and Space Perception [VOSP]

battery [incomplete letter, silhouettes, object decision, and pro-

gressive silhouettes19], the Benton Facial Recognition Test

[FRT20], the Rey Complex Figure Test [RCFT21], and Judg-

ment of Line Orientation [JLO22]), (6) learning and memory (the
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California Verbal Learning Test [CVLT23] and the Recognition

Memory Test [RMT24]), (7) executive function (the Trail Making

Test [Part B-A]16), the Golden version of the Stroop test,25 the

Modified Conditional Associative Learning Test [MCALT26],

and the Visual Verbal Test abbreviated 10-item version.27 The

Frontal Systems Behavior (FrSBe) Scale,28 which includes apa-

thy, disinhibition, and executive dysfunction as subscales, was

used to measure symptoms often associated with frontal

dysfunction that may affect day-to-day functioning (only for

patients with PD).

Imaging Scans
PET scans were obtained only for patients with PD. We used a

high-resolution PET/computed tomography, Siemens mCT

scanner (Siemens Medical Solutions USA, Inc.) with the same

PET acquisition protocol that was used in our previous study.6

Detailed PET acquisition and reconstruction procedures are

described in Data S1.

To rule out structural lesions in the brain and to provide

anatomical reference for the analysis, a T1-weighted MRI

image was obtained from each participant using high-resolution

MRI (GE Discovery MR750 3T; T1-weighted images, fast

spoiled gradient echo with repletion time = 6.7 msec, echo

time = 3.0 msec, flip angle = 8 mm, slice thickness = 1 mm,

number of excitations = 1, matrix size = 256 9 192). Patients

received their usual medication regimens for the duration of

imaging.

Statistical Analysis
The clinical characteristics of patients who had PD with and

without VHs were compared using appropriate parametric

and nonparametric tests. To compare patterns of cognitive

impairment between patients who had PD without VHs

(PD-VH�) and with VHs (PD-VH+), each participant’s score

for the dependent variable of each test was converted to a z

score on the basis of data from the normal control group. As

a second outcome, domain-specific composite scores were

calculated by averaging z scores of the tests within a domain.

Domain-specific composite scores are a common approach

when full profiles of cognitive function are tested. Using an

appropriate composite minimizes the number of outcomes

employed, the risk of Type I error,29 and the impact of

measurement error due to idiosyncratic single items or subdo-

mains.30 Furthermore, the composite score reportedly is more

sensitive than using a single task list or battery to track cog-

nitive decline.29 In this analysis, attention (z scores for the

Brief Test of Attention), processing speed (z scores for Trail

Making Test Part A), language (average of z scores for the

Boston Naming Test, D-KEFS–letter fluency, and D-KEFS–
category fluency), memory (average of z scores for CVLT-

long delay free recall, RMT-words, and RMT-faces), visuop-

erceptual (average of z scores for VOSP subtests, RCFT

copy, and JLO), and executive function domains (average of

z scores for Stroop interference, Visual Verbal Test-shift

score, MCALT-memory errors, and Trail Making Test B-A)

were calculated for group analysis.

Given the laterality differences in cognition, along with our

data indicating laterality differences of serotonin binding in the

inferior temporal cortex,6 composite scores were calculated for

left inferior temporal (LIT)-dependent and RIT-dependent cog-

nitive tests. To create RIT composite score, z scores were aver-

aged across the FRT, RMT-faces, and subtests of the VOSP, all

tasks that are sensitive to the integrity of RIT cortical areas.

Similarly, an LIT composite score was created by averaging z

scores on the Boston Naming Test, CVLT–total learning trials,

and RMT-words, tasks that are sensitive to the integrity of LIT

cortical areas.

Statistical comparisons among groups were conducted using a

nonparametric Kruskal-Wallis test at each assessment, the

Mann-Whitney U test was for comparisons between PD groups,

and subsequent post-hoc analyses of nonparametric Kruskal-

Wallis tests with Dunn-Sidak corrections. For within-subjects

comparisons (i.e., RIT vs. LIT composite), a nonparametric

Wilcoxon test was used. Spearman’s rho (r) test was used to test

the relationship between demographic measurement and regio-

nal [18F]setoperone binding potential (BP). The significance

level for all statistical analyses was set at P < 0.05, and statistical

analyses were performed in SPSS version 16.0 for Windows

(IBM Corp., Somers, NY).

PET Image Analysis
The frame-based, motion-corrected PET data were analyzed

using the in-house image analysis platform ROMI.31 Detailed

image-preprocessing procedures using ROMI are described in

Data S1. After the ROMI procedure, a parametric [18F]setoper-

one BP map was calculated in the native PET space with a sim-

plified reference tissue method32 using the cerebellar time

activity curve value as reference. For statistical analysis, paramet-

ric BP images were transformed into standardized stereotaxic

space using individual MRIs. Finally, normalized images were

smoothed with a Gaussian function at 8 mm full width half-

maximum.

The image preprocessing for the statistical analysis was done

with SPM 8 (Wellcome Department of Imaging Neuroscience,

London, UK). For within-group comparisons, uncorrected P

values (<0.01; with an extent threshold [k] of at least 20 con-

tiguous voxels) were used to generate an initial t-map to deter-

mine the predicted peaks and visualization. Furthermore, to

partially address the reduced power of the whole-brain analysis,

a secondary, small-volume correction analysis (i.e., 8-mm

sphere, with fixation point at the local maxima) was performed

for those clusters within a priori brain regions (including the

bilateral inferior-occipital gyrus, right fusiform gyrus, inferior

temporal cortex, bilateral DLPFC, orbitofrontal cortex, and

insula) that were selected based on our previous study.6 To

measure the psychometric correlation of visuospatial function of

PD-VH+ with 5-HT2A receptor availability, we applied a

voxel-based correlation method (uncorrected P value <0.005;
with an extent threshold [k] of at least 20 contiguous voxels).
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Results
PD Clinical Features
The demographics and clinical characteristics of each group

are provided in Table 1.33 There was no significant difference

between the 3 groups with respect to age, years of educa-

tion, or MoCA scores. The PD-VH+ group had higher

depression scores than the PD-VH� group and the normal

control group (H = 12.5; P = 0.002). There was no

significant difference between the PD-VH� and PD-VH+
groups with respect to PD motor disability, including disease

duration, daily levodopa (L-dopa)-equivalent dose (LEDD),

ON-drug Hoehn and Yahr stage, or ON-drug UPDRS

motor part (part III) scores. The groups were well matched

with respect to estimated premorbid intellectual ability based

on a reading test. None of the patients were taking antipsy-

chotic medications. Because of the common association of

depression and anxiety with PD, 3 patients were taking

antidepressants at the time of the study, including 1 in the

PD-VH� group (a serotonin and norepinephrine reuptake

inhibitor) and 2 in the PD-VH+ group (a selective serotonin

reuptake inhibitor).

All 11 participants who had PD with VHs had stable, well-

formed VHs (mean duration of VHs, 3.5 years; range, 1–
10 years). As expected, the PD-VH+ group had significantly

higher NPI total scores (U = 13.0; P = 0.009) and NPI halluci-

nation subscale scores (U = 4; P = 0.0004) as well as PPQ total

scores (U = 12; P = 0.014) and PPQ-hallucination subscale

scores (U = 0; P = 0.0001) compared with the PD-VH�
group.

Cognitive Profile in Patients Who
Had PD With and Without VHs
In the PD-VH+ group, we tested the relationship between the

severity of VHs using the NPI hallucinations subscore and a

global cognitive screen using the MoCA total score. There was

a significant negative correlation between hallucination severity

and MoCA scores (r = �0.71; P = 0.014) (Fig. 1); a higher

level of hallucinations was associated with lower overall cogni-

tive function in these nondemented patients with PD.

Neuropsychological tests using z-transformed outcome scores

were compared across the 3 groups (Table 2). We observed group

effects on measures of executive function (i.e., Trail Making Test

B-A [H = 7.61; P = 0.022]), visual-perceptual function (i.e., JLO

[H = 6.61; P = 0.04]) and FRT [H = 9.52; P = 0.009]), and ver-

bal recognition memory (i.e., RMT-words [H = 6.44; P = 0.04]).

In the post-hoc analysis, scores were significantly lower on Trail

Making Test B-A (U = 15.0; P = 0.004; Dunn-Sidak corrected),

the JLO (U = 20.0; P = 0.01; Dunn-Sidak corrected), and the

FRT (U = 12.50; P = 0.002; Dunn-Sidak corrected) in the PD-

VH+ group compared with age-matched controls but not com-

pared with the PD-VH� group. The PD-VH� group had lower

RMT-word scores compared with controls (U = 15.50;

P = 0.03). The difference between the groups in RMT-words

scores did not pass the correction of multiple comparisons (Dunn-

Sidak method), although it still trended toward the level signifi-

cance. The PD-VH+ group had greater self-rated symptoms of

executive dysfunction on the FrSBe relative to the PD-VH�
group (U = 16.0; P = 0.04; Dunn-Sidak corrected). There were

no other significant changes in any cognitive tests between the

PD-VH+ and PD-VH� groups.

TABLE 1 Demographic and clinical characteristics

Characteristic Mean Score � SD P value

Controls PD-VH� PD-VH+

No. of patients 10 8 11
Percentage of men 20 100a 60b 0.003
Age, y 64.2 � 7.1 63.0 � 6.4 64.1 � 9.1 0.75
Education, y 18.5 � 1.8 15.9 � 2.9 16.2 � 2.5 0.09
MoCA score 27.9 � 1.9 26.9 � 1.9 26.0 � 1.8 0.16
Estimated premorbid IQ 117.8 � 5.2 116.33 � 7.8 112.9 � 9.6 0.44
BDI 3.4 � 3.8 7.9 � 6.5 13.1 � 6.8a,b 0.002
NPI total scorea — 2.1 � 4.6 13.7 � 10.6 0.009
NPI hallucination subscale scorea — 0 � 0 4.27 � 2.7 0.0004
PPQ total scoreb — 2.0 � 1.6 4.9 � 2.3 0.014
PPQ hallucination subscale scoreb — 0 � 0 2.2 � 0.9 0.0001
Disease duration, y — 6.7 � 4.0 8.7 � 4.6 0.71
MDS-UPDRS III — 14.3 � 7.0 24.5 � 15.1 0.55
H&Y — 1.87 � 0.4 2.09 � 0.7 0.72
LEDD — 687.1 � 437.0 965.2 � 677.3 0.27
Antidepressant drug use — Venlafaxine, n = 1 Citalopram, n = 1

SD, standard deviation; PD-VH�, Parkinson’s disease without visual hallucinations; PD-VH+, Parkinson’s disease with visual hallucinations;
MoCA, Montreal Cognitive Assessment; BDI, Beck Depression Inventory; NPI, Neuropsychiatry Inventory; PPQ, Parkinson Psychosis Question-
naire; MDS-UPDRS III, on-drug Unified Parkinson’s Disease Rating Scale, Part III (motor part); H&Y, on-drug Hoehn and Yahr rating scale; LEDD,
total levodopa equivalent daily dose (see Tomlinson et al.,33).
aCompared with normal controls.
bCompared with patients who had PD-VH�.
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Among the cognitive composite scores, there was a signifi-

cant group effect for the executive domain (H = 7.99;

P = 0.018), with the PD-VH+ group exhibiting significantly

lower scores than the normal control group (U = 18.0;

P = 0.009; Dunn-Sidak corrected). There were no significant

group differences in the other domain composite scores.

With respect to inferotemporal cortical function, there were

significant group effects for the LIT (H = 10.16; P = 0.006)

but not for the RIT (H = 4.35; P = 0.12). In the post-hoc

analysis, PD-VH� patients scored significantly lower than nor-

mal controls on the LIT measure (U = 4.0; P = 0.002; Dunn-

Sidak corrected). The PD-VH+ group did not differ from the

normal control group or the PD-VH� group on this composite

score. Laterality effects within each patient group were exam-

ined by comparing RIT and LIT scores using a nonparametric

Wilcoxon test. The PD-VH+ group exhibited significantly

lower scores on the RIT composite compared with the LIT

composite (z = �2.76; P = 0.006). In contrast, neither the PD-

VH� group (z = �0.11; P = 0.92) nor the normal control

group (z = �1.79; P = 0.074) showed a significant difference

between the right and left composite scores.

5-HT2A Receptor PET Imaging
Results
The injected [18F]setoperone dose (4.92 � 0.33 mCi/lmol vs.

4.87 � 0.29 mCi/lmol; P = 0.78) and specific activity

(2605.49 � 1819.9 vs. 2884.28 � 2251.69; P = 0.74) between

the 2 PD groups were the same.

Comparisons between the PD-VH+ and PD-VH� groups

disclosed BP differences in several brain regions. The PD-VH+

Figure 1 Correlation between the Neuropsychiatric Inventory
Hallucination subscore and the Montreal Cognitive Assess-
ment (MoCA) total score in patients who had Parkinson’s
disease with visual hallucinations (Pearson correlation coeffi-
cient [r] = �0.61; P = 0.048; 2-tailed).

TABLE 2 Neuropsychological tests

Test Mean Score � SD P value

Controls PD-VH� PD-VH+

Wechsler Test of Adult Reading 117.80 � 5.16 116.25 � 8.28 113.30 � 9.15 0.426
Brief Test of Attention 0.27 � 0.35 0.13 � 0.54 0.13 � 0.28 0.680
Trail Making Test A �0.53 � 1.72 �1.49 � 1.56 �1.83 � 1.47 0.174
Trail Making Test B-A 0.46 � 1.48 �0.31 � 1.55 �2.59 � 3.73a 0.022
Boston Naming Test 0.74 � 0.82 0.66 � 0.67 0.42 � 0.83 0.644
D-KEFS, letter fluency 1.28 � 0.93 0.22 � 1.31 0.28 � 1.05 0.065
D-KEFS, category fluency 0.85 � 1.38 �0.21 � 0.94 �0.06 � 1.06 0.188
RCFT, copy �0.67 � 0.92 �1.16 � 1.10 �1.07 � 1.10 0.473
JLO 0.42 � 1.18 �0.34 � 1.12 �1.09 � 1.34a 0.037
VOSP, total 0.27 � 0.86 0.19 � 0.67 �0.29 � 0.94 0.343
FRT 0.85 � 0.82 0.20 � 1.07 �0.70 � 0.93a 0.009
CVLT, total learning trials 0.97 � 1.03 �0.08 � 1.25 0.29 � 1.10 0.114
CVLT, long-delay free recall 0.45 � 0.73 0.00 � 0.85 0.68 � 0.84 0.187
CVLT, total learning slope 0.02 � 0.10 �0.19 � 0.53 0.32 � 0.93 0.345
RMT, words 1.39 � 0.47 0.20 � 1.16 0.91 � 0.67 0.040
RMT, faces 0.27 � 1.10 �0.33 � 1.13 �0.50 � 1.51 0.491
Stroop interference 0.29 � 0.64 �0.12 � 0.44 �0.37 � 0.64 0.223
CALT, working memory error 0.21 � 0.90 �0.05 � 0.97 �0.82 � 1.94 0.291
VVT, correct shifts �0.53 � 0.93 �1.63 � 1.53 �1.38 � 2.07 0.393
FrSBe Se, executive dysfunction NA �0.22 � 0.92 1.41 � 1.56b 0.044
FrSBe Fe, executive dysfunction NA 0.50 � 1.07 1.83 � 1.38 0.056

SD, standard deviation; PD-VH�, Parkinson’s disease without visual hallucinations; PD-VH+, Parkinson’s disease with visual hallucinations;
D-KEFS, Delis-Kaplan Executive Function System verbal fluency subtest; RCFT, Rey-Osterrieth Complex Figure Test; JLO, Judgment of Line
Orientation; VOSP, Visual Object and Space Perception; FRT, Benton Facial Recognition Test; CVLT, California Verbal Learning Test; RMT,
Recognition Memory Test; CALT, Conditional Associative Learning Test; VVT, Visual Verbal Test; FrSBe Se, Frontal Systems Behavior Scale-Self
Rating; NA, not applicable; FrSBe Fe, Frontal Systems Behavior Scale-family rating.
All scores are shown as z scores (mean = 0, SD = 1), with the exception of Estimated Full-Scale IQ scores, which are shown as standardized
scores (mean = 100, SD = 15).
aCompared with normal controls.
bCompared with patients who had PD-VH�.
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group had decreased BP in the right insula, bilateral DLPFC,

right orbitofrontal cortex, right middle temporal gyrus (mTG),

and right fusiform gyrus (Fig. 2A, Table 3). The extracted BP

values confirmed the differences in 5-HT2A receptor availability

between the PD-VH+ and PD-VH� groups (Fig. 2B).

In the psychometric correlation analysis, some tests associated

with visuoperceptual function were correlated with 5-HT2A

binding. In particular, the FRT score showed a significant posi-

tive correlation with [18F]setoperone BP in the right anterior

cingulate cortex (ACC), left DLPFC, and inferior temporal

gyrus (Fig. 3A, Table 4). The VOSP total score was also signifi-

cantly positively correlated with [18F]setoperone BP, mainly in

the right ACC and other prefrontal brain regions (Fig. 3B,

Table 4). These correlations implied that lower (worse) visuop-

erceptual function was associated with reduced binding in pre-

frontal regions. A positive relationship was noticed as well

between the CVLT learning slope and [18F]setoperone BP in

the left frontal region, including the DLPFC, the precentral and

postcentral gyri, and the insular region (Fig. 3C, Table 4),

implying an association also with memory and learning func-

tions. However, negative correlations were also observed

between 5-HT2A binding and RCFT copy scores in the mid-

dle/inferior temporal gyrus (Fig. 4A, Table 4) and JLO scores

in the occipital cortex (Brodmann area [BA] 18), regions con-

sidered part of the ventral visual stream within the bottom-up

information processing network (Fig. 4B, Table 4).

Figure 2 Results from statistical analyses using SPM software comparing patients who had Parkinson’s disease (PD) with and without
visual hallucinations (PD-VH+ and PD-VH�, respectively). (A) Rendered brain images indicate reductions in binding potential (BP)
among patients with PD-VH+. (B) Bars display BPs extracted from statistically significant clusters in the SPM analysis. Decreased [18F]
setoperone BP was observed in the right insula (RtINS), bilateral dorsolateral prefrontal cortex (RtDLPFC), right orbitofrontal cortex
(RtOFC) and middle temporal gyrus (RtmTG), and fusiform gyrus (RtFusiform). Error bars represent the standard errors of the mean.
*P < 0.05; **P < 0.01 (Student t test).
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The LEDD had a significant negative correlation with

5-HT2A level in the right mTG (r = �0.47; P = 0.04). Lower

5-HT2A receptor availability in the right DLPFC was associated

with higher depression scores (r = �0.55; P = 0.015).

Discussion
This study adds to the growing evidence of a role for 5-HT2A

receptors in the pathophysiology of VHs in PD. In the PD-

TABLE 3 Brain regions that had significantly decreased [18F]setoperone (serotonin 2A receptor) binding potential in patients who had Parkin-
son’s disease with visual hallucinations compared with those who had Parkinson’s disease without visual hallucinations

Laterality Region BA Coordinate* T value SVC P value No. of clusters

X Y Z

Left Inferior frontal gyrus BA 45 �46 22 15 4.21 0.007 29
Right Middle temporal gyrus BA 39/22 50 �50 12 3.80 0.02 78
Right Middle frontal gyrus (DLPFC) BA 9 30 27 37 3.64 0.02 64
Right Fusiform gyrus BA 20 55 �23 �28 3.31 0.03 89
Right Insula cortex BA 13 42 9 �7 3.08 0.04 26
Left Middle frontal gyrus BA 9 �28 28 35 3.04 0.05 28
Right Orbitofrontal cortex BA 10 30 50 �3 3.21 0.04 21

BA, Brodmann area; SVC, small-volume correction; DLPFC, dorsolateral prefrontal cortex.
*The Talairach coordinates X, Y, and Z describe the maxima within a cluster; an SVC was applied using a reporting criterion of P < 0.05 for
multiple comparisons.

Figure 3 Positive correlation between [18F]setoperone binding potential (BP) and cognitive tasks, including (A) the Benton Facial
Recognition Test (FRT), (B) the Visual Object and Space Perception (VOSP) battery total score, and (C) the California Verbal Learning
Test (CVLT) learning slope.
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VH+ group, we observed a significant positive correlation of

visuoperceptual dysfunction with 5-HT2A receptor availability

mainly in right prefrontal regions (i.e., ACC, DLPFC), imply-

ing that lower visuoperceptual function was associated with

reduced binding in brain regions associated with “top-down”

control. These observations add further insights to the current

belief that VHs in PD may be a result of impaired inhibition in

the top-down network (i.e., orbitofrontal prefrontal cortex,

DLPFC, and insula), accounting for worse executive function,

attention, and limbic system function,7 interfering with the

emotional/cognitive processing of visual information.

In contrast, negative psychometric correlations of visuoper-

ceptual function with 5-HT2A receptor binding were

observed in the middle/inferior temporal gyrus and the

occipital cortex, regions considered part of the ventral visual

stream within the bottom-up information processing network.

The inferior temporal cortex and other cortical regions con-

stitute the “ventral visual processing stream” involved in

visual processing of complex features related to recognition of

people and objects,8,34 thus making this region a likely candi-

date for mediating the typical complex VHs characteristic of

PD. Prior neuroimaging studies have also emphasized the

importance of these cortical regions in PD-VH+.35–37 Other

cognitive associations with 5-HT2A receptors were suggested.

Thus a positive relationship was noticed between the CVLT

learning slope and 5-HT2A receptor availability in the left

DLPFC, implying an association also with memory and learn-

ing functions.38

Overall, we demonstrated that the severity of hallucinations

in PD is related to lower general cognitive function. Similarly,

previous studies have also reported lower scores39 and steeper

cognitive decline on measures of general cognitive function in

patients who had PD with VHs.40 However, when comparing

individual cognitive domains, our study showed that, in nonde-

mented patients with PD, there may not be major significant

differences between those with and without VHs. Impaired

executive function41 and visuoperceptual function42 in PD-

VH+ have been previously reported. However, in those prior

studies, the clinical stage of the PD-VH+ group was not

matched with that of the control PD group; thus, differences in

cognitive function could be due to effects of ongoing disease

pathology rather than VHs. In our study, nondemented patients

with PD-VH� had performance levels that were equivalent to

those in non-PD, age-matched controls; whereas patients with

PD-VH+ had significant differences compared with age-

matched controls. This indicates that the presence of VHs per

se is not associated with significant impairment of cognitive

function in individuals with PD. However, progression of cog-

nitive decline may be faster in those with PD-VH+, especially
in tasks that require visuospatial process and executive modula-

tion. To date, few longitudinal studies have evaluated nonde-

mented patients with PD to determine effect of VHs on

cognition. One study evaluated patients who had PD with mild

cognitive impairment (PD-MCI); for example, in a longitudinal

study, Gasca-Salas et al.36 showed that patients who had PD-

MCI and VHs exhibited more severe cerebral hypometabolism

TABLE 4 Correlations between [18F]setoperone binding potential and neuropsychological tests according to brain regions in patients who
had Parkinson’s disease with visual hallucinations

Test Region BA Coordinate* T value No. of clusters

X Y Z

Positive correlation
FRT
Right Anterior cingulate gyrus BA 32 6 40 15 3.90 33
Left Middle frontal gyrus BA 22 �38 41 5 3.84 28

BA 9 �36 29 30 3.77 24
Left Supramarginal gyrus BA 40 �55 �22 21 3.69 28
Left Inferior temporal gyrus BA 20 �57 �45 �8 3.54 51
Left Precentral gyrus BA 44 �50 11 20 3.53 28

VOSP total score
Right Anterior cingulate gyrus BA 32 6 34 22 3.87 53

CVLT learning slope
Left Lingual gyrus BA 18 �17 �72 �10 1.66 55
Left Middle frontal gyrus BA 9 �44 9 25 4.45 106

BA 46 �40 34 19 3.53 142
Left Precentral gyrus BA 4 �42 �15 43 4.30 64
Left Insula BA 13 �37 11 �6 3.64 94
Left Posterior cingulate gyrus BA 31 �6 �45 26 3.40 45

Negative correlation
JLO
Bilateral Middle occipital gyrus (cuneus) BA 18/19 6 �92 10 3.19 163

RCFT copy
Right Middle temporal gyrus BA 21 58 �25 �9 4.69 292

BA 22 48 �53 16 4.68 77
Right Middle frontal gyrus BA 10 35 50 �8 4.18 65
Right Postcentral gyrus BA 43 57 �15 19 3.57 66

BA, Brodmann area; FRT, Benton Facial Recognition Test; VOSP, Visual Object and Space Perception; CVLT, California Verbal Learning Test;
JLO, Judgment of Line Orientation; RCFT, Rey-Osterrieth Complex Figure Test.
*The Talairach coordinates describe the maxima within a cluster.
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and a higher rate of progression to dementia than VH-negative

patients with PD-MCI. Further studies are needed to evaluate

longitudinal progression and associated cognitive function con-

templating psychiatric symptoms in patients with PD-VH+ over

time.

We also showed a significant decline of right inferotemporal

region-dependent function compared with left inferotemporal

region-dependent function in PD-VH+. Right ventral visual

hemisphere-oriented laterality effects on visuoperceptual func-

tion have been previously noted.43 In addition, functional later-

ality of temporal lobe function in PD with VHs has been

reported, including increases in blood flow in the temporal cor-

tex44 and hypometabolism in temporoparietal regions limited to

the right hemisphere.36

The study confirmed links between depression and

5-HT2A receptors. The PD-VH+ group had higher depres-

sion scores (using the BDI) than both the control group and

the PD-VH� group, a finding in keeping with previous

studies.45,46 However, we did not find any significant correla-

tion between the level of hallucination and BDI scores.

Instead, there was lower 5-HT2A receptor availability in the

right DLPFC, a cortical region known to play an important

role in mood modulation,47,48 that correlated with higher

depression scores (r = �0.61; P = 0.006). Based on this, VHs

are not a direct factor in depression, but decreased 5-HT2A

levels in the prefrontal region may explain the level of

depression in patients with PD-VH+. Our additional analysis

excluding patients who were taking antidepressant medication

confirmed that antidepressant medication did not affect our

observations. Results of parametric [18F]setoperone PET

image analysis showed no major changes; we found an addi-

tional significant cluster in the left precentral gyrus (BA 6)

(Fig. S1). This brain region is related to motor function

rather than function likely linked to VHs. We also conducted

group analysis of neurocognitive tests after excluding the 2

patients on antidepressant medication. There were no major

changes from the results of our original analysis. Among the

cognitive composite scores, executive domain remained signif-

icant (H = 8.94; P = 0.01). With respect to individual neu-

rocognitive tests, only JLO did not pass the statistical

inference, but there was a trending level of significance

(P = 0.051); all other tests showed significant group differ-

ences consistent with our original analysis.

The present findings are in contrast with our previous obser-

vations of increased [18F]setoperone 5-HT2A receptor PET6 in

PD-VH+. In our previous study, however, cognitive function-

ing was not formally evaluated; patients were assessed with the

MoCA for screening purposes only. These study differences

implicate the influence of altered cognitive processing on sero-

tonergic neurotransmission. Changes in 5-HT2A receptor bind-

ing, as measured using PET, reflect changes in actual receptor

number that can be reduced due to loss of synaptic receptors

secondary to neurodegeneration or up-regulation/down-regula-

tion caused by lower or higher levels of endogenous ligands

(5-HT or dopamine), respectively. The degree of neurodegen-

eration with consequent atrophy and loss of 5-HT2A receptor

(i.e., disease severity) between the 2 cohorts overall is similar.

In the prior study, although disease severity and duration were

Figure 4 Negative correlation between [18F]setoperone binding potential (BP) and cognitive tasks on (A) the Judgment of Line Orienta-
tion Test (JLOT) score and (B) the Rey Complex Figure Test (RCFT) copy score.
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not statistically matched, patients with PD-VH+ had signifi-

cantly higher UPDRS Ш scores and longer disease duration

than those with PD-VH�. In our current study, although non-

significant, the PD-VH+ group also had higher motor disability

according to MDS-UPDRS III scores, compared with the PD-

VH� group. In both cohorts, the PD-VH+ groups had overall

similar scores for disease severity and duration. To explore the

possible effect of greater disease burden (and consequent neu-

rodegeneration with 5-HT2A loss), we performed a post-hoc

subanalysis using gray matter cortical thickness as a surrogate

measure (with a prior cohort of normal controls) and showed

significant cortical thinning in the right prefrontal, temporal,

and fusiform cortical regions in the PD-VH+ group compared

with the PD-VH� group (data not shown).

One factor that may have altered 5-HT2A binding is the

L-dopa dose; thus, the average total LEDD was higher in the

PD-VH+ group (mean LEDD, 965 mg/day) in our current

study compared with the prior study (mean LEDD, 778 mg/

day), although, in both studies, LEDD levels did not differ

between the groups with and without VHs. There is evidence

that, in advancing PD, due to loss of nigrostriatal dopamine ter-

minals, conversion of L-dopa to dopamine occurs in relatively

preserved 5-HT terminals in the striatum49—and possibly in

other frontal cortical projection regions.50 Thus, 1 hypothesis is

that higher L-dopa levels converted to dopamine could possibly

lead to increased levels of synaptic dopamine, which may bind

to postsynaptic 5-HT2A receptors and result in the down-regu-

lation of 5-HT2A receptor numbers. In addition, the VH�PD+
group had an overall higher LEDD and a significant negative

correlation between LEDD and BP in the right mTG, suggest-

ing a potential interaction between 5-HT2A receptor availability

and dopaminergic medication.

The small sample size and male dominance in our PD-VH�
group represent limitations of our study, and further investiga-

tions are needed to validate current findings using larger sex-

matched samples. We attempted to match the 2 groups of

patients who had PD with and without VHs as far as possible

for confounding factors known to affect 5-HT2A binding and

cognitive profile, including age, duration of PD, parkinsonian

disability using UPDRS part III, handedness, and drugs. The

male dominance of the non-VH group was unfortunate; but

comparisons between clinical and imaging variables for only

men with PD (VH+ vs. VH�) did not show any differences

compared with the full analysis set (data not shown). Thus, we

do not believe that this sex imbalance impacted the findings. In

addition, recent studies have suggested that the known age-

related decline in cortical 5-HT2A receptor binding is not

affected by sex.51

In summary, brain regions associated with cognitive perfor-

mance may be significantly impaired in patients who have PD

with VHs and contribute to the development of these compli-

cations. The observed impairment in visuoperceptual and exec-

utive function and associated cortical regions in patients who

have PD-VH+ may interfere with serotonergic neurotransmis-

sion in prefrontal and ventral visual regions that play a role in

VHs.
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