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DESCRIZIONE DELLO STUDIO

La malattia di Parkinson rappresenta la seconda malattia neurodegenerativa pil diffusa al
mondo dopo la malattia di Alzheimer, coinvolgente all’incirca dieci milioni di individui al
mondo. Classicamente, essa si caratterizza come disordine del movimento, dal momento che i
segni e 1 sintomi cosiddetti “cardinali”, che ne consentono cioé I’identificazione e la diagnosi,
sono precipuamente motori e comprendono bradicinesia, tremore a riposo, insabilita posturale,
disturbi della marcia e rigiditd muscolare. Tuttavia, & ormai conoscenza ampiamente
consolidata che la malattia di Parkinson possa manifestarsi con una pletora di disturbi di natura
non-motoria, la cui prevalenza e impatto sulla qualita di vita del malato variano in relazione
allo stato di progressione di malattia, potenziali comorbiditd e concomitanti trattamenti
farmacologici. In tale contesto, le alterazioni a carico della percezione visiva rappresentano
oggetto di crescente interesse. I pazienti affetti da malattia di Parkinson possono infatti
sperimentare alterazioni a carico di svariate funzioni percettive, tra cui I’identificazione e il
riconoscimento delle immagini, 1’elaborazione della configurazione e dell’orientamento
spaziale degli stimoli visivi, la segregazione figura/contomno, il raggruppamento percettivo, il
riconoscimento di figure sovrapposte, la stereopsi, |’organizzazione prospettica, la percezione
della direzionalita del movimento, ecc. Alterazioni a carico di tali funzioni comportano bias
percettivi con conseguenze potenzialmente rilevanti sotto il profilo clinico. Le ambiguita
percettive generate da anomalie a carico dei meccanismi preposti alla corretta processazione €
integrazione dell’informazione visiva possono, tra I’altro, favorire l'insorgere di fenomeni di

tipo illusorio e allucinatorio.

Le allucinazioni visive sono definibili come esperienze percettive che si producono in assenza
di stimolazione effettiva dell’organo di senso. Esse costituiscono un sintomo non-motorio
particolarmente prevalente e potenzialmente invalidante della malattia di Parkinson, che puo
interessare sino al 70% di questi pazienti. La fisiopatologia di questi fenomeni non € ancora
nota nel dettaglio. Si ritiene che il progressivo deterioramento delle funzioni visive afferenti
possa comportare la graduale attivazione di meccanismi percettivi superiori coinvolti nella
modulazione dell’attenzione visiva, nel reperimento di referenze visive pregresse e nella
soppressione di potenziali stimoli interferenti. Tali funzioni “top-down” non sarebbero perd
sufficienti ne¢ adeguate per compensare sistematicamente alla perdita di qualita
dell’informazione visiva. Cio faciliterebbe, nel tempo, I’emergere di esperienze percettive

crronee.



In psicologia percettiva, le illusioni rappesentano fenomeni di erronea interpretazione dello
stimolo visivo. Esse possono essere elicitate sistematicamente attraverso la manipolazione
parametrica di alcune variabili dello stimolo visivo quali luminanza, colore, risoluzione
temporale, configurazione spaziale ecc. Tali fenomeni non possiedono valenza patologica di
per se, in quanto sono attribuili alle fisiologiche caratteristiche computazionali del sistema
visivo umano. In tale contesto, la performance percettiva dell’individuo in risposta a stimoli
illusori pud fornire importanti informazioni circa i processi neurofisiologici alla base della

percezione visiva cosciente.

Il presente progetto di ricerca si ¢ articolato attraverso uno studio esplorativo osservazionale in
singolo cieco avente come scopo la caratterizzazione della performance percettiva di una
popolazione di pazienti affetti da malattia di Parkinson di grado moderato e senza significativa
disfunzione cognitiva. I pazienti sono stati suddivisi in due gruppi, rispettivamente con
(PD_Hal) e senza (PD-NonHal) storia di allucinazioni visive, sulla base del punteggio a un
questionario dedicato (University of Miami Parkinson’s Disease Hallucinations
Questionnaire), ottimizzato per il riconoscimento delle allucinazioni visive tipicamente
sperimentate da questi pazienti. Successivamente, sono state somministrate due figure illusorie
computerizzate ritenute in grado di ingaggiare direttamente funzioni percettive verosimilmente
intaccate dal processo neurodegenerativo associato alla malattia di Parkinson: I’illusione di
DelBoeuf e I’illusione di restringimento da completamento amodale. Le potenziali differenze
nella performance percettiva elicitata in risposta a tali stimoli sono state analizzate e
confrontate con quelle di un guppo di controlli sani di pari eta. Inoltre, il presente progetto di
ricerca ha esplorato i sostrati neurali alla base delle possibili differenze percettive trai pazienti
mediante lo studio nelle differenze nel metabolismo regionale corticale con tomografia per

emissione di positroni (PET).

I risultati di questa sperimentazione suggeriscono che, nei pazienti senza storia di allucinazioni
visive, le alterazioni visuospaziopercettive associate alla malattia di Parkinson comportino un
profilo di paradossale resilienza a stimoli illusori che nei soggetti sani normalmente implicano
una integra rappresentazione della scena visiva globale e un adeguato shift attentivo. Tale
pattern non risulta rilevabile nei pazienti con storia di allucinazioni visive, i quali, per contro,
manifestario una maggior vulnerabilita a stimoli illusori che normalmente vengono contrastati,
nei soggetti sani, da funzioni percettive quali segregazione figura/contrasto e identificazione di
figure sovrapposte. Inoltre, lo studio tramite PET con fluorodesossiglucosio ha evidenziato un

pattemn caratterizzato da un minor deficit ipometabolico a carico di regioni corticali prefrontali
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nei pazienti con allucinazioni visive rispetto ai pazienti senza storia di allucinazioni. Cid
rafforza ulteriormente I’ipotesi che la disregolazione delle funzioni percettive superiori giochi
un ruolo fondamentale nella genesi dei fenomeni allucinatori in questa popolazione clinica. In
sintesi, gli effetti della malattia di Parkinson sulla performance percettiva ai test illusori
mostrerebbero una direzionalita variabile: quando il processo neurodegenerativo intacca le
funzioni visuospaziali che sottendono al bias percettivo, il paziente dimostra una paradossale
resistenza alla relativa illusione. Quando, al contrario, a essere alterati risultano i meccanismi
normalmente preposti al contrasto del bias percettivo, il paziente manifesta una maggior

vulnerabilita allo stimolo illusorio.

Nel complesso, i risultati di questo studio esplorativo supportano I’utilizzo sperimentale degli
stimoli illusori come possibile metodica non invasiva e riproducibile per la caratterizzazione
delle anomalie a carico delle funzioni percettive connesse al processo neurodegenerativo della
malattia di Parkinson, fornendo nel contempo una prospettiva del tutto originale sui
meccanismi fisiopatologici responsabili della comparsa delle allucinazioni visive in questi

pazienti.



I INTRODUCTION

A hallucination is a fact, not an error; what is erroneous is a judgment based upon it.

Bertand Russel (1872-1970)

Overview on Parkinson’s Disease

Epidemiology

Parkinson’s disease (PD) is the second most common neurodegenerative disorder after
Alzheimer’s disease, with an incidence ranging from 5/100,000 to over 35/100,000 new cases
yearly'. The current prevalence of the disease in North America is estimated to be 301 per
100,000, and approximately 194 per 100,000 in Italy?. The burden of the disease is poised to a
dramatic growth, as PD is currently regarded as the fastest growing neurodegenerative disorder
worldwide. From 1990 to 2015, the number of affected individuals increased globally by 118%,
reaching 6.2 million®. By 2040, the number of people affected by the disease is projected to

exceed 17 million worldwide®.

This unprecedented raise of PD prevalence was recently dubbed by some Authors as the
emergence of the “Parkinson’s pandemic. The reasons for this phenomenon are not fully
understood, although the global increase in longevity is probably one of major drivers. Indeed,
aging is long recognized as the strongest risk factor for PD®. The disease is rare under 50 years
of age, with an incidence lower than 20/100,000, accounting for less than 4% of all cases’.
From the sixth to the ninth decade of life, incidence increases sharply by 5 to 10-fold, reaching
108-212/100,000%. Increased longevity alone is expected to lead to a 12% increase in age-

standardized prevalence models of PD over the next 20 years’.

The current epidemiological trend could be also fueled by changes in lifestyles. The risk of PD
appears to be lower in tobacco smokers, and declining smoking rates might result in an
increased number of individuals with PD. Cumulative, life-time exposure to neurotoxic
byproducts of industrialization, such as pesticides, herbicides, solvents, and heavy metals, is
also regarded as a potential key contributor®. As a case in point, the greatest increase in the
rates of PD was recently observed in those countries that have undergone the most rapid

industrialization, including China and India’.



Etiology

In its etiology, PD can be conceptualized as a multifactorial disease, arising as a result of a
complex interplay between genetics and environment'®. Among environmental factors,
pesticide exposure, rural living, repeated head injury, B-blocker use, agricultural occupation,
and well-water drinking are linked to an increased risk of developing the disease!!. Conversely,
a negative association is reported with tobacco smoking, caffeine consumption and the use of
non-steroidal anti-inflammatory drugs®. In approximately 80% of patients, PD shows a
sporadic distribution, while in 10-15% of cases, the disease occurs in the setting of a positive
family history. Only 5% of all cases are attributable to pathogenic variants in single genes
inherited through a mendelian pattern®. The age of onset in the proband usually helps
distinguishing recessive forms, typically arising before the fourth decade of life, from dominant

PD, usually occurring after the age of 50'2.

The identification of monogenic mutations and their functional characterization significantly
contributed to shed light on the pathophysiology of PD by highlighting molecular mechanisms
relevant to neuronal degeneration. For example, mutations in the PARKIN and PINK1 genes
are known causes of autosomal recessive PD, and they are both linked to impaired lysosomal
degradation of dysfunctional mitochondria, a process known as mitophagy. Notably, PARKIN
mutations have been found to be responsible for about 50% of all autosomal recessive cases,
with a form of parkinsonism that closely resembles idiopathic PD!3. Mutations in the LRRK2
gene are associated with a common form of autosomal dominant PD. This gene encodes for
leucine-rich repeat kinase 2, a multifunctional enzymatic protein. Pathogenic mutants typically
exhibit an increased kinase activity, which in turn might be linked to dopaminergic neuronal
cell death, impaired proteostasis, abnormal neuroinflammatory response, and oxidative
damage'*. LRRK2 mutations can be found in approximately 2% of all patients and in
approximately 5% of familial cases, thus being recognized as an important genetic risk factor
for both sporadic and familial forms of PD. Mutations in the GBA gene are regarded as another
common genetic risk factor for PD. These mutations are causative for Gaucher’s disease, a rare
autosomal recessive disorder caused by a deficiency in the lysosomal enzyme [-
glucocerebrosidase, leading to the accumulation of its substrate glucosylceramide in
macrophages'®. Indeed, PD occurs in about 10% of patients with type 1 Gaucher’s disease
before the age of 80 years, as compared to about 3-4% in the general population. About 5% of
PD patients carry a GBA mutation, and in PD patients of Ashkenazi Jewish origin, the carrier
frequency is considerably higher, }.e. 15-20%. This makes GBA mutations numerically the



most important know genetic risk factor for PD'S. GBA mutations do not cause a mendelian
form of PD, but are considered a genetic risk factor, increasing the risk 20-30-fold, although

the risk varies with different GBA mutations.

In addition to known monogenic causes, additional susceptibility loci have been identified
through genome-wide association studies. These genetic modifiers are believed to influence
individuals® lifetime risk for PD, as well as the age of onset and the likelihood to display
particular clinical features such as tremor or cognitive impairment. Overall, the multifactorial
etiology of PD posits that the cumulative exposure to detrimental environmental factors
conspires over time to increase the likelihood of developing the disease in the setting of
genetically determined individual susceptibility. This process may be driven by multiple and
potentially overlapping mechanisms, including mitochondrial dysfunction, impairment of the
intracellular protein clearance system, oxidative stress, and neuroinflammation, overall

converging in the activation of apoptosis and, consequently, progressive neuronal loss'’.

Pathophysiology

The epicenter of neuronal loss in PD involves neuromelanin-containing dopaminergic neurons
located in the ventrolateral tier of the substantia nigra pars compacta, and their projections to
the dorsal putamen of the striatum. The striatum is a hub in the basal ganglia circuitry,
controlling goal directed actions and habits; it receives the densest dopaminergic innervation
from the substantia nigra pars compacta, and it projects to the basal ganglia output structures
through two distinct pathways, namely the “direct” and “indirect” pathways'®. In the direct
pathway, type I medium-spiny neurons directly inhibit the internal segment of the globus
pallidus, thus producing a disinhibition of thalamic neurons responsible for excitation of the
premotor cortex. The functional net result is a facilitation of voluntary movements. In the
indirect pathways, striatal type II medium-spiny neurons inhibit the external segment of the
globus pallidus, which in turn suppresses the excitatory output of the subthalamic nucleus
towards the globus pallidus interna. The resulting increased tonic inhibition of basal ganglia

outputs to the thalamus is believed to promote the suppression of involuntary movements.

In PD, the unremitting loss of striatal dopaminergic innervation disrupts the ability of the two
principal striatal projection systems to respond appropriately to cortical and thalamic signals,
resulting in a progressively impaired motor behavior. ‘This model is, admittedly, an

oversimplification. For example, lesioning or stimulation of the globus pallidum interna



improves motor behavior, both in hypokinetic disorders like PD, and in hyperkinetic conditions
such as dystonia or chorea. Further, the proposed model does not fully account for the onset of
tremor, which is presumably attributable to the additional involvement of striatal-cortical-
cerebellar pathways'®. Notwithstanding its limitations, the current model is consistent with the
well-established link between the reduction of dopaminergic signaling in striatal-thalamic-
cortical pathways and motor impairment, and it is therefore widely adopted to describe the

general pathophysiology of the disease®.

In addition to the progressive depopulation of dopaminergic neurons in the midbrain, a further
pathological hallmark of PD is the presence of abnormal cytoplasmic deposits within neuronal
cell bodies which are immunoreactive for the protein a-synuclein. This 14 kDA protein is
ubiquitously expressed in the brain, particularly pre-synaptically, where it is believed to
regulate membrane to membrane interactions®'. In PD, a-synuclein becomes abnormally
phosphorylated and prone to aggregate into intracellular inclusions called Lewy Bodies (LB),
often accompanied by axonal dystrophic neurites. LB consist of granular and fibrillar core
with a surrounding halo, with a diameter ranging from 5 to 30 micrometers. Several
mechanisms have been proposed to explain conformational changes that lead to abnormal o-
synuclein aggregation including phosphorylation, ubiquitination, and C-terminal truncation?2.
Different species of a-synuclein are found in PD brain, including unfolded monomers, soluble
oligomers and high molecular with insoluble fibrils. The most neurotoxic a-synuclein species
is the early oligomeric form, which is capable of “seeding”, a property presumably underlying
the cell-to-cell spread of aggregated proteins and the progression of PD pathology?>. The direct
link between PD and a-synuclein was first established in 1997 by the demonstration of a
missense mutation in the SNCA gene encoding for o-synuclein, leading to an autosomal
dominant form of PD*. To date, cumulative evidence suggests that the presence of LB
perturbates the functional integrity of neurons through multiple mechanisms, including
mitochondrial dysfunction, lysosomal impairment, membrane disturbance, endoplasmic
reticulum stress, calcium homeostasis, and synaptic dysfunction?’. The exact pathogenicity of
a-synuclein in the induction of PD, however, remains debated. Not all cases of PD are
characterized by the presence of LB, as demonstrated in patients carrying mutations in the
PARKIN gene; conversely, LB can be found in the absence of clinical parkinsonism. The
crucial question as to whether the spread of a-synuclein instigates the neurodegenerative
process underlying PD, or rather constitutes a downstream effect, remains to be conclusively

addressed. Cumulative evidence from neuropathological and preclinical studies, however,



indicates that LB pathology remains central to PD progression?é. Such process appears to
involve extranigral structures, such as the nasal and intestinal mucosa, long before reaching the
substantia nigra. Indeed, the intracerebral formation of LB begins in clearly identifiable
anatomic sites, subsequently progressing in a topographically consistent fashion. Braak and
colleagues examined the anatomic progression of a-synucleinopathy in several symptomatic
and asymptomatic cases, proposing a staging system based on the distribution of LB
pathology?’. According to this system, LB pathology remains restricted to the olfactory bulb,
the anterior olfactory nucleus, and the lower brainstem during premotor stages 1 and 2. In
stages 3, the pathology spreads to the substantia nigra, the ventral tegmental area, as well as
various other nuclear structures in both midbrain and forebrain. During this stage, patients
display the classical motor features of the disease, eventually leading to the clinical diagnosis.
At stage 4, LB pathology spreads to the temporal limbic cortex. Finally, throughout stages 5
and 6, the entire neocortex is involved, leading to the appearance of symptoms related the
impairment of high order cortical functions, such as visuospatial cognition, memory, and
locomotion. The Braak system remains subject to controversies, as a proportion of PD brains
do not match its predicted pattern, and an accurate correlation between LB pathology and
clinical phenomenology has not been conclusively established?®. However, this staging system
contributed to gain new insights into the pathological process of PD by highlighting the
widespread nature of its degenerative process®®. Consistently, positron emission tomography
(PET) and single photon emission computed tomography (SPECT) studies confirmed the ir
vivo pathological involvement of various structures and brain circuitries outside of the
brainstem dopaminergic system®’. The involvement of different serotonergic, noradrenergic,
and cholinergic circuitries might play a key role in the pathophysiology of common non-motor

features of the disease, including constipation, depression, and cognitive impairment.

Clinical Phenomenology

To date, the diagnosis of PD relies on clinical evidence of classical motor symptoms of the
disease, also known as “cardinal motor features”. The central role of motor phenomenology in
PD was acknowledged since the original description of the disease by James Parkinson in
1817*'. Main motor features include bradykinesia, muscular rigidity, and tremor at rest. At
their onset, motor symptoms are usually unilateral, with some degree of asymmetry persisting
throughout the disease. An additional cluster of motor symptoms involves postural changes,

balance impairment and gait dysfunction (PIGD)*2. These symptoms become particularly
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problematic in the most advanced stages of the disease, and they are generally regarded as poor

prognostic factors.

Bradykinesia is the core clinical sign for the diagnosis of PD. This is defined as a reduction of
speed, amplitude, and rhythm of movements®. A key feature of parkinsonian bradykinesia is
the “sequence effect” whereby both amplitude and velocity of movements rapidly decrement
upon their repeated execution. Several clinical tests can be used to evaluate bradykinesia,
including finger tapping, foot tapping, and pronation-supination maneuvers. Initially, this
symptom may affect only spontaneous movements like blinking, hand gesticulation, or arm
swinging while walking; eventually, motor slowness extends to several activities of daily
living, such as writing, buttoning, or using utensils. As a result, normally undemanding motor
tasks become increasingly effortful and time-consuming. Bradykinesia is presumably caused
by an insufficient recruitment of muscle power due to the underscaled execution of internally
generated movements at basal ganglia level, the latter presumably arising as a result of striatal

dopamine depletion>*.

Rigidity, or stiffness, is another cardinal motor feature of the disease. Unlike spastic hypertonia
due to pyramidal tract involvement, rigidity manifests as a constant resistance to passive
mobilization, remaining homogenous throughout the entire range of motion. This sign may be
exacerbated and unmasked by volitional movements of the contralateral limb. The
pathophysiology of rigidity is incompletely understood, and it involves both dopaminergic
depletion with abnormalities affecting basal ganglia activity, and complex functional
derangements of long loop reflex pathways originating at a neuromuscular spindles level and

relaying to motor cortical areas”.

Tremor at rest can be observed in approximately 60% of PD patients, with a typical frequency
of 4-7 Hz*. In a subset of patients, coexisting emerging postural and kinetic tremors may be
observed. The classic parkinsonian tremor usually involves the distal region of upper limbs,
especially thumb and index fingers, thus reproducing a characteristic “money counting”
movement. Subsequently, tremor may involve lips, tongue, and jaw. Passive mobilization of
the tremulous limb may evoke a specific cogwheel phenomenon, usually more evident at
elbows and wrists. Tremor severity does not seem to correlate with the severity of bradykinesia
or rigidity, and it might even be worse contralaterally to the most bradykinetic side. The
pathophysiology of tremor in PD is not fully understood, and it presumably recognizes a central
genesis, as the integrity of both motor cortex and pyramidal tracts seems required for its

generation®’. According to the so called “dimmer switch hypothesis” abnormal basal ganglia
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functioning might promote the initiation of tremor, which is subsequently amplified throughout
reverberating cerebellar-thalamic-cortical pathways converging on motor cortical areas®®. In
this setting, the thalamus, particularly the ventral intermediate nucleus, seem to play a pivotal
role in the generation of tremor, as surgical thalamotomy or thalamic DBS both suppress this

sign without modifying the degree of patient’s rigidity.

Due to variable combinations of the above signs and symptoms, patients with PD may display
additional features including masked face, with reduced blinking and impaired swallowing
causing dry, irritated eyes, and drooling. Swallowing disturbances are particularly prevalent in
the most advanced stages of the disease, with about 50% of patients reporting recurrent
chocking after 17 years of disease®. Speech impairment may affect up to 70% of patients,
manifesting with a typically monotone vocal output of decreased intensity*’. Hypophonia can
significantly impair patients’ ability to communicate and therefore remaining socially active.
The typical parkinsonian posture involves a forwarded projection of the center of gravity, with
both head and shoulders bent towards the trunk. Upper limbs tend to rest closely and internally
tilted to the trunk. Postural instability may develop due to failure of postural reflexes later in
the course of the disease. In these patients, recurrent falls are strong predictors for nursing home
placement and overall decreased survival*!. PD patients may also display a broad array of gait
disturbances. Parkinsonian gait involves a slow, shuffling walking with tiny steps of decreased
amplitude and decreased ground clearance®. Episodic gait problems may also occur, especially
in the most advanced stages of the disease. These include festination, defined as an involuntary,
sudden shortening of strides with a rapid quickening of gait, and freezing of gait (FoG); the
latter manifests with a brief absence or marked reduction of forward progression of the feet
despite patient’s intention to walk, usually associated with the feeling to have both feet glued

to the floor®.

Motor features in PD are heterogeneous, and several attempts have been made to classify
subtypes of the disease based on the prevalent motor phenotype. While a consensus has not
been reached yet, long-standing empirical observations suggest the existence of three major
clinical subtypes: tremor-predominant, rigid-akinetic, and PIGD*. Predominantly tremulous
PD is characterized by a relative lack of the main other aspects of parkinsonism such as
bradykinesia and rigidity; it is usually associated with a relatively benign clinical course, an
unpredictable response to dopaminergic treatments, and a better long-term functional
prognosis. In the rigid-akinetic subtype, appendicular bradykinesia outweighs the other

cardinal motor features of the disease. The response to symptomatic treatments is pronounced
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and sustained. At some point during the course of the disease, the various motor features of
parkinsonism increasingly overlap, thus resulting in what is sometimes referred as a “mixed”
clinical subtype. Finally, in PIGD parkinsonism, axial symptoms, including balance
impairment, postural abnormalities, speech problems, and gait dysfunction predominate over
other motor symptoms, especially tremor. Patients with PIGD are usually burdened by a higher
cumulative disability and faster cognitive decline; the response to dopaminergic treatment is
almost always suboptimal. Historically, this phenomenological classification is derived by a
retrospective review of one of the largest natural history studies of PD, the DATATOP trial**.
Such clinically driven approach holds practical utility, especially when assessing the functional
impact of motor impairment. However, its biological validity remains to be ascertained. At
present, it is unclear whether the three major clinical subtypes recognize specific pathogenic
substrates leading to discrete symptomatic clusters, or rather represent a state marker which is

dynamically influenced by salient factors occurring during the course of the disease®.

In addition to the motor symptoms described above, PD may manifest with a broad array of
non-motor manifestations. Problems in detection, discrimination and identification of odors are
a common early finding in PD. The prevalence of hyposmia is approximately 80%, and
olfactory impairment may be a prodromal sign in PD*. Among non-motor features,
neuropsychiatric abnormalities are particularly prevalent and a major source for disability. The
prevalence of depression in PD ranges between 20 and 50%, and approximately 40% of patients
may experience anxiety disorders and panic attacks*’. Apathy, defined as a persistent and
functionally significant loss of interest and motivation, is another psychiatric manifestation of
the parkinsonian syndrome*®. Psychological and physical fatigue are reported by up to 50% of
all patients suffering from PD*. Fatigue may herald motor symptomatology and tends to
worsen during the course of disease. However, this symptom shows no clear correlation with
motor signs and is therefore believed to be mainly a non-dopaminergic phenomenon. The
underlying mechanisms of affective disorders in PD remain unknown. Psychosocial factors
and disability likely contribute to the development of reactive depressive symptoms. However,
when compared with patients burdened by other chronic disabling conditions and matched for
the degree of disability, PD patients are found to display an increased risk for endogenous mood
dysregulation®®. This is presumably related to neurobiological factors associated with the
underlying neurodegenerative disease. As a case in point, the degeneration of mesocortical and

mesolimbic dopaminergic neurons may disrupt the serotoninergic signaling in the dorsal raphe,
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thus resulting in a dysfunction of orbitofrontal-basal ganglia-thalamic circuits involved in

mood regulation and reward’!.

Approximately 30% of newly diagnosed PD patients report subjective cognitive decline, and
20% have mild cognitive impairment (MCI)*>. The conversion rate from MCI into Parkinson’s
dementia is about 60% after 5 years of follow-up, and the proportion of patients with dementia
increases significantly over time. The overall risk of developing dementia is 2-3 times higher
in patients with PD as compared to the general population, with an estimated prevalence
between 15 and 40% among patients aged over 65°3. Traditionally, two main patterns of
cognitive involvement have been identified in PD. The so called “anterior” pattern arises as a
consequence of the disruption of dopaminergic signaling across frontal and prefrontal areas,
manifesting with a characteristic dysexecutive syndrome affecting the adaptive capacity to new
contexts, problem-solving, mental speed, and cognitive flexibility’*. Conversely, the so called
“posterior” pattern is traditionally attributed to the cholinergic involvement of the temporal and
parietal cortices, accounting for memory impairment and visuospatial dysfunction®®. During
the course of the disease, psychotic symptoms, including complex hallucinations and ideation
disorders, can be experienced by up to 40% of patients®®. These symptoms are particularly
frequent in patients with overt dementia. Pain, either neuropathic or nociceptive, is also a
common non-motor feature of PD. It is suggested that this phenomenon may be related to the
involvement of the periaqueductal gay, parabrachial nucleus, coerulean complex and medial
thalamic regions*’. Pain may also be related to motor fluctuations, namely with wearing-off
and ON/OFF phenomena in patients with long exposure to levodopa treatment, usually

manifesting with muscle cramps and dystonia.

Autonomic disorders have been recognized in patients with PD since the original description
given by James Parkinson. In PD, both the central and the peripheral autonomic nervous
systems can indeed be affected”’. Autonomic dysfunction is a common hallmark of a-
synucleinopathies, including multiple system atrophy (MSA), pure autonomic failure, and
dementia with Lewy bodies (DLB)*®. The time of onset and clinical severity of autonomic
symptoms is variable. In PD, these symptoms may become particularly problematic in the
advanced stages of the disease, as some of them can be exacerbated by prolonged dopaminergic
treatment. Dysautonomia may involve cardiovascular symptoms, gastrointestinal, urogenital,
sudomotor and thermoregulatory dysfunctions. Most PD patients suffer from orthostatic
hypotension with baroreflex failure, usually due to cardiac sympathetic denervation®®. Over

time, PD related gastrointestinal problems such as dysphagia and delayed gastric emptying may
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induce malnutrition and affect adherence to oral treatments®. Increased urinary urgency and
frequency are usually related to detrusor hyperactivity, and they can increase the risk for
recurrent urinary infections®. Sleep dysfunction is another key non-motor feature of PD.
Together with insomnia and excessive daytime sleepiness, sleep fragmentation may
significantly affect patients’ quality of life and functional independence®’. Sleep dysfunction
can be associated with cognitive dysfunction, mainly affecting executive functions, and mood
disorders. Rapid eye movement (REM) sleep behavioral disorder (RBD) is characterized by
the lack of motor inhibition during REM stage, leading to potentially harmful dream-
enactment®?. RBD can occur in the premotor stage of PD, thus being regarded as a prodromal

symptom of the disease.

Overall, non-motor symptoms constitute a highly distinctive element of the parkinsonian
syndrome. Some of these features, such as mood changes, constipation, hyposmia or REM
sleep abnormalities, may precede the onset of motor symptoms by several years, overall
supporting the notion of a systemic, multifaceted disease. Cumulative disability arising from
both motor and non-motor symptoms of the disease negatively impacts on a broad range of
activities of daily living, thus resulting in reduced functional independence and poor quality of

life.

Principles of Pharmacological Treatment

To date, there are no established disease-modifying treatments addressing the underlying
neurodegenerative process of PD. Despite significant advances in the understanding of its
pathophysiology, the disease remains an unremitting, incurable disorder. Dopaminergic
medications are the mainstay of symptomatic treatment, and they are aimed at correcting the
shortage of endogenous dopamine and the resulting striatal-thalamic-cortical dysfunction
driving the main motor manifestations of the disease. Pharmacological treatments are usually
started when symptoms become functionally interfering. The single most effective agent for
the symptomatic management of PD is levodopa (L-3,4-dihydroxyphenylalanine), the
metabolic precursor of dopamine. When taken orally, levodopa is absorbed rapidly from the
small intestine by the transport system for aromatic amino acids®®. The rate and extent of
absorption of levodopa depend on various factors, including rate of gastric emptying, gastric
pH, length of exposure to degradative enzymes, and potential presence of competing substrates

such as dietary amino acids®. Drug penetration into the central nervous system is also mediated
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by a membrane transporter for aromatic amino acids on the blood—brain barrier. In the brain,
levodopa is converted to dopamine by decarboxylation primarily within the presynaptic
terminals of dopaminergic neurons in the striatum. After its release in the synaptic cleft,
dopamine is either transported back into dopaminergic terminals by presynaptic uptake or
catabolized by degradative enzymes including monoamine oxidase (MAO) and catechol-O-
methyltransferase (COMT). When administered alone, dopamine is largely decarboxylated by
enzymes in the intestinal mucosa and other peripheral sites. As a result, only a negligible
fraction of the drug penetrates the central nervous system. Furthermore, dopamine release into
systemic circulation by peripheral conversion of levodopa is associated with various
undesirable effects, including nausea and hypotension. For these reasons, levodopa is given in
combination with peripherally restricted inhibitors of aromatic L-amino acid decarboxylase,
such as carbidopa or benserazide, allowing for a greater fraction of the drug to reach the brain.
Early in the course of the disease, the degree of responsiveness of motor symptoms to levodopa,
particularly bradykinesia, is outstanding. In this stage, beneficial effects from levodopa outlast
the plasma lifetime of the drug, suggesting that the nigrostriatal dopamine system retains some
capacity to store and release dopamine “on demand”. This initial response to levodopa, usually
lasting a few years, is referred by clinicians as the “honeymoon period”®*. As the disease
progresses, however, this buffering capacity is lost, and patients’ motor state begin to fluctuate,
showing a pattern of altemating times characterized by adequate motoric control (ON time),
and times marked by the reemergence of motor symptoms, also known as OFF periods®.
Increasing the dose and frequency of administration of levodopa can extend the ON time
duration, but this approach is often limited by the development of excessive and abnormal
involuntary movements known as dyskinesias, as well as other side effects linked to
dopaminergic overstimulation, including orthostatic hypotension and visual hallucinations.
With the disease progression, the therapeutic window where drugs are both effective and
tolerated becomes increasingly narrow, often resulting in a complex trade-off between
dyskinesias and impaired motor function. According to observational surveys, the prevalence
of motor fluctuations and dyskinesia ranges from 22-64% and from 26-44%, respectively®.
Approximately 50% of PD patients will display motor fluctuations and dyskinesia 2-5 years
after the initiation of symptomatic treatment. After 10 years of treatment with levodopa, the

occurrence of motor complications is estimated to affect virtually 100% of patients®®.

Additional therapeutic approaches include compounds acting directly on dopaminergic

receptors such as dopamine agonists, as well as the administration of catabolic inhibitors
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(MAO-B inhibitors and COMT inhibitors) extending the time during which levodopa is active
in the brain. Unlike levodopa, dopamine agonists do not require enzymatic conversion to active
metabolites, and they do not compete with other substances for active transport across the
blood-brain barrier. Because these selective agonists have a longer duration of action and may
be less likely than levodopa to induce dyskinesias, they are typically used as an initial treatment
for PD®. However, the magnitude of symptomatic effect of both dopamine agonists and
catabolic inhibitors is significantly lower than levodopa. Furthermore, the use of dopamine
agonists can be limited by various side effects, including behavioral complications such as
impulsive-compulsive disorders (ICDs), cardiovascular abnormalities, sleep attacks, and visual
hallucinations®®. MAO inhibitors, like selegiline, rasagiline and safinamide, inhibit the B-
isoform of mitochondrial enzymes degrading dopamine, thus increasing its bioavailability at
the synaptic level. Taken once or twice a day, they are used in the initial stages of the disease
as monotherapy, as well as an add-on to levodopa in the more advanced stages®®. Another class
of catabolic inhibitors is represented by molecules blocking COMT enzymes such as
entacapone, tolcapone, and opicapone. These drugs are usually administered in combination

with levodopa to prolong its effects in fluctuating patients”.

Device-aided therapies constitute the main treatment strategies for patients affected by
advanced stage PD. The so called “5-2-1” formula serves as a general screening tool to identify
patients who are potentially suitable to be referred to such treatments: 5 times of oral levodopa
intake/day + 2 hours of OFF time/day + 1 hour of time spent with troublesome dyskinesia/day.
Advanced therapeutic strategies include deep brain stimulation (DBS), levodopa—carbidopa
intestinal gel (LCIG), levodopa-carbidopa-entacapone intestinal gel, subcutaneous
foslevodopa/foscarbidopa, and continuous subcutaneous apomorphine infusion. More recently,
magnetic resonance imaging (MRI) guided focused ultrasounds have been applied for the
management of refractory tremor’'. These approaches show a variable degree of invasiveness,
tolerability, safety, efficacy, and reversibility, and they are available only for carefully selected
patients in dedicated centers’”. Complementary approaches, including multidisciplinary
intensive rehabilitation, palliative care and nursing can improve patients’ quality of life and
long-term functional prognosis™. The leading causes of death in PD include falls and
respiratory infections. Infections are typically favored by a combination of symptoms directly
attributable to the disease such as dysphagia and bladder dysfunction, with the long-term

effects related to reduced mobility and bed-confinement’.
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Visuospatial Dysfunction in Parkinson’s Disease

General considerations

Although traditionally described in terms of motor symptoms, PD involves a broad array of
non-motor features significantly affecting patients’ quality of life and functional independence.
Mounting evidence from clinical, behavioral, neuropsychological and brain imaging studies
suggests an extensive perceptual impairment in PD, potentially occurring at any stage of the
disease. When specifically asked about visuospatial difficulties, patients with PD report
problems such as bumping into doorways, difficulties in negotiating obstacles on their path and
estimating trajectories and space distances. In questionnaires studies, 78% of non-demented
patients with PD without ocular diseases reported at least one visuospatial symptom, including
misjudging objects and difficulties in navigating distances’®. The exact source for visuospatial
impairment in PD is not fully known. Retinal abnormalities can contribute to a reduction in
visual acuity, contrast sensitivity, and color discrimination’®. However, perhaps with the sole
exception of visual acuity which is fundamentally constrained by retinal factors, both contrast
sensitivity and color discrimination imply complex bottom-up and top-down perceptual
processes that are not limited to retinal level. Patients with PD may also display a number of
eye movement abnormalities, mainly affecting saccadic programing and execution, with
potentially significant implications on visual exploration strategies’’. Finally, high order visual
processing and visuomotor integration seem to be significantly affected by the disease, with a
number of abnormalities involving visuospatial functions such as motion perception, depth
perception, spatial reasoning, visual cognition, and visuo-constructional abilities’®. Notably,
these abnormalities persist after correcting for motor impairment, disease duration, and
pharmacological treatment, thus suggesting their primary perceptual nature. In the following
paragraphs, the main sensory and perceptual abnormalities described in patients with PD will

be reviewed, from early sensory discrimination to high order perceptual functions.

Basic Sensory Impairment

In PD, the neuropathological involvement of the retina is supported by the finding of misfolded
and hyperphosphorylated alpha-synuclein in the inner retinal layer, and by several pathological
studies revealing dopaminergic denervation within the foveal region’®. A substantial reduction

in retinal dopamine content was also reported in experimental models of PD, including MPTP-
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treated monkeys’®. On high resolution optical coherence tomography (OCT), the inner retinal
layer of PD patients appeared significantly thinner than in controls, even though the exact
clinical implications of this finding are still not known*’. Dopaminergic amacrine interneurons
modulate center/surround antagonism of ganglion cells’ receptive fields. Their involvement
may result in the disruption of several key visual processes, particularly involving light
adaptation and transition from photopic to scotopic vision. Light adaptation enables the visual
system to achieve perceptual consistency by normalizing the perceived brightness of a given
stimulus over background luminance conditions. Its involvement may account for some visual
difficulties reported by PD patients, especially under dim light conditions®'. PD patients may
also exhibit a shortened duration of retinal afterimages, a process normally mediated by a slow-
decay dopaminergic modulation occurring within the inner plexiform layer®?.
Neurophysiologic studies provided further evidence for retinal involvement in PD. Both
patients and animal models of PD display abnormal responses on pattern-electroretinograms
(PERG), consistent with an attenuation of tuning for medium spatial frequencies®®. Impaired
contrast sensitivity is well documented in PD patients with normal visual acuity, where it may
be partially ameliorated by levodopa administration, and it appears to correlate with disease
progression’>. Achromatic contrast sensitivity tests with sinusoidal gratings in patients with PD
show increased magnocellular response thresholds for stimuli with medium to low spatial
frequencies, high temporal resolution and horizontal orientation®®. Taken together, these
findings suggest that the source for contrast sensitivity impairment in these patients is not
confined to the retinogeniculate pathway, as both spatial-temporal tuning and orientation-

specific response are well-defined firing properties of cortical neurons.

The pathological involvement of the macular region in PD may also directly affect cone
photoreceptors, which are largely confined to the central retina, resulting in abnormal
chromatic perception. On a retinal level, color-specific information is segregated within the
red/green opponent and the blue/yellow opponent cells subpopulations®. Impaired color
sensitivity can be documented early in drug-naive PD patients by means of luminance noise
strategies forcing subjects to rely exclusively on chromatic cues to complete visual recognition
tasks. In these settings, PD patients may display decreased color sensitivity, especially along
the protan and deutan axes, suggesting a peculiar pattern of retinal involvement which can be
differentiated by normal aging, where errors typically occur along the tritan axis®®. However,
while retinal mechanisms can certainly contribute to abnormalities affecting color perception,

emerging evidence suggests a more central process. In patients with PD, color discrimination
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is strongly associated with cognitive impairment, particularly affecting visuospatial
constructional abilities, stereopsis, and executive functions®’. In this clinical population,
performances on the Farnsworth-Munsell 100 hue test also correlate with white matter
abnormalities affecting the temporal and parietal portions of the right superior longitudinal
fasciculus and the posterior region of the corpus callosum®. Furthermore, impaired color
discrimination is associated with a 3-fold increased risk of motor conversion in patients with
idiopathic RBD, as well as with the presence of severe hallucinatory symptoms in patients with
dementia with Lewy bodies®®. Overall, these findings point towards extraretinal areas involved
in high order visual perception as the main substrate for impaired color discrimination in these

patients.

Oculomotor dysfunction

Impaired oculomotor behavior can be documented since the early stages of PD by means of
eye tracking devices. This may include deficient smooth pursuit, restricted vergence, and
disruption of saccadic programing, with the generation of hypometric saccades; the latter is the
most consistently reported oculomotor abnormality in this clinical population’’. Accurate
saccades rely on a complex pathway involving the frontal, supplementary and parietal eye
fields, as well as the posterior parietal cortex®®. These cortical areas project via the superior
colliculus to the saccadic burst generators located in the brainstem reticular formation. It has
been postulated that dopamine deficiency affecting the substantia nigra pars compacta may
disrupt the normal inhibition exerted by the striatum via pars reticulata towards the superior
colliculus, resulting in an abnormal ocular response towards the presumed location of visual
stimuli®’. The exact clinical implications of this dysfunction are not clear, but hypometric
saccades are known to be associated with restricted ocular scanning and increased fixation
times. Interestingly, differences in saccadic behavior between cognitively intact PD patients
and controls are maximized by tasks requiring the visualization of relatively simple figures. In
this setting, the area scanned by patients’ eye movements is significantly smaller than the one
scanned by controls®?. However, when complex figures are explored, patients’ performance
paradoxically improves, as indicated by an increase in the overall extension of the scanned
area. This phenomenon could be attributable to the greater availability of visual cues in
complex figures, which may trigger the generation of additional, compensatory saccades. This
pattern was recently dubbed by some Authors as “ocular kinesie paradoxale”®?. Restricted

ocular scanning implies a reduced access to relevant spatial information, and oculomotor
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abnormalities are associated with worse performances on various visual recognition tasks.
Poorly efficient exploration strategies, where irrelevant visual areas are visited in preference to
correct areas of interest, are documented in patients with PD, and the severity of oculomotor
impairment seems greater in the presence of cognitive impairment®®. In these patients, spatial
cognition may be directly influenced by abnormal patterns of visual exploration characterized
by reduced saccadic amplitude and longer fixation; alternatively, an ongoing cognitive
impairment may require subjects with PD to spend longer time in each location to extract
adequate visual information. Abnormalities in saccades and fixation metrics may therefore
reflect both a primary subcortical oculomotor deficit as well as the top-down consequence of
an impaired spatial representation upon which patients’ oculomotor behavior is erroneously

organized and executed.

High order perceptual functions

Patients with PD show evidence for impairment affecting various high order visual perceptual
functions’’. In this clinical population, deficits affecting visual processing, target recognition,
constructional abilities and multiple components of visual attention persist after adjusting for
visual acuity and contrast sensitivity, thus highlighting a specific impairment in the cognitive
elaboration of afferent sensory information®®. When compared to age-matched healthy
controls, PD patients consistently show poorer performances in tasks assessing various
visuospatial functions, such as dynamic shape perception (e.g. recognition of computer-
animated rotating figures), orientation judgment, and depth perception’®*%. Motion perception
can also be affected, with patients experiencing greater difficulties in detecting moving gratings
than static ones, which is a reversal of the pattern observed in healthy controls®. Figure to
background segregation, which normally allows the observed to isolate discrete visual features
when embedded into complex sensory patterns, might also be impaired in PD. According to
previous results from our group, patients with PD make a greater number of errors on the Navon
test, where a letter identification tasks assesses various aspects of perceptual grouping,
including global advantage and global interference!®. Both phenomena are related to the
hierarchically organized perception of spatial relationships between stimuli, by virtue of which
large targets are usually processed faster than local forms'®'. For this reason, the analysis of
local features can be easily disrupted by incongruent information arising from the global level.
Interestingly, PD patients showed little to no evidence of unidirectional global interference

under incongruent stimuli conditions'®. This is consistent with previous longitudinal studies
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reporting an attenuated global preference occurring in patients with other neurodegenerative
disorders, namely Alzheimer’s dementia'®%, This perceptual pattern could be attributable to a
deficient representation of global features, but also to an overreliance on local features analysis.
Studies assessing perceptual matching judgment between differentially oriented objects
provided further evidence for an abnormal perceptual grouping occurring in patients with PD.
In this clinical population, deficits in shape equivalence recognition were maximized at large
angular discrepancies between objects'®. This indicates that while undergoing such tasks, PD
patients erroneously judged as different two identical objects largely rotated to one another. By
relying too heavily on local matching strategies, different orientations across small adjoining
segments of two identical figures may be taken as evidence for shape difference, whereas an
intact global exploration strategy would lead to a correct matching decision. PD patients were
also found to perform poorly on modified versions of Popperlreuter-Ghent’s overlapping figure
tests, where the correct disentanglement of overlapping objects requires both intact figure to
background segregation, and the capability to explore the various spatial configurations of each

figure in order to reach an accurate perceptual decision'%*.

Perception of extrapersonal space is also affected in PD, with evidence for a differential impact
on visuospatial abilities depending on the dominant side of hemisphere degeneration. In studies
utilizing line bisection tasks, patients with grater clinical impairment on the left hemisoma
show a clear rightward selection bias by consistently deviating towards the right side of the
true midpoint, hence neglecting part of the lines contralateral to the most affected
hemisphere!®. Notably, this pattern was not observed in controls and in patients with right-
sided parkinsonism, in whom the normal leftward bias driven by a prevalent right-sided parietal
activation was maintained. The rightward bias observed in patients with left-sided
parkinsonism might result from a distorted representation of the external space or from a
Jateralized failure of visual attention. Consistently, patients with left-sided parkinsonism were
found to judge the size of rectangles in the left hemispace as smaller than same-sized rectangles
in the right hemispace, thus suggesting an asymmetric compression of the visual scene!%,
Further information regarding perception of extrapersonal space in PD can be derived by
studies on spatial navigation. Spatial navigation is a complex sensorimotor behavior where
information about heading can be essentially gained by the perception of optic flow and by the
estimation of reference points'%. Optic flow is defined as the pattern of apparent motion of
objects, surfaces, and edges in a visual scene caused by the difference in relative motion

between the observer and the visual scene!?’. The computation of relative distance between
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image frames allows to gain information on relative motion. This is presumably linked to the
activation of the associative parietal cortex. When heading is primarily influenced by optic
flow perception, individuals move away from the side of the space perceived as faster, that is,
they move towards the hemispace perceived as more static. This is a highly conserved behavior
of intuitive evolutionary significance. For example, when the optic flow is asymmetrically
manipulated in experimental settings, honeybees tend to fly towards the side of the space
characterized by a smaller coefficient of relative motion'®. The same pattern can be observed
in healthy humans during cognitively undemanding overground walking, treadmill walking,

108 An asymmetric compression of extrapersonal space may induce a

and driving simulations
perceived asymmetry in the optic flow speed, which in turn could influence heading direction.
Because the optic flow in the non-compressed hemispace is perceived as faster, patients with
left-sided parkinsonism and rightward visual bias should preferentially veer towards the left.
However, in contrast to the results predicted by optic flow model, patients with PD do not
“move away from the most affected hemisphere”, and navigational veering in this population
is clearly ipsilesional'®. Indeed, kinematic gait analysis of PD patients both in open field
environments and virtual reality paradigms, revealed a consistent rightward veering of patients
with left-sided parkinsonism, whereas controls and patients with right-sided parkinsonism
consistently veered rightward. Notably, the deviation towards the most affected hemisphere
increases when subjects keep their eyes are open. Such strong influence of visual input on

veering is consistent with a perceptual bias rather than an impaired motor execution or spatial

akinesia.

An alternative hypothesis posits that in PD patients, veering is influenced by abnormalities in
the computation of reference points rather than by optic flow asymmetries. As a case in point,
in PD patients with predominant right-hemisphere degeneration, veering appears consensual to
a shift in midline reference points, particularly the egocentric reference point, which divides
the space into two lateral hemifields with respect to the midline of the trunk''®. This notion is
further corroborated by previous reports of whole-body rotational behaviors towards the
ipsilesional hemisphere in animal models of PD''". The computation of egocentric spatial
references involves visually responsive areas within the posterior parietal cortex, with
particular respect towards retino-topically identified elements within the right intraparietal
sulcus'!2. The exact reason on why, in PD patients, veering seems more influenced by a biased
rightward computation of egocentric reference points rather than by a perceived asymmetry in

optic flow is not fully known. A possible explanation rests on a restricted capability to
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formulate texture analysis due to impaired contrast sensitivity. Healthy contrast sensitivity
serves as the basis for the computation of second-order statistics defining the joint probability
that a pair of points separated by a given distance and orientation will differ from one another
by a particular amount of luminance'">. It is conceivable that in presence of a defective texture
analysis, PD patients rely more on the estimation of egocentric topographic coordinates than

on optic flow equalization strategies. This hypothesis, however, remains to be formally tested.

The exact substrates of visuospatial dysfunction in PD are not fully known. Impaired
orientation judgment is associated with posterior parietal lobe dysfunction, whereas the
capability of recognizing and isolating multiple overlapping objects is mediated by the
interplay between the lateral occipital and posterior parietal cortex!!*. The neurophysiological
correlates of figure to background segregation imply feedback loops between frontal and
prefrontal areas and lower areas within the early visual cortex. Both optic flow perception and
computation of reference points involve the activation of different areas within the parietal
cortex. Previous imaging studies reported a correlation between performance in visual
recognition tasks and reduction in cortical thickness in occipital-parietal regions in patients
with PD''S. Metabolic and perfusion deficit affecting extrastriate visual areas have been
reported by fluorodeoxyglucose-PET studies and arterial spin labelled perfusion MRI in the
same clinical population'!®!'®. Changes in functional connectivity between networks that are
strongly implicated in visual processing and perceptual modulation have also been reported in
the early stages of the disease by means of resting state functional magnetic resonance imaging
(RS fMRI). Specifically, reduced connectivity between occipital and temporo-parietal regions
was observed in PD patients within 3 years of the diagnosis, with connectivity deficits strongly
correlating with poor visuospatial performances''®. Overall, converging evidence from
neuropsychological and brain imaging studies, suggests that the pathophysiology of
visuospatial symptoms in these patients involve both bottom-up processing of upcoming
sensory information within the extrastriate visual cortex, and top-down perceptual modulation

in distributed frontal, temporal, and occipital-parietal regions.

Visuospatial dysfunction and motor behavior

The relationship between visuospatial functions and regulation of complex motor functions is
particularly relevant in PD. In primates, the balance system heavily relies on integrated sensory
information arising from three major sources: the vestibular channel for head positioning, the

visual system for the estimation of reference points and optic flow perception, and the

24



proprioceptive system for information regarding joint rotation and the kinematic aspects of
limb movements like azimuth, lateral displacement, and relative distance from the trunk'*®'2°,
These components show a significant degree of interdependence. Indeed, the balance system
dynamically adjusts the loads on each sensory channel based on predictions elaborated at
multisensory integration levels. For example, the magnitude of balance response, i.c. lateral
sway, to galvanic vestibular stimulation increases dramatically when visual information is
removed!?. Hence, in a setting of progressively reduced kinesthetic feedback, an increasing
reliance on visual information is expected. In healthy individuals, this may be sufficient to
compensate for impaired proprioception. However, when restricted sensory-motor integration
is compounded with impaired perceptual judgment, an even greater perturbation of motor

behavior is expected.

PD involves a generalized dysfunction of sensorimotor integration and proprioception due to
impaired basal ganglia functions integrating multisensory input and motor behavior'?'. This
typically results in an overreliance on visual information to guide locomotion, and it is
consistent with the beneficial effects on step length and gait velocity commonly experienced

122 However, episodic gait

by these patients with the use of visual cues in rehabilitation settings
abnormalities can also be precipitated by the need to solve sudden visuospatial problems. FoG
is one of the most disabling features of PD, and it is characterized by a severe, sudden, difficulty
in the forward progression of gait, usually lasting a few seconds®. The pathophysiology of
FoG is still debated due to its clinical complexity, variety of coexisting pathologies and lack of
a clear neuropathological substrate on post-mortem examinations™®. FoG is not exclusive to
PD, as it may be experienced by patients suffering from various neurodegenerative
conditions'2. Furthermore, the response to dopaminergic therapy is frequently suboptimal,
thus suggesting the involvement of non-dopaminergic pathways'?*. One possibility is that

impaired integration of visual information may prevent patients with FoG from adapting the

ongoing motor behavior to solve sudden visuospatial problems!%.
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Visual Hallucinations in Parkinson’s Disease

Definition and Classification

Hallucinations are sensory perceptions occurring without external stimulation of the relevant
sensory organ'?®, This definition allows to differentiate hallucinations from illusions, in which
an external stimulus is perceived, but misinterpreted'?’. In PD, visual hallucinations, in turn,
may be categorized into “simple” versus “complex” hallucinations'?. Simple hallucinations
are characterized by the absence of a recognizable form. They include photopsias such as
flashes of light or color, or geometric patterns like tessellations, i.e. brick-like patterns, which
may move around in space. Conversely, complex or major hallucinations have a clearly
recognizable form, and they may involve humans, animals, or objects'?®. In patients with PD,
secondary hallucinations may occur in the setting of delirium due to metabolic disorders,
infections, or exposure to pharmacological agents, particularly anticholinergic medications'?’.
Secondary hallucinations usually develop acutely, in close proximity to an acute overlapping
illness or intoxication, and they are commonly associated with clouded sensorium, agitation,
lethargy, and delusions. For these reasons, secondary hallucinations can be usually

differentiated, on medical history, from primary hallucinations occurring as part of the

underlying neurodegenerative disease.

Ilusions and simple hallucinations are clinically grouped under the broad category of “minor
hallucinations”'?®. This categorization is driven by cumulative observations suggesting
fundamental differences in clinical profiles between patients with minor and complex
hallucinations. Indeed, illusions and simple hallucinations are generally regarded as benign
phenomena, typically experienced by otherwise cognitively intact patients retaining full insight

129

on their percepts'?’. Conversely, complex hallucinations tend to occur in patients with various

degrees of cognitive impairment, longer disease duration, and greater cumulative disability'*.

Lumping illusions and simple hallucinations together, however, remains problematic when
considering that the perceptual nature of these phenomena is fundamentally different. Illusions
arise as a consequence of an abnormal interpretation of a real sensory stimuli. Parametric
manipulations of luminance, geometrical configurations, and spatial relations between stimuli,

131 These illusions are inherent to the

consistently elicit illusory percepts in healthy individuals
physiological properties of the human visual system and, as such, they do not hold pathological

relevance per se. Rather, these misinterpretations assume the integrity of various physiologic
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mechanisms subserving conscious and unconscious perception, thus highlighting discrepancies

between the physical properties of external information and its final percept! 32134,

Epidemiology

Epidemiological studies on primary hallucinations in PD produced variable results, mainly due
to the paucity of standardized assessments. Furthermore, the majority of epidemiological
observations were conducted in movement disorders clinics, with only a few studies carried
out in community-based samples, with the inherent risk of selection bias. The prevalence of
visual hallucinations in PD ranges from 8 to 40%!'>>"1*, It is generally acknowledged that the
risk for hallucinations increases with the disease duration. In patients with less than 5 years of
PD history, the aggregated prevalence of various types of visual hallucinations was found to
be 9.2%, as compared to 17.9% and 38.3% in patients with 5-10 years or with more than a
decade of disease, respectively'*®. In a longitudinal study, the point prevalence of visual
hallucinations in PD reached 74% over 20 years long follow-up'®’. The real prevalence of
hallucinations in PD, however, is likely underestimated. Simple hallucinations, such as
flickering lights, can be erroneously attributed to ophthalmologic problems, like age-related
macular degeneration or vitreous detachment! . Indeed, the prevalence of hallucinations raises
from 22%-38% when only complex hallucinations are surveyed, up to 40-75% when
pathological illusions and simple hallucinations are also considered'*®!*. Furthermore,
hallucinations may be underreported in light of their potential for stigma, especially when not
particularly disruptive. Various risk factors for the development of visual hallucinations were
identified in patients with PD. When compared to non-hallucinators, PD patients with a history
of hallucinations display greater motoric impairment and more severe depressive
symptoms'3¢!*. However, both findings could be due to a correlation with the duration of the
disease. According to logistic regressions studies, two independent predictive factors for the
onset of hallucinations persist after factoring out disease duration and severity: sleep disorders
and cognitive impairment'*'-'*2, Among sleep disorders, day-time somnolence and RBD are

143 An impaired brainstem

independently associated with a higher incidence of hallucinations
regulation of sleep-wake cycle, with fluctuating vigilance, was proposed by some Authors as
the potential link between sleep dysfunction and hallucinations. In this setting, hallucinatory
phenomena would be interpretable as episodes of REM sleep intrusions into wakefulness'**.
However, available clinical data do not support a directly shared pathophysiology between

RBD and hallucinations. The highly stereotypical nature of visual hallucinations in PD stands
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in sharp contrast with the notoriously heterogeneous content of dreams. Furthermore, while
RBD may benefit from dopaminergic optimization, increasing the dose of these medications

may result in an opposite effect on visual hallucinations'®.

Cognitive disorders are another major, independent predictive factor for visual hallucinations
in PD. Indeed, dementia is the most consistently identified risk factor for the development of
hallucinations, and patients with a history of hallucinations are known to develop dementia
more rapidly than non-hallucinators'“. Even in the absence of overt dementia, PD patients
experiencing visual hallucinations show poorer performances on various cognitive functions,
including verbal learning, semantic and phonologic fluency, inhibitory control, and selective

memory'#.

Finally, in PD patients, hallucinations may be exacerbated by the dopaminergic therapy.
Indeed, all dopaminergic agents used for the treatment of PD have the potential to elicit adverse
psychotic reactions. The risk for psychosis following the exposure to dopamine agonists,
however, seems comparatively higher than the one associated with levodopa. In a cross-
sectional retrospective study, the highest risk for psychotic episodes was observed in
association with the use of pramipexole, followed by ropinirole, and finally levodopa, with
adjusted odds ratios of 1.05, 0.94 and 0.11, respectively'*®. The precipitating effect of
dopaminergics towards hallucinations is usually observed in the setting of a chronic
pharmacological exposure and a relatively advanced disease. Early hallucinations arising
before or shortly after the initiation of dopaminergic treatments, should raise suspicion towards
primary dementing illnesses rather than PD, particularly for dementia with Lewy Body. The
frequent occurrence of visual hallucinations in the setting of exposure to the dopaminergic
treatments led some Authors to hypothesize that, in PD patients, hallucinations might simply
be a drug-induced event due to the overstimulation of mesolimbic dopaminergic receptors'®’.
However, extensive evidence suggests that in these patients, hallucinations cannot be merely
characterized as a iatrogenic syndrome. Records of visual hallucinations were documented
prior to the levodopa era, although their interpretation is challenged by the lack of accurate
diagnostic characterization and the frequent use of anticholinergic medications. More recent
reports of minor hallucinations occurring in de novo patients further support the notion that
dopaminergic treatments are not strictly required for the emergence of these phenomena'*’. In
addition, no clear dose-effect relationship between dopaminergic treatment and hallucinations
was ever established, and in most observational studies, the mean daily levodopa-equivalent

dose (LEDD) did not statically differ between hallucinators and non-hallucinators. Finally, the
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prevalence of hallucinations in patients treated with dopamine agonists for pituitary adenoma
or restless leg syndrome is remarkably lower than what in PD, ranging from 1% to 9%, overall

suggesting a specific disease-related substrate'’’.

Phenomenology

In PD, visual hallucinations occur while patients are alert and with eyes open. Hallucinatory
percepts appear suddenly, filling a limited area of the visual field, and have a short duration,
typically lasting a few seconds'?®. The most frequent pathological illusions reported by patients

152 Kinetopsia involves the

with PD include kinetopsia, object misidentification and pareidolia
misperception of stationary visual stimuli as they were in motion. This illusion usually involves
inanimate objects, like curtains or leaves. In a recent study, kinetopsia was the most frequent
type of illusion in PD, reported by 25.8% of patients experiencing minor hallucinations'*’.
Object misidentifications are also common, and they involve the erroneous perception of
inanimate objects as unfamiliar persons or other objects. The erroneous percept may have
different degrees of complexity, ranging from other same-sized objects to complex animate
visions!**. Common patterns of complex misinterpretations include seeing small animals, such
as bugs or worms, moving on table covers, walls or floors and replacing their geometric design.
Other patients may report perceiving inanimate objects such as clocks or flowers as starring
faces or animals. Pareidolic illusions, in which meaningless visual patterns are recognized as
meaningful, are a phenomenon similar to object misidentification'*?. Simple hallucinations are
described as blurred, stereotyped pattems of light or color, usually with no stereotyped
localization within the visual field. They seem to be more frequent under dim light conditions,
or during states of reduced vigilance'®, Complex hallucinations involve formed visual percepts
consisting of persons, animals or objects. These hallucinations may have a meaningful content,
involving - for example - deceased relatives, friends, or pets. The personal significance of
hallucinatory contents suggests top-down influences from high-level cognitive areas involved
in memory and affective regulation'>. A frequently reported hallucination is the so called
“presence hallucination”. This percept involves the vivid sensation of somebody located in the
patients’ immediate surroundings even though nobody is really present!36, The specific
attributes of these presences are usually not recognizable. However, patients can guess their
anthropomorphic or zoomorphic nature, based on general contextual elements. In some cases,
these presences have a familiar nature, as they may involve patients’ loved ones, friends,

neighbors, or pets. In a study conducted on 216 patients with mild stage PD and approximately
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10 years of disease history, presence hallucinations were the most frequent type of
hallucinatory percept, reported by 64% of hallucinators'®. “Passage hallucinations” are
another common type of hallucination. They consist of brief visions of poorly defined animate

155 When animals are seen,

entities, either humans or animals, quickly passing sideways
patients can usually guess their species and size. Structured hallucinations with clearly defined
shapes involve animate characters, either persons or animals. Because of their stereotypical
and generally non-threatening nature, these hallucinations become familiar to patients, who
may even observe them with interest and actively examine them, for example by walking

135 At times, complex

towards them or trying to grab them, at which point they tend to disappear
hallucinations contain physical incongruencies providing patients with clues on their non-
veridical nature. On the other hand, frightening complex hallucinations are rare, and they
usually occur in the setting of paranoid delusions and comorbid dementia'*S. In PD, delusions
usually involve jealousy, persecution and abandonment. Misidentification syndromes such as
Capgras syndrome where patients believe that their loved ones or others they know have been

replaced by doubles or imposters, may occur in combination with complex hallucinations and

delusions within the spectrum of PD related psychosis'’.

Conceptual framework

Due to their transient nature, phenomenological heterogeneity and the complex relationship
with other symptoms, hallucinations in PD have been challenging to investigate, and although
many theories have been proposed, a unified pathophysiological model is still lacking. Over
the recent years, multiple lines of evidence converged on a predictive-coding framework
suggesting that in PD, pathological illusions and simple hallucinations would mostly result
from an abnormal data-driven, bottom-up acquisition of sensory evidence, whereas complex
hallucinations would arise as a consequence of a disrupted integration of both bottom-up
sensory processing and top-down perceptual modulation'>*'®°. Therefore, in these patients, the
gradual transition from minor hallucinations into complex hallucinations would signal a
symptomatic progression of the neurodegenerative process underlying PD. Although in PD
complex hallucinations may occur without a preexisting history of pathologic illusions or
simple hallucinations, a continuum progression across these phenomena is generally
acknowledged'®. In this clinical population, minor hallucinations are usually followed, over a
period of months or years, by the occurrence of visions of growing complexity, which

eventually become pervasive and increasingly distressing. Even though there is little evidence
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directly supporting a sequential relationship between minor and complex hallucinations, this
pattern appears consistent with the neuropathological staging proposed by Braak, with Lewy
bodies pathology gradually spreading from subcortical structures to various cortical regions

involved in different stages of perception.

Normal perception arises as a dynamic integration of bottom-up sensory information and top-
down perceptual modulation. Upcoming sensory information obtained by the retina is
processed through the optic tract, lateral geniculate nucleus, striate cortices and, from there, to
the thick-stripe regions of extrastriate cortex projecting to higher-order areas concerned with
object recognition, motion perception and spatial processing, within the dorsal and ventral
visual systems'6>163, In the traditional description of bottom-up perception, visual information
flows from lower-level regions to higher-level regions until semantic analysis is performed and
final recognition accomplished. The dorsal pathway is concerned with spatial and kinetic
information of objects, arising from the occipital visual cortex and running through the parietal
cortices'®*. The ventral system, assessing colors and forms, extends from the occipital visual
cortex through the temporal cortices towards the hippocampus and amygdala'®. Given the
broad array of possible variations in the physical properties of stimuli, perceptual ambiguities
cannot be uniquely resolved by systematic bottom-up analyses. Consequently, top-down
feedback projections from higher-level regions are needed to unify locally-processed
information into global percepts. Top-down modulation relies on long-range inputs from
control networks mostly located in the frontal, prefrontal, parietal, and temporal cortices. These
include the left middle frontal gyrus, the dorsolateral prefrontal cortex, the anterior cingulate
cortex, the frontal eye fields, the superior temporal cortex, the hippocampal and
parahippocampal regions, and the lateral parietal cortex!6¢1%%, Expectations generated by
predictive cues enhance perceptual performances such as speed and accuracy in target
recognition, and they are mediated by prefrontal and parietal regions. Attentional modulation
during sensory encoding involves the enhancement of relevant sensory regions and the
suppression of activity generated by distractors'®’. This function is presumably mediated by
different regions within the frontal cortex. In addition, objects sharing same low-level

attributes, are processed differently on the basis of their perceived emotional content'®®

. Visual
information expected to hold emotional significance based con contextual cues and mnemonic
resonance, is prioritized to allow for a rapid evaluation and response. The network subserving
top-down modulation of emotionally meaningful information likely involves the amygdala and

9

its conspicuous, bidirectional connections with the orbitofrontal cortex!®®. Top-down
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influences also allow for proper perceptual decisions through analogies between upcoming
information and most similar representations stored in memory. The degree of matching
between the expected perception and priors activates association areas relevant to the specific
context, leading to a final perceptual decision'’’. In this setting, the medial temporal lobe,
including the hippocampus and parahippocampal gyrus, is known to be critical for long-term
memory and retrieval of high-resolution, view-invariant priors'’!. Finally, once a perceptual
decision has been made, a reality monitoring system determines whether the final percept was
driven by true external sensory information, or it was generated through internal imagery.
When discriminating between external perceptual events, and internal thoughts, regions of the
medial temporal lobes, parietal cortices, and prefrontal cortices are strongly activated,

suggesting their direct involvement in cortical networks concerned with reality monitoring'">.

Pathophysiology

Evidence for bottom-up sensory impairment in PD patients with hallucinations arises from
various experimental modalities. Electroretinogram studies involving face recognition tasks
reported an increased latency of P2 and P3 waves in PD patients with hallucinations as
compared to non-hallucinators. P2 and P3 waves latencies reflect the time required for object
identification, a process involving temporo-occipital regions within the ventral pathway'”.
Furthermore, PD patients with visual hallucinations display impairments affecting shape
perception and object recognition, thus further supporting an impairment of relatively low-
level perceptual dimensions’’. Cumulative evidence from brain imaging studies conducted in
hallucinating PD patients point towards the involvement of brain regions that are anatomically
and functionally integrated within the dorsal and ventral systems, including the superior
parietal lobe, the posterior and inferior temporal cortex, the fusiform gyrus, and the occipital-
parietal cortices' 7477 In this setting, kinetopsia would be attributable to abnormalities in visual
areas concerned with motion perception and spatial processing. Indeed, a recent
fluorodeoxyglucose PET study suggest the involvement of the posterior parietal cortex, the
middle temporal area (V5), and the medial superior temporal area in PD patients reporting this
type of illusion!”®. These findings are consistent with prior case reports of patients reporting
kinetopsia during epileptic seizures involving temporo-parietal and occipital cortices'”.
Indeed, kinetopsia can be directly induced in patients with pharmaco-resistant focal epilepsy
through the electrical stimulation of the right superior parietal lobule and the intraparietal

sulcus'®. Defining the neural substrates for object misidentification and pareidolic illusions is
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more challenging. While misidentification of simple objects may be favored by low-level
sensory abnormalities, including reduced contrast sensitivity or impaired color discrimination,
a more extensive perceptual dysfunction presumably underlines complex misidentifications.
As a case in point, complex identifications and pareidolias were associated with a pattern of
hypometabolism affecting areas of the temporoparietal cortices normally involved in shape
recognition and semantic categorization of visual stimuli in PD patients!®!,

When the quality and reliability of afferent visual information is affected, the recruitment of
higher processing areas boosting selective attention, suppressing distraction, and retrieving

168 These functions are sustained

relevant priors stored in visual memory is expected to increase
by complex, large scale networks providing top-down perceptual modulation, involving
distributed regions within the frontal, temporal and parietal cortices. Different models focused
on the role of top-down influences in the onset of complex hallucinations. The “cortical
release” model originally postulated by Ffytche and Howard in 1999 assumes the primarily
inhibitory nature of bottom-up visual inputs towards view-invariant representations of object
shapes that are located at higher stages of perception'®?. These abstract representations are
stable, non-sensory, and therefore independent from low-level defining attributes. View-
invariant representations involve abstract, non-accidental perceptual dimensions localizing
with different areas of the ventral visual system, mostly the inferior temporal cortex'®3.
According to this model, the visuospatial impairment occurring in PD would cause a
progressive loss of stimulus-driven inhibition, ultimately leading to the release of view-
invariant templates. In other words, the lack of perceptual clarity would not allow PD patients
to revolve potential visual ambiguities, which in turn would lead to the release of previously
stored schemata. This model has been also used to explain hallucinations reported by patients
affected by Charles Bonnet syndrome, a condition where complex visual hallucinations are

184 However, sensory deprivation only

experienced in the setting of a partial or total visual loss
rarely produces complex hallucinations in the general population, and conversely, complex
hallucinations can be reported by PD patients in the absence of demonstrable sensory

impairment.

Another possibility involves a defective attentional binding resulting in incorrect perceptual
decisions. In healthy individuals, bottom-up visual inputs activate several proto-objects stored
in higher visual processing regions'®*. These proto-objects are not in conscious awareness, and
they are potential abstract representations of the same stimulus in mutual competition for

further processing. Top-down processes will influence this competition to allow for one of
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these templates to enter conscious awareness and be finally perceived'¢. These top-down
influences involve attentional modulation and perceptual expectations based, among other
factors, on visual memory and familiarity. According to the Perception and Attention Deficit
model proposed by Collerton et al. in 2005, hallucinations would arise as a combination of
impaired perceptual clarity due to defective sensory input and impaired attentional binding, in
conjunction with a relatively intact scene representation'®’. Patients with PD experiencing
visual hallucinations show decreased visual attention as compared to non-hallucinators,
independently of visual acuity or disease severity'®®. Furthermore, decreased levels of
sustained visual attention were correlated with a decreased object and space perception in these
patients. In this setting, impaired sensory input would favor multiple proto-objects to be
projected into the visual scene, while a failure of attentional modulation would prevent these
erroneous representations to be filtered out. This model has the merit to emphasize the
combined role of impaired perception and attentional modulation in erroneous perceptual
decisions. However, it does not explain the possibility for physical incongruencies within
hallucinatory percepts. In addition, this model does not explain why properly perceived objects
with preserved visual attention are not always capable to replace erroneous proto-objects and

make hallucinations disappear.

Recent evidence from functional connectivity studies and network computational modelling
suggests that in PD patients, hallucinations may be a consequence of aberrant connectivity
affecting large scale networks subserving attention and conscious perception. Among these,
the Default Mode Network (DMN), the Ventral Attention Network (VAN), and the Dorsal
Attention Network (DAN) play a major role in regulating conscious perception'®®. The DMN
is mainly associated with internally focused activities that are closely linked to the activation
of limbic structures such as the parahippocampal cortex'®’. These areas are believed to support
the generation of spontaneous thoughts in the absence of the attentional modulation required
during externally focused tasks'®!. The VAN includes the temporoparietal junction and the
ventral frontal cortex. The right temporoparietal junction is frequently associated with attention
shifts towards unexpected stimuli (reorienting of attention) as well as false beliefs recognition.
The ventromedial prefrontal cortex is critically involved in risk evaluation and decision
making'®?. Finally, the DAN comprises the intraparietal sulcus and the frontal eye fields of
each hemisphere. These areas contain retinotopically organized maps of contralateral space and
are active when attention is externally oriented in space to generate priority maps for spatial
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attention, saccade planning, and visual working memory'”. According to the “attentional
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networks™ hypothesis, an unconstrained activity of the DMN due to a concomitant decreased
activation of the DAN results in an abnormal top-down attentional influence towards the
ventral system, thereby priming the individual to hallucinate in the setting of impaired bottom-
up sensory processing'®’, In patients with hallucinations, previous fMRI studies reported an
increased connectivity in frontal-parietal regions included in the DMN'**, Furthermore, though
a dynamic causal model generated with a Bayesian approach involving the estimation of
effective connectivity, Thomas et al. observed a decreased effective connectivity between the
lateral geniculate nucleus to the medial thalamus and V1 in PD patients with hallucinations'*”.
This finding was associated with an increased effective connectivity from the left prefrontal
cortex to the medial thalamus and V1. This study provided compelling evidence that both
reduced bottom-up and increased top-down effective connectivity is key to the
pathophysiology of hallucinations. In addition, this study highlighted the role played by the
thalamus as a crucial hub for the synchronization of simultaneous streams of information

during visual processing.

Neuroimaging

Neuroimaging studies in PD patients with history of complex hallucinations reported findings
consistent with the involvement of occipital-parietal, temporo-limbic structures and frontal-
prefrontal areas concerned with both sensory elaboration and perceptual modulation. Voxel-
based morphometry is a structural brain imaging technique utilizing T1-weighted MRI scans
to perform statistical tests across a number of voxels in order to compare the regional gray
matter (GM) volume of two or more groups. So far, VBM studies investigating neural
correlates of hallucinations in PD led to variable and sometimes conflicting results, presumably
reflecting the clinical heterogeneity of participants and the different tools utilized to assess
patients’ hallucinatory status. In recent studies, patients with a history of minor hallucinations
exhibit a pattern of GM atrophy affecting areas involved in visuospatial functions, orienting
response, and object recognition, such as the superior occipital gyrus, the inferior occipital
gyrus, the right cuneus and precuneus, the superior colliculus, and the superior parietal
lobule'”>. A more diffuse pattern of GM volume reduction is reported in patients with complex
visual hallucinations, with atrophy extending to areas involved in complex perceptual functions
such as visual attention and syntactic analysis. These areas include the lingual gyrus, the limbic

and paralimbic cortex, the dorsolateral prefrontal cortex and the inferior frontal cortex'”’.
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Brain perfusion single-photon emission computed tomography (SPECT) imaging is a
functional nuclear imaging technique assessing regional cerebral perfusion. Because cerebral
blood flow is closely linked to neuronal activity, the activity distribution presumably reflects
neuronal activity in different areas of the brain. Results from SPECT studies showed significant
perfusion deficits in occipital cortices, inferior temporal cortices, and precuneus gyri in non-
demented PD patients with hallucinations compared to patients with non-hallucinatory PD!%¢,
F-18 fluoro-deoxy-glucose ('*FDG) PET is an imaging modality assessing the relative regional
glucose metabolic rate. In the first '®FDG PET study conducted on hallucinating PD patients,
the cerebral rate for glucose consumption was found to be significantly increased in various
frontal regions'’®. In a subsequent study on 24 PD patients, a decreased glucose metabolism
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was observed in occipital-parietal-temporal regions of hallucinators'”®. Somewhat conflicting

results were reported in a later '*FDG PET study where, the hypometabolic pattern involved

occipital-parietal areas, but with a sparing of the occipital lobe'®®.

Different modalities of fMRI have been util'ized to explore the neural basis of illusions and
hallucinations in patients with PD. In these studies, patterns of brain connectivity are identified
by looking at time-varying changes in blood-oxygen-level-dependent (BOLD) signal across
different brain regions. These changes are caused by temporal variations of deoxyhemoglobin
levels, which in turn are driven by localized changes in brain perfusion. Because of
neurovascular coupling, changes in blood oxygenation reflect underlying changes in neuronal
activity. Hence, spatially distributed areas showing temporally correlated changes in BOLD
signal are deemed to be functionally connected. The first fMRI studies exploring the neural
correlated of hallucinations examined differences in resting-state (RS) connectivity between
PD patients with and without hallucinations'?®. Resting state functional connectivity (RS-Fc)
is defined as a significantly correlated signal between functionally related brain regions, in the
absence of specific stimuli or tasks*®. Significantly higher levels of RS-Fc¢ were found in the
right middle frontal gyrus, bilateral posterior cingulate gyrus and precuneus in PD patients with
history of hallucinations as compared to non-hallucinators. These findings supported a key role
played by an abnormal top-down perceptual modulation in the occurrence of complex
hallucinations'”’. However, the main limitation of RS fMRI studies lies in their inability to
assess real time changes in Fc occurring while patients are experiencing hallucinatory percepts.
Task-related fMRI can overcome this limitation by assessing changes in functional
connectivity occurring during the administration of various paradigms engaging patients’

perceptual functions. Network activity levels are determined by analyzing the percent signal
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change from the average BOLD intensity within each network during the execution of a given
task?!. Using an apparent motion inducing paradigm involving altemating stationary and
moving concentric circles, a task-related fMRI study conducted on PD patients with history of
hallucinations found a decreased activation of the inferior parietal lobe as well as a significantly
greater activation of the inferior frontal cortex as compared to non-hallucinating patients®%4,
These findings supported the hypothesis that hallucinations may arise as a consequence of two
interconnected phenomena: an impaired sensory processing, as highlighted by a reduced

activation of posterior brain regions, in combination with an abnormal top-down perceptual

modulation, the latter indicated by an increased frontal activation.

Similar results were partially replicated by a small task-related fMRI study on 6 PD patients
with a paradigm involving colored geometric shapes moving in random directions across a
black background'®. However, the utilized task was designed primarily to activate posterior
cortical areas involved in low-level perceptual functions, and not specifically to elicit illusory
percepts. The same limitation concerns a subsequent study with a task involving the repeated
vision of face pictures where, compared to non-hallucinators, hallucinating patients showed a
decreased activation of extrastriate visual regions, but not an increased activation of anterior

cortical areas®®.

More sophisticated paradigms were recently developed to elicit illusory percepts in susceptible
individuals while avoiding the same effect in healthy subjects. These induced illusions are
regarded as surrogates for spontaneous hallucinatory phenomena occurring in clinical
populations. In this setting, bistable percept paradigms reliably induce illusory phenomena in
inviduals who are prone to hallucinate. While undergoing these computer-based tasks,
participants are generally asked to view a series of monochromatic images appearing in either
stable or multistable configurations. In the former case, images are made of stimuli with only
one possible perceptual interpretation. In the latter case, images are presented in multistable
configurations associated with multiple perceptual interpretations. When looking at stable
images, patients with hallucinations typically report multiple perceptual interpretations,
highlighting a specific deficit in solving ambiguities and reach a perceptual decision. In 2015,
Shine et al. utilized a task-related fMRI approach with a bistable percept paradigm to
investigate patterns of bran activation underlying visual hallucinations in 35 patients with
PD?*. In patients misinterpreting stable images, therefore labeled as “hallucinators”, an
increased activation of the DMN and the VAN was found, alongside a significantly decreased

activation of the DAN. The Authors concluded that illusory percepts in PD patients could be
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caused by a failure to recruit exogenous attention systems in the absence of externally-driven
inputs, and in the setting of a concomitant increase in endogenous attentional systems involved
with reality monitoring. These findings provided the basis for the “attentional networks” model

described in the previous paragraph.

Diagnosis and Clinical Relevance

There is no accepted diagnostic gold standard for visual hallucinations in PD. In clinical
settings, the identification and characterization of hallucinatory percepts commonly relies on
medical history. The Movement Disorder Society-sponsored revision of the Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS) is one of the most frequently used clinical
assessments in PD?%. The Item 1.2 of the MDS-UPDRS Part I evaluates both hallucinations
and delusions using a clinician-administered, patient-report or informant-report measure on a
rank-ordered scale. The reliability of this item is limited by the lack of differentiation between
the various types of hallucinations. Furthermore, Item 1.2 of MDS-UPDRS Part I does not
accurately characterize the peculiar phenomenology of low-complexity abnormal percepts,
thus potentially underestimating illusions and minor hallucinations. The North East Visual
Hallucinations Interview is a 17-item, clinician-administered interview assessing frequency,
intensity, and content of visual hallucinations®®. The validity of this tool remains to be
ascertained in large clinical populations as well as in patients experiencing multimodal
hallucinations. Indeed, the possibility for hallucinations involving more than one sensory
modality is not uncommon in PD. In these patients, the cumulative percentage of various non-
visual hallucinations modalities (i.e. tactile, olfactory and acoustic) was recently found to be

54.8%%7.

Disease-specific tools such as the Scales for Outcomes in Parkinson’s Disease — Psychiatric
Complications (SCOPA-PC), Parkinson's Psychosis Rating Scale (PPRS), and the Non-motor
Symptom Questionnaire (NMSS), include only a limited number of items specifically assessing
visual hallucinations, and they may not fully disentangle the specific core of hallucinatory
experiences from related constructs like psychosis or dementia®®2!%. Other inventories
characterizing hallucinations in a more detailed fashion may be time-consuming and, as such,
they are not easily administrable in clinical settings. The Rush Behavioral interview assesses
the severity of hallucinations across all modalities focusing on frequency in the past month,
with a score ranging from O (none) to 3 (at least three times weekly), but it does not provide

detailed information about the type and nature of hallucinations?'!. The University of Miami
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Parkinson's disease Hallucinations Questionnaire (UM-PDHQ) is 20-item, clinician-
administered questionnaire consisting of two groups of questions: a quantitative group of 6
questions assessing modality, frequency, duration, insight and emotional burden, and a
qualitative group consisting of 14 questions assessing clinical phenomenology, potential
association with dopaminergic medications, and concomitant ocular abnormalities®'2. The UM-
PDHQ surveys peculiar aspects of the hallucinatory phenomenology in these patients,
including motion, size, texture, color, and content of abnormal percepts, thus potentially
representing a more accurate and sensitive tool. In a recent study conducted on 70 PD patients
with a mean Mini Mental Status Exam (MMSE) score of 25.6 +4.5 and a mean disease duration
0f 9.0 +£5.4 years, the UM-PDHQ classified 44.3% of the sample as hallucinators, as compared
to only 37.1% of patients identified as hallucinators according to the relevant item of MDS-
UPDRS Part I?!2. Notably, the UM-PDHQ is designed as a screening tool to optimize the
detection of hallucinatory experiences in this clinical population, but it does not provide a
graded scoring, thus not being suited to assess quantitative variations of severity over time.

Cumulative disability related to visual hallucinations significantly impacts the quality of life
of both patients with PD and caregivers. Apart from their association with cognitive decline
and reduced functional independence, hallucinations are linked to increased mortality, and they
are the strongest predictor of earlier nursing home placement?!®. Quality of life is significantly
poorer in hallucinators as compared to non-hallucinators, independently from disease duration
and disease severity?'4. Pharmacological options for persistent or disabling hallucinations are
limited to atypical antipsychotic agents, which can be particularly detrimental in these patients
in light of their well-known side-effects, including falls, sedation, worsening of cognitive and
motor function, and abnormalities affecting cardiac conduction?'>. Once the possibility for
secondary hallucinations due to acute overlapping illnesses is ruled out, the therapeutic
management of hallucinations involves the progressive reduction of potential pharmacological
triggers. A judicious dopaminergic withdrawal is therefore pursued, with medications deemed
as less effective in controlling motor symptoms being discontinued first. This usually involves
the tapering of anticholinergic drugs, followed by amantadine, MAO-B inhibitors, dopamine
agonists, and COMT-inhibitors. In particularly challenging case, reducing levodopa doses
might be needed, with the inherent risk of worsening PD motor symptoms and related
disability. For all these reasons, visual hallucinations are regarded as a great unmet need in this

clinical population.
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IL. STUDY METHODOLOGY

Background: Illusory Figures

Visuospatial functions and Illusions

As reviewed in the previous sections, impairments affecting high order visuoperceptual
functions are a key component of the pathophysiology of visual hallucinations in PD. In the
early stages of disease, before the onset of a general deficit in cognition, such impairments can
be detected by means of dedicated tasks assessing different visuoperceptual domains. Results
from a recent metanalysis conducted on 99 neuropsychological studies, overall including 7826
PD patients, indicate restricted visual apperception and impaired visuospatial functions are

2% Poorer

indeed neuropsychological hallmarks of hallucinations in this clinical population
performances of hallucinators is reported in tasks assessing judgement of line orientation,
visuospatial constructional abilities, position discrimination, perceptual differentiation and
organization, and different components of visuospatial attention'?%. As the disease progresses,
deficient sensory accumulation due to impaired bottom-up processing leads to an
overactivation of top-down modulatory functions aimed at preserving perception by boosting
selective attention, suppressing distraction, and retrieving relevant priors stored in visual
memory. These functions, however, are not optimized to systematically fill the gap of

perceptual ambiguities resulting from poor quality sensory information. As a result, erroneous

percepts with growing layers of complexity may occur'®.

Ilusory figures have the potential to elicit illusions in healthy individuals through perceptual
biases related to systematic manipulations in geometrical configurations, contrast, color, or
spatial relationships between visual stimuli'*'"*3. To avoid ambiguities, the term “illusory
figures” will be used in this thesis to refer to configurations purposefully eliciting visual
illusions in healthy individuals, whereas the term “illusions” will be used to denote the
perceptual experience of observers exposed to such figures. The Delboeuf illusion is a visual
phenomenon fist described by the Belgian philosopher Franz Joseph Delboeuf occurring when
two circles (test figures) of equal radius are presented next to each other and surrounded by
concentric circles (inducers) of different radii’!'®. In this illusion, the test figure is overestimated
or underestimated depending on the size of its inducer (Figure 1). Specifically, if the inducer

is only slightly larger than the target, the latter is overestimated. Conversely, if the inducer is
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much larger than the test figure, the target’s sized is underestimated. The first type of distortion
is described as the “assimilation illusion”: in this case the outer and inner circles are placed in
close proximity to each other due to the short radius of the inducer. The target is therefore
assimilated to the inducer and hereby perceived as bigger than its real size. The second type of
distortion is known as “size contrast illusion”: the relative long distance between test figure
and inducer elicits a downscaling of the former, which is therefore perceived as smaller than
its real size?!”. The magnitude of both distortions is related to the diameter ratio between the
two concentric circles: the largest overestimation and underestimation of targets are determined
by ratios of 3:2 and 5:1, 6:1, respectively?'®. Particularly relevant is the role of attentional
prioritization in modulating the perceptual performance on assimilation illusion. Indeed, the
overestimation of the target is greater when the observer reports the size of the inducer first,
whereas the magnitude of overestimation is smaller if the target is attended before the
inducer?'®. The reason for this phenomenon, known as effect of judgment order, presumably
lies on the persistence of spatial scaling from the prioritized stimulus. In the first case, the size
of the inducer is assumed as a spatial reference to estimate the size of the target. Hence, the
assimilation of the target is facilitated??°. Conversely, if the observer attends the target first, a
further attentional effort is required to integrate the new spatial scale of the inducer, thus
reducing the strength of the illusory overestimation. Notably, the judgment order effect differs
from the classical time-order error, where the stimulus judged as second is systematically
overestimated, in that the overestimation obtained under sequential judgement with Delboeuf
illusion cannot be reversed when observers make their judgement in the opposite order. The
specific attentional basis of the effect of judgment order are not fully known. However, the
effect of judgement order appears significantly influenced by task-dependent attentional
modulation??’. The assimilation of the target is indeed facilitated when the observer attends the
inducer through relevant attentional tasks such as the estimation of the area enclosed by the
outer circle, whereas its mere inspection or segmentation does not lead to the same facilitation.
Conceivably, visual information deemed relevant to an ongoing task, like the estimation of the
area of the inducer, is enhanced to generate the spatial framework for the subsequent stimulus,

therefore magnifying the overestimation bias®*.

Further illusions can be experienced by healthy individuals as a result of perceptual biases
related to illusory filling and amodal completion. The illusory filling is a perceptual
phenomenon whereby the invisible contours of partially occluded objects is perceived despite

the absence of corresponding retinal stimulation®!. This phenomenon enables the viewer to
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bypass the physiological constrains of tridimensional space, where the majority of objects
naturally lies in a partially or totally occluded configuration. The perceptual basis of illusory
filling is presumably linked to the phenomenological persistence of priors, and recent evidence
suggests that its neural substrates may involve higher tier visual areas within the posterior
parietal and lateral occipital cortices??2. The amodal completion process, on the other hand, is
perceptual phenomenon where two modally visible elements of an occluded object are
erroneously perceived as a unitary object’®. The proclivity of the visual system to amodally

224 In a classic example of

complete objects results in well-documented perceptual distortions
such distortions, a square lying behind an occluding rectangle is perceived as smaller than its
non-occluded copy (Figure 2). Impairments in stereopsis were originally believed to play a
role in driving this illusory bias: as the occluded element is projected in the background behind
the inducer, the application of size-distance invariance may indeed lead to its illusory shrinking.
According to the principle of size constancy, the perceived size of an object is proportional to
its distance; therefore, the observer may assume that the occluded element lying behind the
inducer is smaller than its non-occluded copy. However, an erroneous size judgement driven
by depth constancy is likely to affect both dimensions of the occluded element, whereas the
illusion due to amodal shrinking typically involves only one single dimension. The exact
mechanisms underlying this illusion, therefore, remain unknown. When attending these
figures, observers appear to disregard the perceptual evidence supporting the existence of two
same-sized squares by erroneously perceiving the amodally completed object as shrunk.
Kanisza famously noted that the perceived extension of surfaces depends only partially on their
actual geometric extension, as the size representation of objects also depends on the low
intensity and homogeneity of the stimulation of the occluded surface??®. This might favor the
size underestimation of amodally completed objects. Effective figure to background
segregation may counteract this bias, by allowing for the disentanglement of the occluded
square from the overlapping rectangle. This would enable the observer to scrutinize each
element of the object separately?>®. In this setting, impairments affecting figure to background
segregation leading to a biased representation of overlapping figures might prevent an accurate

perceptual decision regarding the size of the occluded element and its non-occluded copy*?’.
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Figure 1: size distortions in Delboeuf illusion: when the outer circle is slightly larger than the
inner circle (left-side), the latter is overestimated due to assimilation; when the outer circle is
considerably larger than the inner circle (right-side), the latter is underestimated due to size

contrast.
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Figure 2. Illusory shrinkage of amodally completed objects: the occluded square can be

erroneously perceived as smaller than its non-occluded copy.
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Study Rationale and Research Questions

Rationale for the present study

Perceptual biases driving physiologic illusions in the general population assume the a priori
integrity of various bottom-up and top-down perceptual functions. For example, the
overestimation distortion in the Delboeuf illusions involves physiologic mechanisms of
assimilation and attentional prioritization, whereas the vulnerability to shrinking distortions of
amodally completed figures presumably involves mechanisms of edge detection, illusory
filling, and perceptual grouping?!®22-222.224  Critically, these function can be variably targeted
by the neurodegenerative process underlying PD. Computer-generated illusory figures are non-
invasive, cost-effective, and reproducible modalities to probe some of the physiologic
mechanisms underlying perception. Different performances on these illusory figures might
therefore highlight perceptual mechanisms relevant to the pathophysiology of hallucinations in
this clinical population. In the present study, we investigated perceptual performances of non-
demented PD patients on illusory figures, with and without a history of hallucinations, and
compared them with those of age-matched healthy individuals. To this end, we selected the
Delboeuf illusion and the size shrinkage due to amodal completion. Perceptual biases driving
these illusions were indeed deemed likely to be influenced by visuoperceptual impairments

occurring in PD.

Final perception results from the dynamic interplay between mechanisms preventing the
misinterpretation of sensory information (e.g. perceptual constancies) and mechanisms
generating illusory biases. Different profiles of vulnerability to illusions can be hypothesized
in PD, depending on patients’ visuoperceptual impairment. An increased vulnerability to
illusions should be observed when relevant protective mechanisms are targeted by the disease.
Conversely, a paradoxical profile of decreased vulnerability should be expected when
mechanisms driving the occurrence of illusions are affected by the underlying
neurodegenerative process. Furthermore, potential neural substrates linked to perceptual
performances in both hallucinating and non-hallucinating PD patients were explored by means

of extensive clinical characterization and analysis of brain metabolic patterns on '*FDG PET.
Research Questions and Hypotheses
1. Is perceptual performance on illusory figures different between healthy controls, non-

hallucinating PD patients, and PD hallucinators?
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Hypothesis. Performance on illusory figures relies on visuospatial and visuoperceptual
functions that can be variably affected by the underlying neurodegenerative process of PD; in
the same clinical population, some of these perceptual functions are involved in the
pathophysiology of hallucinations. We hypothesized that performance on experimentally

induced illusions will be significantly different across the three groups.
2. Which profile of vulnerability to illusory figures is expected in PD patients?

Hypothesis. Variable effects of the disease on perceptual performance of these patients can be
expected, depending on the relation between the prevalent perceptual deficit and the perceptual
biases driving illusions. Specifically, an increased vulnerability to illusions was expected when
the impaired function normally counteracts the perceptual bias driving the illusion. Conversely,
a decreased vulnerability to illusions was expected when the impaired function is normally

required to generate the perceptual bias driving the illusion.

3. What are the neural substrates underlying potential differences in perceptual

performances between PD patients with and without hallucinations?

Hypothesis. We hypothesized that abnormal perceptual performances on illusory figures of PD
patients with complex hallucinations was accompanied by the involvement of cortical areas
concerned with high order perceptual functions, including visual attention, perceptual decision,

and reality monitoring.

Methods

Study Design

This was an observational, cross-sectional, controlled, exploratory study conducted on three
groups of age-matched individuals: PD patients with history of complex hallucinations
(PD_Hal), PD patients with no history of hallucinations (PD_NonHal), and healthy controls
(HC). Eligibility criteria for study participation are summarized in Table 1. Main inclusion
criteria were a Montreal Cognitive Assessment (MoCA) corrected score >24 and, for PD
patients, a clinically established diagnosis of PD according to the United Kingdom Parkinson’s
Disease Society (UKPDS) Brain Bank criteria®*®??°. Main exclusion criteria were a history of
clinically significant ocular pathology or ophthalmic disease, and impaired visual acuity as

indicated by a Snellen chart acuity test <20/20, despite potential correction. Specific exclusion
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criteria for PD patients included recent changes in dopaminergic medications, unpredictable

motor fluctuations, psychosis, delirium, or any contraindication to undergo BFDG PET study.

Patients were prescreened telephonically to determine their potential eligibility. On Visit 1,
eligibility criteria were reviewed, and PD patients were categorized as PD_Hal and
PD NonHal based on the score of their University of Miami Parkinson’s disease
Hallucinations Questionnaire (UM-PDHQ). The UM-PDHQ is 20-item clinician-administered
questionnaire consisting of two groups of questions: a quantitative group of 6 questions
assessing modality, frequency, duration, insight and emotional burden, and a qualitative group
consisting of 14 questions assessing clinical phenomenology as well as the potential association
with dopaminergic medications and concomitant ocular abnormalities?'?. For the present study,
a non-validated Italian translation of the UMPDHQ was developed by the Author (see in
Supplemental Materials). Patients scoring >1 were categorized as PD_Hal, whereas patients
scoring 0 were categorized as PD_NonHal. UM-PDHQ was chosen to determine patients’
hallucinatory status in light of its relatively higher sensitivity, accuracy in describing disease-

specific hallucinatory percepts, and nominal time requirements for its administration.

Upon successful verification of eligibility, participants were scheduled with Visit 2, during
which the remaining experimental procedures of the study took place. In PD patients
experiencing motor fluctuations, all assessments performed during Visit 2 were conducted in
the ON therapeutic state in order to minimize fatigue and potential physical discomfort. Study
personnel involved in the assessments of Visit 2 was kept blind to the specific PD group

allocation.

Study Setting and Participants

The study was carried out between February and September 2022 at the Neurology Clinic of
Cattinara Teaching Hospital in Trieste, in collaboration with the Department of Life Sciences
of the University of Trieste, Italy. Thirty-three subjects were consecutively screened, and 31 of
them were deemed eligible to participate in the study. Ten healthy subjects and 21 PD patients
with and without history of hallucinations were enrolled in the study. Informed consent for data
collection was undersigned by all participants, and the study was approved by the local
institution review board (Comitato Etico Unico Regionale FVG, CEUR). All experimental
activities were performed in accordance with relevant regulations and in compliance with the

Declaration of Helsinki.
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Illusory figures: Apparatus

Two sets of illusory figures were used in the present experiments: the Delboeuf illusion, and
the size shrinkage of amodal completion. The former was chosen to explore potential
differences in perceptual performance related to spatial scaling (size contrast), perceptual
grouping (assimilation), and attentional modulation (judgement order effect). The illusion of
size shrinkage induced by amodal completion was selected to explore potential differences in
perceptual performances related to perceptual filling and overlapping figures judgement. For
each illusion, a set of stimuli was created by keeping constant a part of the configuration, and
systematically manipulating one variable of the second part of the configuration. The
perceptual variable of interest was expressed in terms of degrees of visual angle. The visual
angle of an object is a measure of the size of its retinal representation depending on both the
relative distance between the object and the observer and the actual object’s size. For the
Delboeuf illusion, the diameter of the target enclosed by the larger inducer (on the right side)
was manipulated ranging from 0.95° to 2.29° of visual angle (with a variation of 0.09° for each
figure); the size of the inner disk on the left was constant (1.09°). For the size shrinkage of
amodal completion, the width of the non-occluded square (on the right side) was manipulated
ranging from 4.39° to 7.81° of visual angle (with a variation of 0.19° for each figure); the size
of the occluded square on the left was constant (5.72°). Stimuli were generated using a vector
graphics editor (Inkscape). The experiment was programmed through an open source software
package written in Python (PsychoPy). Illusory figures were administered with participants
sitting in front of a computer screen of 31.5 x 54 cm placed in front of them on a distance of
approximately 50 cm. A five-buttons response box was used to collect responses, using the

extreme left and right keys for responses.

Hlusory figures: Procedures

Participants were exposed to a set of illusory figures (one by one) and were asked to provide
their answer by pressing the corresponding key on the response box in front of them, using the
left hand for pressing the left key and right hand for the right key. When performing the task
related to the Delboeuf illusion, participants were asked to answer the following question: “can
you tell me which one of the two inner circles is larger? ”. Similarly, when performing the task

relevant to the amodal completion illusion, participants were asked to answer the following
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question: “‘can you tell me which one of the two squares is larger? . In both tasks, participants
were instructed to press the left key when the left target was perceived larger than the right one,
and the right key when the right target was perceived larger. A familiarization session was run
before starting the experiment, for each perceptual task. No specific time constraints were
given, but participants were prompted to undergo the tasks in a timely fashion and at best of
their capability. A staircase method was employed, with the initial stimulus always eliciting a
perceptually obvious judgement, either a maximally amplified illusion or its opposite
perceptual effect. The perceptual variable relevant to each illusion was then systematically
manipulated by showing figures that progressively reduced the effect until the participant’s
initial perceptual judgement was reversed and the reversal was confirmed in a subsequent trial.
At this point, a new set of stimuli was administered, this time starting from the opposite end of
the range of the stimuli. The same procedure was repeated four times for each illusion, with
the starting condition being randomized across trials. For each set of stimuli, the average value
of the two figures before and after the reversal was calculated. This value represents the
subject’s point of subjective equality (PSE), i.e. the value of comparison stimulus equally likely
to be judged higher or lower than that of the standard stimulus. An average PSE close to the
point of physical equality was taken as evidence for an accurate perceptual performance.
Conversely, the greater the difference between PSE and point of physical equality, the more
vulnerable participants were deemed towards the relevant illusory effect. The overall time for

the administration of both illusory figures was approximately 10 minutes.

Clinical Assessments

Clinical assessments were performed by neurologists with expertise on Movement Disorders.
Patient’s pharmacological profile was characterized in terms of levodopa equivalent dose
(LEDD) and dopamine-agonist equivalent dose (DA-LED) as in Tomlinson et al.?*° Disease
burden and clinical severity were assessed by means of MDS-UPDRS, in its four sections
exploring mentation, behavior and mood, activities of daily living (ADL), motor severity, and
complications of therapy, respectively?*!. Sections I to III of this rating tool are scored on a 0-
4 rating scale. Section IV is scored with yes and no ratings. Higher scores indicate increased
severity. A specific sub-score was derived for each patient by pooling together scores on item
1 and 9-13 of MDS-UPDRS Part III in order to explore potential differences in terms of axial
impairment between PD_NonHal and PD_Hal. The MDS-UPDRS also includes the Hoehn and
Yahr (H&Y) staging, describing the progression of the disease through various grades of
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functional disability, from I (unilateral disease) to V (patient is wheelchair bound or bedridden
unless aided). The 39 item PD questionnaire (PDQ-39) was administered to assess patient’s
perceived quality of life??°. PDQ-39 is the most widely used disease specific patient completed
rating scale in PD, and it comprises 39 questions from 8 dimensions, including mobility, ADL,
emotional well-being, stigma, social support, cognition, communication, and bodily
discomfort. Questions explore patient’s perceived functional impact on each dimension, and
answers are scored between 0 (never) to 4 (always or cannot do at all). The total score is

calculated after adding the individual scores. A higher score indicates poorer quality of life.

Study of brain metabolism with F-18 fluoro-deoxy-glucose positron emission tomography

Regional cerebral metabolic rate of glucose utilization was measured using '*FDG PET in PD
patients exclusively. All patients fasted for more than 6 hours before the scan and were injected
with a mean '*FDG dose of 200 MBgq intravenously 40 minutes prior to scanning. To minimize
the effects of external stimuli during the 40 minutes '*FDG-uptake period, subjects were
confined in a quiet room. Scans were obtained with patients under resting conditions, wearing
eye masks. PET images were obtained using a PET/TC Discovery MI DR scanner (G.E.
Healthcare) for 8 minutes. Image reconstruction was performed using an ordered subset
expectation maximization and 32 subsets and a 5-iteration reconstruction algorithm and
displayed in a 128X128 matrix (pixel size 2.35 mm). Multiple automated approaches for
alignment to the database were employed, including linear affine registration to account for
global position and scaling differences as well as a deformable registration algorithm to allow
for localized adjustments. On each of the spatialty and globally normalized images of patients,
Z-scores were obtained through a dedicated post-processing software (Cortex Suite, G.E.) for
each of the following region of interest (Rol), bilaterally: lateral prefrontal cortex (LPFC),
medial prefrontal cortex (MPFC), superior parietal cortex (SPC), inferior parietal cortex (IPC),
lateral temporal cortex (LTC), mesial temporal cortex (MTC), lateral occipital cortex (LOC),
precuneus, and primary visual cortex (PVC) as in Tzourio-Mazoyer et al.?3? Negative Z scores
indicated relative hypometabolism and positive Z scores indicated relative hypermetabolism.
Semiquantitative assessments were obtained through and reviewed by expert nuclear medicine

physicians.
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Statistics

Participants’ PSE was calculated from each sequence of illusory figures by averaging the value
of the stimulus before and after the inversion, considering the dimension being manipulated
(i.e., the degree of visual angle). A set of one-way ANOVAs were conducted for the individual
sets of each illusory figure; the dependent variable was the PSE of each individual series.
Tuckey's correction (Honestly Significant Difference) was applied in post-hoc tests. The
threshold value for significance was set at P<0.05. Clinical variables across the two PD groups
were compared with two-tailed t-test for unequal variance. Statistical significance threshold
was set at a= 0.05. For comparisons that did not meet the criteria for using parametric tests, the
corresponding non-parametric tests were utilized. Between group differences in brain
metabolic patterns on '*)FDG PET were analyzed by calculating the values of mean regional
abnormalities in relative regional cerebral glucose metabolic rate for each Rol. Statistical
analyses were performed by means of t testing for the two PD groups across each region, with

significance level set at P< 0.05.
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III. RESULTS

Demographic and Clinical Characteristics

Ten healthy subjects, 10 PD patients with UMPDHQ score of 0, and 11 PD patients with
UMPDHQ >1 were enrolled and assigned to the HC, PD_NonHal, and PD_Hal groups,
respectively. Demographic characteristics and clinical features of study population are
summarized in Table 2. Subjects in the three groups were comparable in terms of age, gender
distribution, and general cognition as assessed by MoCA. Comparatively longer education was
observed in HC and PD Hal as compared to PD_NonHal. Disease duration was comparable
between PD patients with and without hallucinations. General Motor impairment as assessed
by MDS-UPDRS part Il was comparable between PD patients with and without hallucinations,
but a trend towards a worse axial involvement was found in PD_Hal as compared to
PD NonHal (mean UPDRS Part I11 axial subscore: 5.63 £2.37 Vs 3.08 +£2.09; P=0.07; see also
Figure 3). Patients in the PD_Hal group showed significantly worse quality of life and
perceived functionality in various ADL compared to PD_NonHal, as indicated by total scores
in PDQ-39 (see also Figure 4), PDQ-39 mobility, PDQ39-ADL, PDQ-39 cognition, MDS-
UPDRS part I, and MDS-UPDRS part II. No significant differences in LEDD and DA-LEDD
emerged between the two PD groups.

All patients in the PD_Hal group reported full insight on their hallucinations; 5/11 of them
endorsed pure visual hallucinations, while in the remaining cases visual hallucinations occurred
in combination with other sensory modalities (acoustic, olfactory, or tactile). Most of
multisensory hallucinations involved visual and either auditive (3/11) or olfactory (2/11)
percepts. In the majority of patients, hallucinations occurred frequently, more than once a week
(4/11) or even more than once per day (2/11), while in the remaining cases they were less
frequent occurring less than once per week. In all cases, hallucinations had abrupt onset, and a
duration shorter than 10 seconds. Hallucinations were stereotyped and mostly perceived as
non-threatening or only slightly disturbing. No discernible association between dopaminergic
intake (ON and OFF phases) and onset of hallucinations was reported. 81% of hallucinating
patients (9/11) reported fully formed visual perceptions, with their content involving animated
anthropomorphic or zoomorphic subjects, such as relatives, strangers, pets, insects, or wild
animals. In 2/11 hallucinated patients, visual hallucinations were not formed, and. were
involving a sense of shadow or presence unfolding in the periphery of the visual field.

Hallucinations usually emerged during night-time or under dim light conditions (7/11). In most
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cases, hallucinations were suppressible by volitional control (8/11). In the majority of PD_Hal,

hallucinations were normal-sized, transparent and non-colored.

Differences in Perceptual Performances on Experimentally-induced illusions

Differences in perceptual performances on Delboeuf illusion and amodal completion illusions
between PD_NonHal, PD_Hal and HC are highlighted on Figure 5 and Figure 6, respectively.
On the size estimation task of the Delboeuf illusion, PD patients without hallucinations
performed significantly better than healthy controls (physical equality: 1.09°% mean PSE in
PD NonHal 1.30°% mean PSE in HC: 1.39° P<0.05). Non-hallucinating patients also
performed better than hallucinators, though not significantly so. Performance of hallucinating
patients was substantially similar to healthy controls (mean PSE in PD_Hal 1.36°). Perceptual
performance on amodal completion illusion was significantly worse in hallucinating PD
patients as compared to healthy controls (physical equality: 5.72° mean PSE in PD_Hal: 5.36°%
mean PSE in HC: 5.53°; P <0.05). Hallucinators also performed poorly when compared to non-
hallucinating PD patients, though not significantly so (mean PSE in PD_NonHal: 5.44°). Mean
reaction times (RT) did not significantly differ across participants’ groups for neither illusory
task (Delboeuf, mean RT: HCs 450+190 msec; PD_NonHal 370+210 msec; PD_Hal 460+350
msec; P> 0.4. Amodal Completion, mean RT: HCs 350+80 msec; PD_NonHal 930+830 msec;
PD_Hal 610+64 msec; P > 0.5).

BEDG PET Study

Mean Z-scores for each Rol are summarized in Table 3. Upon visual reads, both groups
showed similar hypometabolic patterns involving the following regions: SPC, LPC, LTC,
MTC, LOC and PVC, bilaterally. Different findings between the two groups emerged at the
level of left MPFC. Here, the degree of hypoactivation was lower in hallucinating PD patients
compared to non-hallucinating patients, as indicated by higher Z scores in the relevant Rol of
the formers (0.478+1.821 Vs -1.602+1.909; P=0.033 by independent t-test, see also exemplary

Figure 7). No other significant differences were noted across the two PD groups.
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Figure 3: mean UPDRS-III axial subscores; PD_NonHal: 3.08 +2.09 Vs PD_Hal: 5.63 £2.37;

#: P=0.07 by independent t-test.
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Figure 4: mean PDQ-39 total scores; PD_NonHal: 19.77+8.49 Vs PD_Hal: 36.72+14.17; *:
P=0.005 by independent t-test.
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Figure 5: Perceptual performance on Delboeuf illusory figure: mean PSE (vertical bars) Vs
point of physical equality (horizontal black bar) across the three groups. In this illusion, the
lower the visual angle degree, the better the performance, as this is closer to the point of

physical equality. **: P < 0.05 by one-way ANOVA.
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Figure 6: Perceptual performance on amodal completion illusory figure: mean PSE (vertical
bars) Vs point of physical equality (horizontal black bar) across the three groups. In this
illusion, the higher the visual angle degree, the better the performance, as this is closer to the

point of physical equality. *: P < 0.05 by one-way ANOVA.
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a. PD_NonHal (axial section; left: MRI-reconstructed)

b. PD_Hal (axial section; left: MRI-reconstructed)

Figure 7: Exemplary PET scans of a PD_NonHal (a. above) and a PD_Hal (b. below)

participant. The PD patient with hallucinations displays a lower degree of hypoactivation in
the frontal cortex as compared to the PD patients without history of hallucinations (see red

circles).
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IV.  DISCUSSION

“The Universe is written in mathematical language, and the letters are triangles, circles and
other geometrical figures, without which means it is humanly impossible to comprehend a

single word”.

Galileo Galilei (1564 — 1642)

The most striking finding of this study was that visuospatial deficits in PD appear to
differentially affect systematic perceptual biases driving illusions, thus resulting in variable
performances on computer-generated illusory figures. Compared to age-matched controls, non-
hallucinating PD patients exhibited a paradoxical resistance to the Delboeuf illusion, while a
greater vulnerability towards the illusory shrinkage illusion was observed in PD patients with

history of hallucinations.

Indeed, a significantly smaller gap between the mean PSA and the point of physical equality
was observed in non-hallucinating PD patients when attending the Delboeuf size estimation
task, thus indicating a more accurate perceptual performance in these patients than in healthy
controls. We interpreted this pattern as the result of differences in the effect of judgement order
between the two groups. Indeed, when undergoing the size estimation task, subjects were asked
to attend the inner circles prior to the inducers. In this setting, an additional attentional effort
is required for the overestimation of the inner circle through its assimilation with the inducer.
The assimilation of the target is facilitated when observers attend the inducer through relevant
attentional tasks such as the estimation of the area enclosed by the outer circle. PD patients are
known to consistently exhibit a pattern of impaired visual attention characterized by
exaggerated, rigid selective attention and impaired set shifting?**. Furthermore, visual
exploration strategies in PD patients heavily rely on local rather than global visual
exploration?>*. Conceivably, an impaired attentional modulation required to shift the visual
exploration from the local scale of the inner circle towards the global scale of the outer circle
might have resulted in an attenuation of the Delboeuf illusory effect due to assimilation.
Differences in perceptual performances between PD patients and healthy controls may also be
partially driven by psychobehavioral symptoms influencing task engagement and task
execution, such as impulsivity, mental fatigue, or apathy. While this possibility cannot be ruled-
out due to lack of formal neuropsychological assessments, analysis of mean reaction times did

not reveal any significant difference across the three groups of participants, indeed suggesting
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comparable levels of task engagement. Interestingly, the paradoxical resistance to the Delboeuf
illusions observed in PD_NonHal was no longer recognizable in PD hallucinators, whose
performance appeared substantially comparable with the one observed in healthy controls.
These findings suggest a potential disruptive effect of hallucinations on the paradoxical
resistance to the Delboeuf illusions observed in non-hallucinating PD patients. Whether an
abnormal top-down attentional modulation in PD hallucinators might be responsible for the

loss of such pattern, remains to be formally addressed with dedicated visuoperceptual tasks.

Substantially different findings emerged when analyzing performances on the amodal
completion illusion. Here, a greater vulnerability towards the illusory shrinkage was found in
hallucinating PD patients, as indicated by a significantly greater difference between their mean
PSE and the point of true equivalence compared to controls. Although differences between
PD Hal and PD NonHal did not meet statistical significance, a pattern of increased
vulnerability clearly emerged across the three groups whereby the perceptual performance was
poorer in non-hallucinating PD patients as compared to age-matched controls, and it further
deteriorated in PD hallucinators. As previously outlined, the ability to perform figure to
background segregation is key to accurate perceptual decisions regarding the size of
overlapping figures, as this function allows the observer to attend each element of the visual
scene separately. From a perceptual viewpoint, this process can be conceptualized as a
modulatory force counterbalancing the mechanisms of amodal completion leading to the
illusory shrinkage of the occluded element. Figure to background segregation relies on three
complementary processes: boundary detection (i.e., edge modulation), region filling (i.e.,
center modulation), and background suppression?*>2*, The first component detects feature
discontinuities between overlapping stimuli. The second component allows for the grouping of
regions with similar features. Finally, background suppression inhibits the perception of similar
features, thereby maximizing discontinuities between figures and backgrounds. Both region
filling and background suppression are strongly influenced by top-down attentional
modulation. Specifically, previous computational models and recent functional connectivity
studies suggested that iso-feature detection and iso-feature suppression heavily rely on
feedback loops projecting from higher cortical areas within the frontal and dorsolateral

237 Interestingly, PD patients were

prefrontal cortices towards the primary visual cortex
previously found to perform poorly on modified versions of Popperlreuter-Ghent’s overlapping
figure tests, where the disentanglement of overlapping objects requires both intact figure to

background segregation and the capability to explore each figure across various spatial
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configurations in order to perform an accurate matching'?’. Furthermore, a specific impairment
in the ability of PD patients to isolate discrete visual features when embedded into complex
sensory patterns was recently found in PD patients as indicated by poorer performances on
Navon test'®. We hypothesized that the increased vulnerability to amodal completion illusions
in PD patients might be related to the pathological involvement of cortical areas boosting
perceptual attention during figure to background segregation. As these high order areas are also
involved in the modulation of perceptual grouping, hallucinating PD patients may become
increasingly vulnerable to this particular illusory bias. A key role played by abnormalities
affecting top-down attentional modulation in the perceptual performance of PD patients with
complex hallucinations is further suggested by our '*FDG PET findings. Here, a pattern of
relative hypermetabolism in prefrontal cortical regions concerned with attentional modulation
of upcoming sensory information was observed, a finding overall in agreement with previous
literature'’®. From a phenomenological viewpoint, 82% of hallucinating PD patients reported
fully formed percepts with animate characters carrying emotional content (e.g. pets or wild
animals). In PD, complex hallucinations typically have a meaningful content, involving - for
example - deceased relatives or pets. The personal significance of hallucinatory contents in
these phenomena further suggests top-down influences from high-level cognitive areas

involved in emotional memory and affective functioning®*®.

Regarding clinical outcomes, PD patients with and without visual hallucinations were
comparable in terms of disease staging, disease duration, general cognition, and overall motor
impairment. These findings support the primary perceptual nature of the differences in
performance on illusory figures observed between the two groups. Given the nature of our
perceptual tasks, their inherently simple instructions, and the familiarization trials provided to
all participants, differences in education (HCs > PD_Hal > PD_NonHal) were not regarded as
a likely source for distortion. When compared to non-hallucinators, hallucinating PD patients
exhibited a trend towards a worse axial involvement. This finding is consistent with previous
literature suggesting a shared pathology affecting both perceptual functions and complex
visually guided behaviors such as locomotion and balance in this clinical population®’.
Systematic perceptual biases can lead to abnormalities affecting space navigation, postural
control and gait maintenance. Specifically, an impaired integration of perceptual information
may prevents PD patients from adapting their ongoing motor behavior to solve sudden

visuospatial problems®*’. Notably, in PD patients, episodes of FoG are usually observed during

changes in trajectory or while negotiating obstacles, as well as while walking through narrow
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and obstructed spaces. Early kinematic abnormalities preceding the onset of FoG can be
detected in freezers before passing through narrow doorways, thus suggesting a disrupted
online perceptual processing'?’. Several clinical-correlational and brain imaging studies report
an association between FoG and visuospatial impairments in patients with PD, further
suggesting a common visual-stream neuropathology®®. In addition, while LEDD and DA-
LEDD were not statistically different between the two groups of PD participants, the higher
exposure to dopamine agonists observed in PD_Hal raises the intriguing question as to whether
hallucinations reported by these patients were driven, at least partially, by their dopaminergic
treatment. The cross-sectional nature of the present study does not allow to speculate on the
nature of the association between dopaminergic treatment and visual hallucinations. While a
iatrogenic component appears certainly plausible, the mere exposure to dopaminergic
treatment per se is not regarded as a sufficient factor to trigger visual hallucinations, which
typically require a neuropathologically permissive substrate (as reviewed in previous sections).
Finally, PD patients with history of visual hallucinations perceived a worse functional
impairment in multiple domains of daily living as compared to patients without hallucinations,
despite an otherwise comparable degree of motor impairment. A worse axial involvement may
have contributed to this finding, as axial symptoms are well-known determinants of poor
quality of life and reduced functional independence. In addition, these findings suggest the
disabling nature of visual hallucinations, with a related disability potentially extending to
multiple functional domains. Cumulative disability related to visual hallucinations was
previously reported to significantly impact the quality of life of both patients with PD and
caregivers?'“?*!, In this clinical population, hallucinations are regarded as the strongest
predictor of earlier nursing home placement, independently from disease duration and disease

severity?'3,
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V. Conclusions and Future Directions

The present study addressed the following experimental questions: 1. Is the perceptual
performance on illusory figures different between healthy controls, PD non-hallucinating
patients, and PD hallucinators? 2. Which profile of vulnerability to illusions is observed in PD
patients with and without history of visual hallucinations? 3. What are the potential substrates

underlying potential differences in perceptual performance between participants?

Overall, our findings support the hypothesis that perceptual performance on illusory figures is
different across PD patients with and without hallucinations and healthy controls. Specifically,
a variable directionality of effects on perceptual performance is observed, depending on the
main perceptual deficit and its relation to the perceptual bias driving the relevant illusion.
Illusions relying on adequate attentional modulation and global visual perception are
paradoxically attenuated in PD patients without hallucinations, and such pattern is no longer
recognizable in hallucinating patients. Conversely, illusory effects potentially counteracted by
the ability to effectively operate figure to background segregation and recognition of
overlapping figures are enhanced in PD patients with hallucinations and, to a lower extent also
in PD patients without hallucinations. Furthermore, findings from our '*FDG PET study
suggest that perceptual differences between the two PD groups could be linked to abnormalities
affecting top-down perceptual functions. Indeed, the analysis of differences in regional cerebral
glucose metabolic rate revealed a lower degree of hypometabolism in frontal cortical regions
concerned with attentional modulation of upcoming sensory information occurring in
hallucinators compared to non-hallucinating PD patients. According to our experience,
computer-generated illusory figures can be administered to non-demented patients with mild
to moderate PD, with nominal time requirements and ease of recruitment. Computer-generated
illusory tasks are non-invasive, reproducible, and relatively inexpensive. Perceptual
performance on these tasks could be a suitable tool to systematically characterize the neural
underpinnings of hallucinations in these patients and complement available
neuropsychological and clinical scales for a prompt detection and characterization of these

phenomena.

We acknowledge some limitations in our study, mostly inherent to its exploratory nature. First,
the cross-sectional nature of this study prevents from drawing conclusions about the nature of
the potential association between clinical, behavioral, and brain imaging variables.

Correlational analyses on a larger sample size are warranted to address this specific aspect.
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In order to limit the length of the study procedures and minimize participants’ burden, a formal
neuropsychological evaluation, including domain-specific assessments of cognitive functions
such as attention, cognitive flexibility and visuospatial functions, was not conducted. This may
have limited the interpretability of our findings. Similarly, the potential influence of non-motor
symptoms of PD cannot be fully ruled-out due to the lack of specific clinical assessments.
Careful review of participants’ medical records coupled with a restrictive MoCA entry criterion
of 24 or higher (well above the cut-off identified in the Italian population) should have reduced
the risk for major distortions due to severe cognitive or psychiatric comorbid factors. However,
the potential contribution of psychobehavioral abnormalities frequently linked to PD (e.g.
apathy, impulsivity, fatigue etc.) will need to be specifically addressed in future studies.
Another potential limitation concerns the lack of a formal neuro-ophthalmological assessment,
which does not allow to exclude the potential contribution of peripheral and retinal
abnormalities. For the present study, we opted for a more feasible and yet less accurate
approach based on review of medical history and assessment of visual acuity. Future studies
should take this limitation into account, for example by incorporating ophthalmoscopic
examination and neurophysiological assessments of retinal function into the study procedures.
In addition, our illusory tasks implied the motor engagement of the subjects, who were required
to operate on a keyboard in order to provide their perceptual feedback. Although practice trials
were allowed for familiarization and assessments in fluctuating patients were performed during
the ON therapeutic state, it is still possible that the performance of PD patients might have been
influenced by some degree of hypokinesia.

In the present study, we focused on the two illusions of Delboeuf and amodal completion,
which were selected from a broader battery of illusory tasks administered as part of our
protocol. We chose these two particular illusions because we hypothesized that their underlying
neural mechanisms were more likely to be affected by the neurodegenerative process of PD. In
doing so, we may have introduced a selection bias. A broader analysis of behavioral data from
the whole battery of illusory tasks is warranted to expand the current findings of the study.
Finally, we did not control for potential errors due to multiplicity, which may restrict the
generalizability of our findings, particularly from the brain imaging component of the study.
Given the exploratory nature of this project, we opted to maximize chances for signal detection.
Further, properly designed and adequately sized studies are warranted to confirm our

preliminary findings.
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Supplemental Materials: Italian Translation of The University of Miami Parkinson’s disease

Hallucinations Questionnaire (UM-PDHQ).

vedono?)

QUESITO CARATTERISTICHE PUNTEGGIO
1. Le capita mai di avere delle 1. Visive
allucinazioni? 0 = nessuna allucinazione
2. Acustiche
(Ha mai notato qualcosa di strano nella 1 = un solo tipo di allucinazione
sua vista? Le é mai capitata qualche 3. Somatiche/ cutanee
esperienza visiva insolita? Le é mai 2 = combinazione di pill tipi
capitato di vedere, udire, sentire, odorare 4.  Gustative
0 gustare cose che non sono realmente C: non nell’ultimo mese, ma &
presenti o che comunque gli altri non 5. Olfattorie capitato in passato.

2. Quante volte le capita di
sperimentare allucinazioni?

0 = solo raramente

1 = occasionalmente (meno di una
volta alla settimana ma in modo
protratto)

2 = spesso (circa una volta alla
settimana)

3 = frequentemente (molte volte alla
settimana ma meno di una volta ogni
giomo)

4 = molto frequentemente (una o pill
volte ogni giorno)

3. Di solito quanto durano queste
esperienze?

0 = breve durata (<1 secondo)
1 = durata media (< 10 secondi)

2 = durata prolungata (>10 secondi)

4. Ritiene che cio che le capita di
vedere o sperimentare sia reale?

0 =non e'reale
1 = talvolta penso sia reale

2 = penso sempre sia reale

5. Quanti tipi di immagini o
sensazioni le capita di
sperimentare?

1 = sempre lo stesso tipo
2 = pochi tipi (due o tre)

3 = molti tipi (pii: di tre)

6. Quanto gravi, disturbanti o
stressanti le paiono queste
visioni 0 sensazioni?

0 = nessun effetto negativo o
addirittura piacevoli

1 = lievemente stressanti

2 =moderatamente stressanti
(infastidiscono e sono intrusive)

3 = gravemente stressanti (molto
disturbanti, possono richiedere
trattamento farmacologico).

Punteggio (min () / max 14)




SEGNI LA RISPOSTA P1U’ APPROPRIATA ED EVENTUALMENTE DESCRIVA

7.

Le ¢ mai stato diagnosticato un problema
agli occhi?

(es. problemi di vista, visione doppia, cataratta,
glaucoma, retinite, distacco di retina, retinopatia
diabetica o ipertensiva)

SI (descriva):

NO

8.  Che medicine assume? COMPILARE NELLA SCHEDA RACCOLTA DATI
9. Ha modificato medicine recentemente? SI (descriva):
NO
10. Il cambiamento delle medicine ¢ stato SI
dovuto alla comparsa o a cambiamenti nelle NO
sue allucinazioni? NON SAPREI
11. Le allucinazioni capitano durante fasi di SOPRATTUTTO IN ON
ON o di OFF?
SOPRATTUTTO IN OFF
SEMPRE, A PRESCINDERE DA ON E OFF
12. Di solito cosa le capita di vedere? LE ALLUCINAZIONI NON HANNO FORMA, NON
SAPREI DESCRIVERLE
VOLTIL:
a. interi
b. frammentati bl. familiari / b2 estranei
PERSONE INTERE:
a. familiari
b. estranee
ANIMALI
INSETTI/ RETTILI
OGGETTI
13. C’¢ qualcosa che pud fare cessare queste SI (descriva):
immagini/sensazioni?
NO
14. In che momento del giorno o con quali IN MOMENTI SPECIFICI DEL GIORNO
condizioni di luminosita si verificano di
solito? - Digiorno/in piena luce
- Di notte / nell’oscurita
- Al crepuscolo
SI VERIFICANO IN QUALSIASI MOMENTO
15. Le immagini che vede producono qualche SI
suono o rumore?
NO

N/A (assenza di allucinazioni visive)




16. Le immagini che vede si muovono? SI
NO
N/A (assenza di allucinazioni visive)
17. Le immagini che vede hanno dimensioni SI, sono piu’ piccole del normale
normali?
SI, sono piu’ grandi del normale
NO
N/A (assenza di allucinazioni visive)
18. Le immagini che vede sono evanescentt o EVANESCENTI
solide?
SOLIDE
N/A (assenza di allucinazioni visive)
SI
19. Le immagini che vede sono colorate?
NO (bianche e nere)
N/A (assenza di allucinazioni visive)
20. Le immagini che vede compaiono in modo | GRADUALE (compaiono e scompaiono lentamente)
graduale o improvviso?
IMPROVVISO (compaiono e scompaiono improvvisamente)
NON SAPREI
N/A (assenza di allucinazioni visive)

DISCLAIMER: This is an original, non-validated translation developed by Alberto Cucca M.D. for the
Department of Life Sciences of the University of Trieste for the sole scientific purposes of the present
study. For further information: alberto.cucca(@phd.units.it.

NOTA: Questa traduzione originale e non validata in Italiano ¢ stata sviluppata dal Dott. Alberto Cucca
per il Dipartimento di Scienze della Vita dell’Universita degli Studi di Trieste a scopi unicamente
sperimentali e limitatamente alla
alberto.cucca@phd.units.it.

sperimentazione in  oggetto. Per informazioni,




