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1. Introduction

1.1. Parkinson’s disease: a multisystem degeneration

Parkinson’s disease (PD) has traditionally been considered a motor disorder characterized by tremor,
rigidity, bradykinesia and postural instability. However, there is a growing interest in understanding the
widespread, multisystem nature of the neurodegeneration that accounts for “non-dopaminergic”
symptoms and its critical role in the quality of life of PD patients (Lang and Obeso. 2004). PD should no
longer be considered as a disorder characterized solely by parkinsonism but as a brain disease with
different manifestations such as cognitive and olfactory dysfunctions, dysautonomia, sleep fragmentation,
rapid eye movement behavior disorder, mood and anxiety disorders, and depression (Tolosa, et al. 2009).
The increasing support for the conception of PD as a multiple system neurodegenerative disorder has
emerged from research demonstrating the existence of considerable extranigral pathology (Del Tredici, et
al. 2002). The non-dopaminergic or non-motor clinical manifestations are probably caused by the
neuronal dysfunctions in many cortical, subcortical, brainstem, and peripheral autonomic sites (Ferrer.
2009, Lang and Obeso. 2004).

In summary, nowadays PD is considered a systemic disease of the nervous system with variegated clinical
symptoms that appear even earlier than motor manifestations. Table 1 presents a synthesis of non-motor

symptoms in PD.
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Table 1. Non-motor symptoms in Parkinson’s disease and their neuropathological substrates

Non-motor symptoms in PD

Cognitive dysfunction and dementia

Hallucinations, psychosis: mainly visual
hallucinations

Olfactory loss: Impairment in odor detection,
discrimination and identification

Mood disorders: depression, anxiety

Sleep disturbances: REM behavior disorder,

excessive daytime sleepiness, insomnia

Dysautonomia: Gastrointestinal disturbances,
urinary dysfunction, sexual dysfunction,

orthostatic hypotension.

Other non-motor symptoms: Pain, apathy,
fatigue, mid-life obesity, impaired color

discrimination, restless legs syndrome.

Presumed underlying brain structures
Subcortical: Basal nucleus of Meynert, locus
ceruleus
Limbic system: Amygdala, hippocampus.
Neocortex: associative frontal, temporal and
parietal

Amygdala, limbic cortex

Olfactory bulb, anterior olfactory nucleus,
amygdala, piriform and entorhinal cortex.
Locus ceruleus, raphe nuclei, amygdala
Nucleus subceruleus, pedunculopontine
nucleus, thalamus and hypothalamus.
Amygdala, dorsal nucleus of the vagus,
intermediolateral column of the spinal cord,
sympathetic ganglia, enteric and autonomic
plexuses

Unclear

This table is adapted from Tolosa, et al. 2009.
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1.2. Neuropathology of PD

A massive dopaminergic denervation and depletion occurs in PD even before the first motor symptoms
appear. The onset of clinical motor symptoms in PD occurs when 60-80% of striatal dopaminergic
terminals and 40-50% of cell bodies in the substantia nigra pars compacta have been lost leading to
reduced dopaminergic input to the striatum and both presynaptic and postsynaptic compensatory
mechanisms in the nigrostriatal dopaminergic system (Ferrer. 2009, Lang and Obeso. 2004). In addition
to the substantia nigra other nuclei are involved, such as the locus ceruleus, reticular nuclei of the
brainstem, and dorsal motor nucleus of the vagus, as well as the basal nucleus of Meynert, the amygdala
and hippocampus (Ferrer. 2009). A large proportion of the neurons in these areas have typical Lewy body
(LB) inclusions that contain ubiquitin and alpha-synuclein (Spillantini, et al. 1997), and similar protein
aggregations, which are known as Lewy neurites (LNs), are also seen in neuronal projections (Sandmann-
Keil, et al. 1999).

It has been shown that the intracellular changes that lead to protein aggregation and formation of LBs and
LNs may begin in the dorsal glossopharyngeal-vagus (IX/X) complex in the brainstem, the olfactory bulb
and olfactory tract, the locus ceruleus, the caudal raphe nucleus even before any changes occur in the
substantia nigra (Del Tredici, et al. 2002) and this theory fits well with the fact that non-motor symptoms
such as olfactory dysfunctions precede the development of parkinsonism. Braak et al., 2003, proposed a
six-stage system of brain pathology to indicate a predictable sequence of ascending LB pathology from
the medulla oblongata and olfactory bulb to the midbrain, diencephalic nuclei, and finally the neocortex
(Braak, et al. 2003). The stages described by Braak are as follows: The earliest lesions appear in the
olfactory bulb, anterior olfactory nucleus, and dorsal IX/X motor nucleus (stage 1) followed by lesions in
the lower raphe nuclei, the magnocellular portions of the reticular formation and the locus ceruleus (stage
2). In stage 3, the upward-moving process crosses the upper limit of the pontine tegmentum and enters the
basal portions of the midbrain and forebrain, affecting the substantia nigra pars compacta and the central
subnucleus of the amygdala, and from there extends into the basolateral nuclei. In stage 4, the transition

zone between the allocortex and neocortex is drawn into the disease process including the temporal
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mesocortex (transentorhinal region). In the final stages 5 and 6, the neurodegenerative process attains its
greatest topographic extent. With the temporal mesocortex as its starting point, the inclusion body
pathology gradually overruns the entire neocortex. Inclusion bodies appear first in the prefrontal and
high-order sensory association areas of the neocortex (stage 5), then in the premotor and first order
sensory association areas, and, finally, in some instances, even in the primary fields (stage 6).

Figure 1 shows the stages of PD-related pathology.
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Figure 1. Diagram showing the ascending pathological process in Parkinson’s disease. (Braak et al.,
2004).

Though Lewy bodies (LB) are the pathologic inclusions that have traditionally been associated with PD,
debate continues regarding their pathological significance (Lees, et al. 2009). Several theories regarding
the role of LBs in the pathogenesis of PD have been proposed: i) they may be the consequence of a failed
attempt to protect the damaged neuron from toxic protein species (Olanow, et al. 2004); ii) alternatively,
the excessive quantities of toxic alpha-synuclein oligomers inside the inclusion may overwhelm the
neuronal mechanisms responsible for aberrant protein clearance, disrupt the normal cell physiology, and
lead to cell death (Rochet, et al. 2000) iii) finally LBs may simply be markers of cell damage but

peripheral to the primary pathological process. Recent data demonstrate early involvement of the cerebral
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cortex in PD due to the convergence of multiple metabolic defects such as mitochondrial abnormalities,
oxidative stress, abnormal gene regulation and involvement of proteasomes and autophagosomes, and
suggest that Lewy pathology is a relative late event, geared to isolate unremoved damaged protein, with
little significance for cortical neurological deficits (Ferrer. 2009).

Braak’s LB classification correlates with neurological deficits in the majority of patients with early onset
and long duration of the disease (Braak, et al. 2005, Jellinger. 2004), but retrospective clinico-
pathological studies have shown that there is no relationship between the staging and the clinical severity
of PD, or, more specifically, cognitive impairment (Jellinger. 2008). In addition, some cases with a
reasonable level of alpha-synuclein pathology in both brainstem and cortical areas are manifestly non-
demented (Parkkinen, et al. 2005). It must be remembered that the degree of dementia is largely
dependent on AD pathology rather than LB distribution. For example, the Sydney Multicenter Study of
Parkinson’s disease followed an initial group of 149 de novo PD patients for 20 years and demonstrated
that the pathological evolution of those patients who presented the first PD symptoms before they were 65
years old (early onset) presented a caudorostral progression like the one described by Braak and
developed dementia after 10 years of disease evolution. However, patients who developed PD after the
age of 70 (late-onset) developed dementia within the first 10 years of disease evolution and did not follow
the stages proposed by Braak. Late onset PD patients presented LBs in the cerebral cortex from the
beginning and more AD-related pathology (Halliday, et al. 2008). The pathological substrate of dementia
in PD remains a matter of controversy. Some studies emphasize the importance of AD-type pathology in
the development of dementia in PD (Jellinger, et al. 2002), while others emphasize the involvement of
Lewy type pathology in the limbic and cortical regions (Mattila, et al. 2000). However, the common co-
occurrence of alpha-synuclein and AD-type pathology suggests that both may play an important role
(Masliah, et al. 2001) and the heterogeneous cognitive deficits in PD probably reflect different forms of

neuropathological involvement.
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1.3 Cognitive dysfunctions in PD

1.3.1 Early cognitive dysfunctions

Though cognitive dysfunctions have been somewhat neglected in the study of Parkinson’s disease,
nowadays it is recognized that they occur even at early stages of the disease (Aarsland, et al. 2009, Elgh,
et al. 2009, Foltynie, et al. 2004, Muslimovic, et al. 2005a). The first study to present the incidence of PD
and the cognitive problems in a newly diagnosed cohort of patients using a community-based
epidemiological approach was the one by Foltynie et al. in 2004, in which 36% of PD patients had
evidence of cognitive impairment. Patients were classified as having predominant frontostriatal
impairment if they performed poorly on the Tower of London task, predominant temporal lobe
impairment if they performed poorly on a pattern recognition memory task or a global pattern of
impairment if they performed poorly on tests in both domains. The different pattern of cognitive deficits
seen among these patients suggests that sub-groups of patients categorized according to cognitive ability
might be identifiable even in the early stages of disease, and that this may reflect regional differences in
the underlying neuropathological processes (Foltynie, et al. 2004). In 2005 Muslimovic et al. reported that
relative to controls, early PD patients performed significantly worse on most cognitive measures but the
differences were mainly explained by measures of immediate memory and executive function. In
addition, older age at disease onset was shown to be an important determinant of cognitive dysfunction in
PD (Muslimovic, et al. 2005b). A recent study reported a twofold increase in the proportion of cognitive
impairment in subjects with early, untreated PD compared to controls. The PD group was more impaired
on all neuropsychological tests than controls, covering attention, psychomotor speed, verbal memory, and
visuo-spatial and executive functions, but the largest effect size was found for verbal memory (Aarsland,
et al. 2009). Similarly, cognitive dysfunction was recently reported in untreated patients in early PD,
affecting attention, psychomotor function, episodic memory, executive function and category fluency

(Elgh, et al. 2009). For a summary see table 2.
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Table 2. Cross-sectional community based studies in early PD

Disease % of
Sample Age duration cognitive Type of cognitive dysfunction
(months)  impairment
Foltynie et al. 2004 Executive function and memory
0
UK CamPAIGN study 159 70.3 30 36%
Muslimovic et al. 2005 Executive function and memory
)
Nzt iy 115 66.2 18.8 24%
Aarsland et al. 2009 Attention, psychomotor speed, verbal
. memory, visuo-spatial and executive
Norwegian Park West 196 67.6 28 19% functions.
study
Elgh et al. 2009 Attention, psychomotor, episodic memory,
Unrea oot bamed) - A - A executive function and category fluency
study

Two of these cross-sectional studies led into longitudinal studies. In the UK Cambridgeshire Parkinson's
Incidence from GP to Neurologist (CamPAIGN) study, an assessment of 126 patients was performed after
a follow-up of 3.5 years. At follow-up, 57% presented cognitive impairment and 10% dementia. The
multiple regression analysis showed that the variables that predicted the appearance of dementia were:
age = or > 72, non- tremor dominant, pentagon copying score, semantic fluency < 20 (Williams-Gray, et
al. 2007). The Netherlands study also performed a follow-up after 3 years to examine the evolution and
predictors of cognitive decline in PD, reporting that 48% of the patients had developed cognitive
impairment and 9% developed dementia (Muslimovic, et al. 2009). Measures that decreased significantly
over time in newly diagnosed patients were psychomotor speed and attention and, to a lesser though still
significant extent, impairment was reported in tests of memory, visuo-spatial skills, and executive
functions. In contrast to the previous longitudinal studies, none of the baseline features predicted
cognitive change in newly diagnosed patients.

To understand the focus of the present thesis, it is important to note that cognitive dysfunction in early

stages of PD is much more extended and not only limited to executive dysfunction, as was previously
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believed. Initial studies reported that cognitive dysfunction in early PD only affected fronto-striatal
circuits, provoking a marked executive dysfunction (Owen, et al. 1992). Memory impairment in early PD
was thought to depend on a problem in retrieving the storage information and therefore also reflecting
fronto-striatal dysfunction (Cooper, et al. 1991). However, there is increasing evidence of medial
temporal lobe atrophy in PD that may be responsible for memory dysfunction in PD (Camicioli, et al.
2003, Junque, et al. 2005, Tam, et al. 2005).

In addition, other functions that have recently been reported to be altered in early PD are decision-making
and recognition of emotions. Studies using the Iowa gambling task (Bechara, et al. 1997) (for a
description of the task, see methods section) have shown impairment in decision-making in advanced PD
(Mimura, et al. 2006, Pagonabarraga, et al. 2007) but also in early PD (Kobayakawa, et al. 2008, Perretta,
et al. 2005). On the other hand, several studies have reported impairment of recognition of facial
expressions of emotions in PD. Though some authors failed to detect differences between patients and
controls (Adolphs, et al. 1998, Pell and Leonard. 2005), a general impairment in the recognition of all
emotions (Yip, et al. 2003) or specific impairment in some types of emotion have been described (Ariatti,
et al. 2008, Clark, et al. 2008, Kan, et al. 2002, Lawrence, et al. 2007, Sprengelmeyer, et al. 2003, Suzuki,
et al. 2006). Specifically, Sprengelmeyer et al. reported that de novo PD patients scored significantly
lower in recognizing sadness and fear in comparison with healthy controls (Sprengelmeyer, et al. 2003).
These results suggested that recognition of these emotions is impaired very early in the disease and is
independent of treatment.

To understand the differences in the studies assessing cognitive function in newly diagnosed patients we
must consider the heterogeneity in PD. There is a consensus that PD is a heterogeneous disease, and data-
driven approach studies have identified distinct subgroups of patients in early PD. For example, Lewis et
al., 2005, identified four main subgroups: patients with an earlier disease onset; a tremor dominant
subgroup; a non-tremor dominant subgroup with significant levels of cognitive impairment and mild
depression; and a subgroup with rapid disease progression but no cognitive impairment (Lewis, et al.

2005). Post et al., 2008, also reported heterogeneity in newly diagnosed PD, and proposed three distinct
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subgroups: a younger onset group; an intermediate older onset group with more anxiety and depressive
symptoms; and an oldest onset group with more motor impairment and higher rate of progression (Post, et
al. 2008). In addition, the confluence of factors such as depression, which is known to be frequent in PD,

must be taken into account (Stefanova, et al. 2006).

1.3.2 Mild cognitive impairment (MCI)

All the studies reported in the previous section (see table 2) highlight cognitive impairment in PD as a key
feature from the time of diagnosis onwards. The use of the MCI concept in PD has generated some
controversy. Methodological issues may influence the outcome of studies of MCI in PD, and thus may
contribute to the discordant results (Aarsland, et al. 2009). First, and most importantly: what is considered

as MCI in PD?

1.3.2.1 Definition of MCI

MCI as a clinical diagnostic entity was first defined to designate an early, but abnormal, state of cognitive
impairment which refers to a transitional zone between normal cognitive function and clinically probable
Alzheimer’s disease (AD) (Petersen. 2004).

The specific recommendations for the general MCI criteria include the following: (i) the person is neither
normal nor demented; (ii) there is evidence of cognitive deterioration, shown by either objectively
measured decline over time and/or subjective report of decline by self and/or informant in conjunction
with objective cognitive deficits; and (iii) activities of daily living are preserved and complex
instrumental functions are either intact or minimally impaired (Winblad, et al. 2004). In addition, different
subtypes of MCI have been defined: If memory is the only domain impaired, then the classification is
amnestic MCI-single domain; if other domains are impaired in addition to memory, the classification is
amnestic MCl-multiple domain; similarly, if memory is not impaired, non-amnestic MCI is the

classification, and again the determination is then made of either a single non-memory domain or multiple
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non-memory domains being impaired, yielding non-amnestic MCI-single domain or non-amnestic MCI-
multiple domain, respectively (Petersen. 2004).

As previously mentioned, though MCI was first defined in AD context, an increasing number of
researchers use these criteria for defining cognitive impairment in other disorders with neurodegenerative,
vascular, psychiatric or traumatic etiology. The definitions are essentially common with regard to their
aim and theoretical framework in that they (i) refer to non-demented persons with cognitive deficits
measurable in some form or another, and (ii) represent a clinical syndrome that can be used to classify
persons who do not fulfill a diagnosis of dementia, but who have a high risk of progressing to a dementia
disorder (Winblad, et al. 2004). However, as the literature on MCI has expanded, there has been some
confusion concerning the specific boundaries of the condition, and unfortunately, this is the case in

Parkinson’s disease.

1.3.2.2 Caveats and classification challenges

The definition and proportion of patients with MCI in PD depends heavily on the choice and number and
type of tests used to measure cognitive function and cutoffs used to define impairment (1, 1.5 or 2
standard deviations (SD) below the control group). The inclusion of a control group is crucial to adjust the
effect and should form part of all studies estimating the proportion of MCI in PD. Another problem with
the definition of MCI in PD is how to ensure that the functional decline is due to the cognitive impairment
and not to the motor symptoms of the disease, and finally, the effect of drugs and psychiatric features
(Aarsland, et al. 2009). Therefore, future research needs standardized criteria for diagnosis of MCI in PD,
which is currently being provided by the Movement Disorders task force, longitudinal studies and studies

of the validity of subtypes.

1.3.2.3 MCI in PD
Using the modified Petersen’s criteria for MCI in a cohort of 72 non-demented PD patients a total of 38

PD patients were diagnosed with MCI (amnestic, n= 6; single non-memory domain, n= 17; multiple
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domains, n= 15). Interestingly, 62% of the patients with PD and MCI developed dementia during a 4-year
period follow-up (Janvin, et al. 2005). In another study, 21% of the sample met criteria for MCI, the
frontal/executive dysfunction being the most frequently abnormal cognitive domain (33%) followed by
amnestic deficits (22%), multiple domain MCI without amnestic deficit (22%) and finally multiple
domain MCI with amnestic deficit (11%) (Caviness, et al. 2007). In a recent study of 196 non-demented
drug-naive patients, 37 patients with PD (18.9%) fulfilled the criteria for MCI. Twenty-three (62.2%) of
the PD patients with MCI had non-amnestic single domain MCI, one (2.7%) had non-amnestic MCI
multiple domain, 9 (24.3%) amnestic single domain MCI, and 4 (10.8%) had amnestic multiple domain
MCI (Aarsland, et al. 2009). It has been suggested that the transition from MCI to dementia in PD is
characterized by the addition of cortical type cognitive defects upon a progressive fronto-subcortical
impairment and efforts are being made to develop scales aimed at measuring cortical cognitive deficits,
such as the recently published Parkinson’s Disease—Cognitive Rating Scale (PD-CRS) (Pagonabarraga, et

al. 2008).

1.3.3 Dementia in PD

1.3.3.1 Definition

Dementia has been increasingly accepted as a common feature in patients with PD, especially in old age.
Dementia in PD is characterized by impairment in attention, memory, executive and visuo-spatial
functions. Behavioral symptoms such as affective changes, hallucinations, and apathy are frequent (Emre,
et al. 2007). As previously mentioned (see 1.2. Neuropathology of PD), previous work on the clinico-
pathological correlations in patients with PD and dementia can be broadly classified into those studies
suggesting a correlation of dementia, with brainstem pathology, those suggesting that limbic and cortical
LB-type degeneration is the main correlate, and those suggesting that co-incident Alzheimer type
pathology is the main correlate of dementia. However, specific criteria for the clinical diagnosis of

dementia associated with PD were lacking until 2007, when the Movement Disorder Society (MDS)
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recruited a Task Force to define the clinical diagnostic criteria for dementia in PD. Studies previous to
this used the criteria from the Diagnostic and Statistical Manual of Mental Disorders as a guide, along
with the administration of Folstein’s Mini-Mental State Examination (MMSE). A score of 23 or lower
(depending on the study) and DSM items were required to fulfill dementia criteria. Nowadays, the clinical
diagnostic criteria of dementia in PD depend on the consensus from the MDS. The diagnosis of dementia
is based on a two-level process depending upon the clinical scenario and the expertise of the evaluator
involved in the assessment: Level I is aimed primarily at the clinician with no particular expertise in
neuropsychological methods, but who requires a simple, pragmatic set of tests that are not excessively
time-consuming. Level II is used in concert with level I when there is the need to specify the pattern and

the severity of the dementia and when the diagnosis remains uncertain or equivocal (Dubois, et al. 2007).

Criteria for the diagnosis of dementia in PD (level I)

A diagnosis of PD based on the Queen’s Square Brain Bank criteria for PD
PD developed prior to the onset of dementia (> 1 year)
MMSE below 26
Cognitive deficits severe enough to impact daily living
Impairment in at least two of the following tests:
e  Months reversed or Seven backward
e  Lexical fluency or Clock drawing
e  MMSE pentagons
e 3-Word recall

SAREalb el e

Criteria for the diagnosis of dementia in PD (level II)

COGNITIVE DOMAIN NEUROPSYCHOLOGICAL TESTING
Global efficiency Mattis Dementia Rating Scale
Executive functions:
e  Working memory e Digit span, spatial spam, digit ordering.
e  Conceptualization ] Similarities, WCST.
e  Setactivation e  Verbal fluency
e Set shifting e Trail making test (TMT)
. Set maintenance . Stroop test
e Behavioral control e Prehension behavior
Memory RAVLT (free and cued recall test)
Instrumental functions:
. Language . Boston naming test
®  Visuo-constructive e  Copy of the clock
e  Visuo-spatial e  Benton line orientation test, Cube analysis (VOSP)
e Visuo-perceptive e  Benton face recognition test, Fragmented letters (VOSP)
Neuropsychiatric functions:
e  Apathy e Apathy scale
. Depression . MADRS, Hamilton, BDI, GDS-15
. Visual hallucinations . PPQ 6
e Psychosis e NPI

Tables are adapted from Dubois, et al. 2007
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1.3.3.2 Epidemiology

Large community-based studies have reported that the point prevalence of dementia in PD is close to 30%
and that the incidence rate is 4-6 times higher than in controls. In addition, as the disease progresses a
substantial proportion of patients will develop dementia. The cumulative prevalence is very high: at least
75% of the PD patients who survive for more than 10 years will develop dementia (for the latest review of
epidemiological studies, see Aarsland and Kurz, 2009).

Aarsland et al. performed a systematic review in 2005 including 13 cross-sectional studies with a total of
1767 patients of whom 554 were diagnosed with dementia, a prevalence of 31.3% (Aarsland, et al.
2005a). The results of studies published since that review corroborate these findings, reporting rates of
dementia in PD of between 22% and 48% (Athey, et al. 2005, de Lau, et al. 2005, Hobson and Meara.
2004). In newly diagnosed patients the prevalence of dementia has been reported to be between 8% and
16% (Reid, et al. 1996, Foltynie, et al. 2004). However, it should be noted that this studies were published
previous to the consensus criteria for diagnosis of dementia with Lewy Bodies (DLB) which advocates a
diagnosis of DLB if dementia onset is before or within 1 year after onset of PD (McKeith, et al. 2005).
Longitudinal studies make it possible to report the cumulative proportion of PD patients who develop
dementia over time, providing a more accurate estimate of the frequency of PD. The Sydney Multicentre
Study of Parkinson’s disease followed 136 newly diagnosed PD patients over more than 20 years: At
base-line, 17% were classified as having dementia; after 3 and 5 years, 26% and 28% were demented
(Reid, et al. 1996); after 15 years, 48% were demented; and at 20 years follow-up, dementia was present
in 83% of the survivors (Hely, et al. 2005, Hely, et al. 2008). Another longitudinal study is the Stavanger
study which examined the 8-year prevalence, characteristics and risk factors of dementia in patients with
PD (mean duration of the disease when entering the study was 9.2 years). At baseline, 28% had dementia.

After 8 years, the cumulative prevalence of dementia was found to be 78% (Aarsland, et al. 2003).
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1.3.3.3 Risk factors for dementia in PD

Dementia is associated with a higher health care burden (Spottke, et al. 2005), a higher frequency of
institutionalization (Parashos, et al. 2002) and reduced quality of life in patients and caregivers (Aarsland,
et al. 1999). Knowledge of the risk of dementia is therefore crucial for patients, caregivers, and health
care planners (Buter, et al. 2008).

The clinical predictors of dementia in PD have been reported to be: age (Aarsland, et al. 2001, Hughes, et
al. 2000, Mahieux, et al. 1998), the severity of motor symptoms (Aarsland, et al. 2001, Levy, et al. 2000),
rigid-akinetic PD subtype (Alves, et al. 2006, Levy, et al. 2000, Rajput, et al. 2009) rapid eye movement
(REM) sleep disorder (Gagnon, et al. 2009, Sinforiani, et al. 2008), visual hallucinations (Aarsland, et al.
2003, Galvin, et al. 2006) and cognitive dysfunction (Aarsland, et al. 2001, Janvin, et al. 2006) including
impaired verbal fluency (Jacobs, et al. 1995, Mahieux, et al. 1998), memory (Levy, et al. 2002) and
executive dysfunction (Janvin, et al. 2006, Levy, et al. 2002, Mahieux, et al. 1998).

In the following subsections I will discuss the role of visual hallucinations and cognitive dysfunctions in

the development of dementia in PD, which are of special relevance for the present thesis.

1.3.3.1.1 Visual hallucinations in PD

Psychosis in PD is frequently associated with death, nursing home placement, development and
progression of dementia, and persistence of psychosis and it is characterized mainly by the presence of
visual hallucinations (VH) (Factor, et al. 2003). The prevalence of VH in PD has been reported to be
between 6% and 60% (Cummings. 1991, Diederich, et al. 2005). A retrospective clinico-pathological
study reported a prevalence of 50% (Williams and Lees. 2005). Hallucinations, like other non-motor
features of PD, are not well recognized in routine clinical practice. A lack of uniform definition and
classification of symptoms, inclusion of different populations in the studies and different methodologies
may account for disparities in prevalence between studies (Papapetropoulos and Mash. 2005).

The most widely used classification distinguishes between simple and complex VH. Minor hallucinations

include presence and passage hallucinations and major or complex hallucinations usually consist in well-
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formed persons, animals or objects (Fenelon, et al. 2000). The visual hallucinations most often reported in
PD are complex (Barnes and David. 2001). The typical hallucination experience occurs while the person
is alert and with eyes open, generally in dim surroundings. Patients describe a blurry image that appears
suddenly without voluntary effort, filling an area of the visual field. The hallucination is present for a few
seconds, typically moves while present, and then suddenly vanishes (Barnes and David. 2001). Even
though some of the images appear real, seem to occur externally, and are not under voluntary control,
most patients know that they are hallucinating. Insight into the hallucinatory nature of the phenomenon is
normally maintained in all the patients without dementia and in more than half of those with dementia
(Fenelon, et al. 2000).

VH generally occur during the second half of the disease’s course (Williams and Lees. 2005) and have a
persistent and progressive nature (Goetz, et al. 2001). Hallucinations have been consistently associated
with combined levodopa/dopamine agonist therapy, suggesting that these drugs may play an important
role in the pathophysiology of hallucinations (Goetz, et al. 2001). However, VH are most likely of
multifactorial origin. Although higher doses of levodopa are known to be related clinically to
hallucinations in individual patients, several underlying characteristics of patients with Parkinson’s
disease (disease severity, dementia, depression, worse visual acuity) may be more important determinants
of which patients experience hallucinations (Barnes and David. 2001, Holroyd, et al. 2001, Holroyd and
Wooten. 2006).

Cross-sectional studies have reported that non-demented PD patients with VH present greater
neuropsychological impairment than those without VH in domains such as verbal (Grossi, et al. 2005,
Ramirez-Ruiz, et al. 2006, Sinforiani, et al. 2006) and visual memory (Barnes, et al. 2003, Ramirez-Ruiz,
et al. 2006), language comprehension (Ramirez-Ruiz, et al. 2006) and visuo-spatial (Sinforiani, et al.
2006) and visuo-perceptive functions (Barnes, et al. 2003, Ramirez-Ruiz, et al. 2006). Frontal dysfunction
has also been described in PD with VH, including deficits in verbal fluency (Barnes, et al. 2003, Grossi,
et al. 2005, Imamura, et al. 2008, Ramirez-Ruiz, et al. 2006), sustained attention (Meppelink, et al. 2008),

and inhibition (Barnes and Boubert. 2008, Imamura, et al. 2008). Moreover, longitudinal studies have
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shown that the presence of VH is a significant predictor of dementia in PD (Aarsland, et al. 2003, Galvin,
et al. 2006, Santangelo, et al. 2007) and is associated with a more rapid general cognitive decline assessed
by MMSE (Aarsland, et al. 2004, Sinforiani, et al. 2008). A longitudinal study reported that 45% of PD
patients with VH developed dementia after one year’s follow-up and showed a significant progressive
decline in visual memory and visuo-perceptive functions (Ramirez-Ruiz, et al. 2007).

However, the brain mechanisms underlying VH in PD are not fully understood. Structural and functional
abnormalities within the primary visual system and visual association areas, including ventral and dorsal
pathways, have been reported in PD with VH (Diederich, et al. 2009). Our group previously reported that
non-demented PD patients with VH showed areas of gray matter reduction in the parietal and temporal
associative regions in comparison with non-hallucinating PD patients (Ramirez-Ruiz, et al. 2007).
Functional imaging studies also reported perfusion abnormalities in occipital, temporal and parietal areas
(Boecker, et al. 2007, Matsui, et al. 2006, Oishi, et al. 2005, Okada, et al. 1999). In addition to the
dysfunction in posterior areas, frontal dysfunctions were also reported in fMRI studies in response to
simple (Stebbins, et al. 2004) and complex (Ramirez-Ruiz, et al. 2008) visual stimuli. The involvement of
the frontal lobe in VH has also been confirmed by PET studies showing a pattern of frontal
hypermetabolism in patients with PD and VH (Nagano-Saito, et al. 2004). The presence of VH has also
been associated with Lewy Body (LB) pathology in medial temporal areas. While VH are considered a
characteristic feature of PD and DLB, they are rarely reported in other parkinsonian disorders such as
Corticobasal Degeneration or Supranuclear Palsy (Williams and Lees. 2005). Neuropathological studies
showed the association between VH and the presence of high densities of LBs in medial temporal areas
(Harding, et al. 2002). The involvement of all these areas (visual associative, frontal and medial temporal

areas) is indicative of brain abnormalities in PD patients with VH prior to dementia.
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1.3.3.1.2 Early cognitive dysfunctions are predictive of dementia

Studying the cognitive deficits in early PD is clinically very relevant because these deficits affect goal
directed behavior and therefore have a great impact on the quality of life of the patients (Schrag, et al.
2000) and of the carers (Aarsland, et al. 1999). In addition, early cognitive deficits are predictive of
dementia (Jacobs, et al. 1995, Janvin, et al. 2005, Levy, et al. 2002, Mahieux, et al. 1998, Williams-Gray,
et al. 2007) and determining these early changes by neuropsychological evaluation may facilitate early
identification of patients at risk for dementia. For the moment, although we are far from being able to
modify the course of dementia in PD, at least with an early identification of patients at risk for dementia
we can suggest appropriate plans for treatment.

It has been reported that memory (Levy, et al. 2002), verbal fluency (Jacobs, et al. 1995, Mahieux, et al.
1998) and executive dysfunction (Janvin, et al. 2005, Mahieux, et al. 1998) are predictors of dementia in
PD. In 2003 Woods et al. reported that relative to a non-demented PD group, PD patients with dementia
demonstrated significantly poorer performance on digits backward (Wechsler Memory Scale-Revised),
word list learning and recognition (California Verbal Learning Test), and perseverative errors on the
Wisconsin Card Sorting Test (Woods and Troster. 2003). Each of these baseline neuropsychological
variables exhibited adequate diagnostic classification accuracy for predicting demented and non-
demented PD group membership at follow-up (Woods and Troster. 2003). In addition, in the work by
Janvin et al., 2005, twenty-five (42%) new cases of dementia were diagnosed after 4 years, and time to
complete the third card of the Stroop test was the only variable that was independently associated with
dementia (Janvin, et al. 2005). These results suggest that subtle frontal/executive dysfunction is evident
during the immediate dementia prodrome and may be of prognostic value in identifying PD patients at
risk for dementia.

However, posterior-based neuropsychological deficits are proving to be even more important predictors
of dementia than executive functions. In the follow-up study of the sample collected by Foltynie et al in
2004 (see 1.3.1 section); the most important clinical predictors of global cognitive decline following

correction for age were neuropsychological tasks with a more posterior cortical basis, including semantic
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fluency and ability to copy an intersecting pentagons figure at the baseline assessment. This work clarifies
the profile of cognitive dysfunction in early PD and demonstrates that the dementing process in the illness
is heralded by cognitive deficits with a posterior cortical basis, reflecting probable non-dopaminergic

cortical Lewy body pathology (Williams-Gray, et al. 2007).

1.4 Olfactory dysfunction in PD

One of the non-motor manifestations in PD which is receiving increasing attention from researchers and
clinicians and which is known to start in the premotor phase of the disease is the olfactory dysfunction.
Olfactory loss occurs in up to 90% of PD patients. Patients present marked deficits in odor detection
(Doty, et al. 1988, Mesholam, et al. 1998, Tissingh, et al. 2001), discrimination (Mesholam, et al. 1998,
Tissingh, et al. 2001) and identification (Doty, et al. 1988, Doty, et al. 1992, Hawkes, et al. 1997,
Mesholam, et al. 1998, Stern, et al. 1994, Tissingh, et al. 2001), and these deficits appear early in the
disease course (Doty, et al. 1992, Tissingh, et al. 2001). Olfactory dysfunction is independent of the
magnitude of motor impairment, cognitive status, medication, disease duration, and disease severity
(Doty, et al. 1988) and precedes classic motor symptoms in PD serving as a preclinical marker or
predictor of PD (Ponsen, et al. 2004). For example, an association between impaired olfaction and the
future development of PD was found in a population-based prospective study (Ross, et al. 2008). The
olfactory dysfunction has also been observed in some asymptomatic relatives of patients with either
familial or sporadic forms of PD (Berendse, et al. 2001, Ponsen, et al. 2004, Siderowf, et al. 2007). Other
studies have also found that hyposmia is frequently present in patients with REM sleep behavior disorder
(RBD), a sleep disorder that is also well established as a premotor symptom of PD (Postuma and
Montplaisir. 2006). All these studies strongly suggest that olfactory loss is an early feature of PD, which
develops before parkinsonian signs are detectable. Olfactory testing is easy to perform, and is therefore
likely to have a role as a biomarker in future strategies aimed at detecting subjects at risk for developing

PD or who are in the premotor phase of the disease (Tolosa, et al. 2009).
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Olfactory information is transmitted from peripheral olfactory structures (the olfactory epithelium) to
more central structures including the olfactory bulb which, through olfactory tracts and without thalamic
relay, connects with primary olfactory cortex which involves the piriform cortex, amygdala and
entorhinal cortex. The orbitofrontal cortex (OFC), the main neocortical target of the primary olfactory
cortex, is also involved in odor identification (Price, 2004). Deficits in odor detection may be the
consequence of peripheral defects in the olfactory pathway, whereas deficits in “higher order” olfactory
functions, such as odor discrimination and identification, may result from the involvement of more central
olfactory structures (Doty. 2009, Tissingh, et al. 2001).

Braak et al. suggested that the PD-related pathological process advances in a predictable sequence
beginning in the olfactory bulb (Braak, et al. 2003), and proposed that sporadic PD could be caused by a
neurotropic pathogen entering the brain via the nasal route with anterograde progression into the temporal
lobe which could also explain the impairment in olfaction described in the prodomal period (Hawkes, et
al. 2007). However, it was recently suggested that although the pathogens may enter the brain via the
olfactory nerve, which may cause the olfactory dysfunction in PD, evidence that they initiate or cause the
neurodegenerative disease is circumstantial (Doty. 2008). In addition, it has not yet been demonstrated
that hyposmia unequivocally precedes neuronal loss in the substantia nigra, as would be expected on the
basis of Braak staging.

So far, neuroimaging studies have not found a consistent relation between olfactory deficits and cerebral
changes in PD. One SPECT study reported no correlation between dopamine uptake and olfactory
measures, but found a correlation with disease severity (Lehrner, et al. 1995). However, another study
found a significant correlation between dopamine transporter uptake in the striatum, mostly the putamen,
and UPSIT scores in early PD patients (Siderowf, et al. 2005). Structural studies in healthy humans
related the olfactory function to the depth of the olfactory sulcus (Hummel, et al. 2003) but there were no
differences between PD patients and healthy controls in this measure (Kim, et al. 2007). Using voxel-wise
analysis of diffusion weighted imaging increased diffusivity in the olfactory tract of early PD patients was

reported and the authors suggested that this fact could explain hyposmia in PD (Scherfler, et al. 2006). A
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recent study using DTI reported a correlation between diffusion indices in the cerebellum and thresholds
of olfactory identification (Zhang, et al. 2009). Finally, olfactory dysfunction and related brain activity in
PD has also been studied using fMRI, which found a lack of activation in right hippocampus and
amygdala of PD patients (Westermann, et al. 2008). One of the main objectives of the present thesis
consists trying to identify the neuroanatomical correlates of the olfactory dysfunction in early stages of
the disease by means of DTI (paper IV). Therefore, this issue will be extensively discussed later on in the

discussion section.

1.5 Neuroimaging studies in PD

1.5.1. T1-weighted structural MRI studies

The methods most widely used to assess structural MRI changes in PD have been volumetric region-of-
interest (ROI) and voxel-based morphometry (VBM). The ROI method consists in measuring manually
delineated and anatomically defined regions within the brain based on an a priori hypothesis. ROI
approach takes into consideration the variability across subjects, but as it also depends on the subjective
criteria of the investigator, time-consuming inter- and intra-rater validations are mandatory. VBM is a
fully automated whole brain measurement technique which maps the statistical probability of differences
in regional tissue volume or density between groups (Ashburner and Friston. 2000). It provides a non-
biased measure of regions that may be neglected in hypothesis-based studies using ROI. However, the
normalization stage within the VBM analysis, which is required to ensure that the same brain regions can
be compared between subjects, transforms the shape of the brain image and may distort the abnormal
tissue and artificially inflate the atrophied areas (Mechelli et al., 2005). Other structural techniques which
have proved successful in detecting atrophy are surface-based and 3D-modeling analyses (Apostolova, et

al. 2006a, Scher, et al. 2007) but to date there are no published studies in PD.
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1.5.1.1 Structural MRI studies in PD patients with dementia

Manual ROI studies in PD patients have mainly focused on medial temporal lobe structures because these
areas are known to present atrophy in other dementias such as Alzheimer’s disease (AD) and dementia
with Lewy bodies (DLB), and because differences in the degree of atrophy between dementias may have
important implications for diagnosis (Barber, et al. 2000, Hashimoto, et al. 1998). In PD with dementia
atrophy of the hippocampus (Bouchard, et al. 2007, Camicioli, et al. 2003, Junque, et al. 2005, Laakso, et
al. 1996) and amygdala (Bouchard, et al. 2008, Junque, et al. 2005) have been reported; this atrophy
remains statistically significant after controlling for global cerebral volume. In addition, reduced
entorhinal cortex volume has been reported in PD patients with dementia compared to controls (Kenny, et
al. 2008). These studies show that, although medial temporal lobe atrophy is characteristic of AD
(Scheltens, et al. 1992), it may also underlie dementia in PD.

In a previous study using VBM our group observed that PD patients with dementia showed gray matter
loss in hippocampus, parahippocampus and anterior cingulate gyrus as well as the basal ganglia in
comparison with healthy controls (Summerfield, et al. 2005). Interestingly, the hippocampus (Apaydin, et
al. 2002, Churchyard and Lees. 1997) and cingulate gyrus (Kovari, et al. 2003, Mattila, et al. 2000) are
known to be major targets for Lewy body (LB) inclusions in PD. Another VBM study with a large
number of patients provided further evidence of medial temporal and basal ganglia atrophy, but also
reported greater widespread neocortical atrophy (Burton, et al. 2004). In that study, atrophy of the medial
temporal lobe structures was more pronounced in AD than in demented PD and there were no differences
between DLB and PD with dementia. However, another group reported that DLB patients showed greater
neocortical atrophy than PD patients with dementia in the temporal, parietal and occipital lobes (Beyer, et
al. 2007a).

The degree of atrophy in demented PD patients may vary depending on the time of the occurrence of
dementia in the course of the disease (i.c., early versus late). Early development of dementia has been

associated with more severe degeneration of cortical and sub-cortical structures in neuropathological
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(Ballard, et al. 2006) and neuroimaging studies (Beyer and Aarsland. 2008). Overall, neuroimaging
studies are in agreement with findings in post-mortem neuropathological studies in demented PD, which
report morphological changes in limbic (Churchyard and Lees. 1997), paralimbic (Kovari, et al. 2003)
and neocortical areas (Apaydin, et al. 2002, Mattila, et al. 2000) and have the advantage of assessing these
changes in vivo. The fact that changes in medial temporal lobe areas are common to dementia in PD and
to other neurodegenerative diseases such as AD and DLB raises the question of whether AD or cortical
Lewy body type changes underlie cognitive dysfunctions in PD (Jellinger. 2006); unfortunately, the

structural MRI neuroimaging techniques are still some way from resolving this matter.

1.5.1.2. Structural MRI studies in PD without dementia

The first study using a manual ROI approach to assess the hippocampus in non-demented PD patients
reported decreased hippocampal volume in PD patients without dementia compared to controls (Laakso,
et al. 1996). However, these results should be viewed with caution, because some patients may have met
criteria for mild cognitive impairment, although it was not detected. Another study looked for differences
in several structures including the hippocampus, parahippocampus, temporal lobe, frontal lobe and
parieto-occipital areas, and found that only corrected hippocampal volumes differed in non-demented PD
patients and controls (p = 0.004), even though the effect size for non-demented PD patients was only
0.66, compared with effect sizes of 1.22 and 1.81 for demented PD and AD groups respectively
(Camicioli, et al. 2003). It has also been reported that non-demented PD patients presented volume
reductions of 11% in the amygdala and 10% in the hippocampus compared with controls; volumes of
both structures in non-demented PD patients had values between those of demented patients and controls,
although the differences did not reach statistical significance (Junque, et al. 2005). In addition, significant
age-associated hippocampal atrophy in PD was found in one study in which hippocampal volumes in old
(> 70) non-demented patients differed from controls, but not in younger cases (Bouchard, et al. 2008).
Studies using visual evaluation of atrophy in PD, in which scores of zero represented absence and scores

of four high severity (Scheltens, et al. 1992), reported that early stage non-medicated PD patients had
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atrophy in the bilateral prefrontal cortex and hippocampus. The right hippocampus atrophy score was 1.15
in PD versus 0.45 in controls, and the left hippocampus score was 1.05 in PD versus 0.64 in controls
(Bruck, et al. 2004). Another study from the same group in a sample of non-demented PD patients but at a
more advanced stage of the disease and with impairment in several cognitive domains also reported
atrophy in the hippocampus and the prefrontal cortex compared with controls (Jokinen, et al. 2009). Rated
visually, more severe medial temporal atrophy has also been reported in PD subjects versus controls, but
less than in subjects with DLB and AD (Tam, et al. 2005).

Results of VBM studies in PD patients without dementia are heterogeneous but most findings suggest the
involvement of neocortical areas. In these patients atrophy has been reported in caudate nucleus
(Brenneis, et al. 2003), frontal areas and insula (Burton, et al. 2004), prefrontal cortex and
parahippocampus (Nagano-Saito, et al. 2005), hippocampus and anterior cingulate (Summerfield, et al.
2005), left intraparietal sulcus (Cordato, et al. 2006), superior temporal and frontal gyrus (Beyer, et al.
2007b, Ramirez-Ruiz, et al. 2007) and cerebellum (Camicioli, et al. 2009). A possible explanation for this
high variability may be the heterogeneous characteristics of PD patients who are often considered as one
uniform group, without differentiating between cognitively intact patients and those with

neuropsychological deficits or with hallucinations.

1.5.1.3 Structural MRI in PD with cognitive impairment and hallucinations

As described in previous sections cognitive impairment is common even in newly diagnosed PD patients,
occurring in 25-30% of cases (Muslimovic, et al. 2005), and patients with cognitive deficits have an
increased risk of developing dementia (Janvin, et al. 2005, Williams-Gray, et al. 2007). One study found
that PD patients with mild cognitive impairment (MCI) diagnosed according to the criteria proposed by
Petersen et al. 2001 had gray matter reductions in temporal and frontal areas compared with patients
without MCI (Beyer, et al. 2007b). Another imaging study that identified MCI subtypes before conversion
to various kinds of dementia found that the subtype most closely associated with conversion to dementia

in PD was characterized by third ventricular enlargement and similar, though less severe, atrophy of the
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medial temporal lobe compared with MCI patients who converted to AD. Corrected hippocampal
volumes in MCI patients converting to AD were 0.084 mm” (left) and 0.078 mm” (right) compared with
values of 0.109 mm® (left) and 0.099 mm’ (right) in MCI patients converting to PD (Meyer, et al.
2007)(Meyer et al., 2007). Unfortunately, MCI criteria for PD are not well defined, and modified criteria
used for AD (Petersen, et al. 2001)(Petersen et al., 2001) have mainly been used for diagnosis. New
criteria have recently been proposed for the diagnosis of dementia in PD (Dubois, et al. 2007), and similar

efforts are being made to create standardized criteria for MCI diagnosis in this condition.

Patients with visual hallucinations (VH) present greater neuropsychological impairment than those
without, and longitudinal studies have pointed out the presence of VH as a predictor of dementia in PD
(Aarsland, et al. 2003, Galvin, et al. 2006, Santangelo, et al. 2007). We found that non-demented PD
patients with VH had gray matter loss in occipito-parietal regions compared to patients without VH
(Ramirez-Ruiz, et al. 2007). These results suggest that pathological changes occurring in PD with VH are

more marked and severe than those occurring in non-hallucinating PD patients.

1.5.1.4 Neuroanatomical correlates of neuropsychological dysfunctions

Manual ROI studies also provide evidence that specific cognitive deficits are related to specific structural
changes in PD. Hippocampus volumes have been reported to correlate with memory scores (Bouchard, et
al. 2008, Camicioli, et al. 2003, Junque, et al. 2005) and overall cognitive performance scores (Camicioli,
et al. 2003, Junque, et al. 2005), but not with frontal functions (Riekkinen, et al. 1998). In addition,
amygdalar volumes have been reported to correlate with scores on these cognitive tests (Bouchard, et al.
2008, Junque, et al. 2005). The atrophy of medial temporal structures probably runs in parallel and may

underlie the memory dysfunctions associated with PD.
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VBM is also a useful tool for assessing the neuroanatomical correlates of neuropsychological
dysfunctions in PD. Correlations between semantic fluency and gray matter of temporal, frontal and
cerebellar areas have recently been reported (Pereira, et al. 2009a) suggesting that semantic fluency
impairment may reflect structural gray matter changes in regions involved in language. Correlations
between visuo-spatial performance and GM density have been found in the superior parietal lobules and
the superior occipital gyrus of PD patients. Poor performance on visuo-perceptual tests was also found to
be significantly associated with GM decreases in the fusiform, the parahippocampus, and the middle

occipital gyrus (Pereira, et al. 2009b).

1.5.1.5 Longitudinal structural MRI studies in PD

The progression of regional brain atrophy with VBM in PD has only been investigated in two studies
(Brenneis, et al. 2007, Ramirez-Ruiz, et al. 2005). The first study showed limbic and temporo-occipital
areas of gray matter reduction after a 25-month follow-up (Ramirez-Ruiz, et al. 2005), but the other study
found no areas of gray matter loss in PD patients after a follow-up period of 1.4 years (Brenneis, et al.
2007). The differences in these results may be explained by longer disease duration, increased age of
patients, more prolonged follow-up and use of uncorrected p values in the study in which atrophy was
documented. In agreement with the first study, an earlier report by Hu et al. found that the annual brain
volume loss was greater in PD patients than in controls and that these changes correlated with cognitive
decline (Hu, et al. 2001). However, other serial MRI studies using measures of global atrophy for
monitoring disease progression reported no differences in atrophy rates between controls and non-
demented PD patients (Burton, et al. 2005, Paviour, et al. 2006), but found significantly increased atrophy

in PD patients with dementia compared to non-demented PD patients and controls (Burton, et al. 2005).
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1.5.2. Diffusion studies in PD

DTI allows in vivo examination of the microstructural integrity of white matter (WM). DTI is sensitive to
water diffusion characteristics, such as the determination of directionality and the magnitude of water
diffusion. DTI information can be assessed using different parameters, such as fractional anisotropy (FA)
or mean diffusivity (MD). Apart from quantification of FA and MD, recent studies have shown that
directional diffusivities such as axial diffusivity (presumed to be the diffusivity along the axon) and radial
diffusivity (presumed to be the diffusivity perpendicular to the axon) are more specific to underlying
biological processes, such as myelin and axonal changes (Song, et al. 2002). In general, the relationship
between these diffusivities, FA and MD, is such that FA increases when radial diffusivity decreases
and/or axial diffusivity increases, while MD increases when axial diffusivity and/or radial diffusivity
increases, and vice versa (Qiu, et al. 2008). The present thesis (for more information see paper IV) will
mainly focus on the FA values which provide information on the degree of diffusion directionality of the
fibers and range from 0 (isotropic diffusion) to 1 (anisotropic diffusion), being sensitive to the presence
and integrity of WM fibers (Assaf and Pasternak. 2008). A decrease in FA value of white matter areas
may be a sensitive indicator of histological abnormality, even if the values are derived from normal-

appearing tissue by conventional MRI (Roosendaal, et al. 2009).

1.5.2.2 Diffusion-weighted imaging studies (DWI) in PD

Most MR imaging studies of the diffusion of water protons (DWI) in patients with PD to date used ROI
analysis and focused on subcortical gray nuclei, mainly in search of features useful for differential
diagnosis with other parkinsonisms (Kollensperger, et al. 2007, Nicoletti, et al. 2006, Paviour, et al. 2007,
Schocke, et al. 2004, Seppi, et al. 2003). In most of these studies, no significant differences were found in
apparent diffusion coefficient values in the subcortical GM between patients with PD and controls.
Similarly, in a recent study that used voxel-based analysis of the mean apparent diffusion coefficient, no
evidence of brain-tissue damage was found in patients with PD except an isolated increase in diffusivity

in the olfactory tracts (Scherfler, et al. 2006).
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1.5.2.3 Diffusion Tensor Imaging (DTI) studies in PD

Table 3 presents a summary of all the studies using DTI in PD. Reductions of FA values in the substantia
nigra and its projections have been reported in PD (Chan, et al. 2007, Yoshikawa, et al. 2004) even in de
novo PD patients (Vaillancourt, et al. 2009). Other areas that have shown decreased FA values in early
PD compared to controls are motor areas and the cingulum (Karagulle Kendi, et al. 2008). Recent studies
also reported decreased FA or increased MD, localized bilaterally in the cerebellar and orbitofrontal
cortex of PD patients (Zhang, et al. 2009); and in the genu of the corpus callosum and superior
longitudinal fasciculus (Gattellaro, et al. 2009). PD patients with cognitive deficits, specifically executive
dysfunctions, showed reduced FA in the right frontal and left parietal white matter (Matsui, et al. 2007b);
and in PD patients with dementia, reductions have been reported in bilateral posterior cingulated bundles
compared to PD without dementia(Matsui, et al. 2007a).

At present, the pathological interpretation of FA reduction in the brain with neurodegenerative disease is
not clear (Assaf and Pasternak. 2008). One possibility is that degeneration of the somata of neurons may
secondarily produce axonal loss in the underlying WM. Indeed, the administration of MPTP in a murine
model of PD demonstrated that measures derived from DTI were significantly correlated with the number
of SN dopaminergic neurons lost following intoxication (Boska, et al. 2007). Another possible
interpretation for FA changes is the presence of cerebrovascular disease. WM hyperintensities (WMH)
have been described in PD related to dementia (Beyer, et al. 2006) but not in early PD patients (Dalaker,
et al. 2009). Finally, it is also possible that FA changes reflect a demyelinating process as a consequence
of overexpression of synuclein proteins which has been previously associated with demyelinating changes
in PD (Galvin, et al. 1999). These and other possibilities will be addressed in depth in paper IV. Though it
is not clear whether reductions in FA can be attributed to physiological factors including edema,
demyelination, gliosis, and inflammation (Assaf and Pasternak. 2008), FA provides unique clues
concerning the structure and geometric organization of tissues (Le Bihan, et al. 2001) and may highlight
subtle anomalies in the organization of white matter tracks that are not visible with plain, anatomical MRI

(Assaf and Pasternak. 2008).

42



Study

First author and year

Parkinson’s disease sample
N and disease stage

DTI acquisition and analysis

Summary of main findings

N= 12 PD (7 early PD and 5

1.5 T, 6 directions

PD patients had decreased FA in the nigrostriatal projections

Yoshikawa et al., 2004 advanced PD); 7 PSP; 8 controls Extracting FA values from 15 regardless of the clinical stage of the disease. In advanced cases
manual ROIs subcortical WM FA reduction was also reported.
Nilsson et al., 2007 N=2 PD, 4 MSA and 3 PSP 3 T, 32 directions Qualitative comparisons between PD patients and controls did
(pilot study) Fibre tracking not reveal any differences in visualized tracts.
Chan et al.. 2007 N= 73 PD patients and 78 controls. 15T In PD the FA value of the substantia nigra was lower compared
” ROIs of basal ganglia and with controls. Inverse correlation between FA and clinical
substantia nigra severity.
Matsui et al., 20072 N= 21 PD (6 with and 15 without 1.5 T, 6 directions PD patients with executive dysfunction showed reduced FA

executive dysfunction)

FA values of 8 white matter
ROls.

values in the right frontal and left parietal white matter.

Matsui et al., 2007b

N=26 PD and 11 PD with
dementia

1.5 T, 6 directions
FA values of 8 white matter
ROIs.

PD patients with dementia showed reduced FA in bilateral
posterior cingulated bundles compared with PD.

N=27 PD novo (13 tremor
dominant type, 11 akinetic-rigid

1.5 T, 6 directions
Brain histograms from global

In de novo PD there is an increase of global FA values
(unexpected results)

Tessa et al., 2008 type and 3 mixed type) MD and FA maps

Gattellaro et al., 2009 N=10 PD and 10 controls 1.5 T, 12 directions In PD patients, FA was decreased in the genu of the corpus
ROIs in major fiber bundles. callosum and in the superior longitudinal fasciculus.

N= 25 PD patients and 25 controls 3 T, 12 directions Decreased FA in cerebellum bilaterally and right gyrus rectus.

Zhang et al., 2009 Voxel-based analysis of FA Increased MD in bilateral OFC and inferior temporal gyri.

and MD Correlation between FA in the cerebellum and olfactory
identification
Tir et al.. 2009 N= 19 PD patients, 14 MSA-P and 1.5 T, 32 directions No differences between PD, MSA-P and controls.
” 14 controls. Voxel-based analysis of FA MSA-P reduced FA versus controls in primary motor cortex

and MD and cerebellum.

Menke et al., 2009 N= 10 PD and 10 controls 3 T, 60 directions Slightly lower but not significant FA values in PD patients.

Vaillancourt et al., 2009

N= 14 early untreated PD and 14
controls

3 T, 27 directions
Rostral, middle and caudal ROI

FA of the substantia nigra, caudal more than rostral, was
reduced in PD patients.

Karagulle Kendi et al., 2009

N= 12 PD and 13 controls

3 T, 12 directions
Voxel-based analysis of FA
and MD

Decreased FA in PD in the frontal lobes (motor supplementary
area and cingulum). Diffusion abnormalities were not
associated with WM or GM changes
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1.5.3 Functional studies

1.5.3.1. PET studies and cognitive dysfunctions

PET studies have mainly been focused on basal ganglia uptake by using F-dopa PET, which was the
first neuroimaging technique validated for the assessment of presynaptic dopaminergic integrity. A
striatal annual PD disease progression ranging from 4.0% to 6.6% of the baseline regional '*F-dopa
uptake has been reported (Hilker, et al. 2005a). However, not only the striatal but also the
orbitofrontal and amygdalar presynaptic dopaminergics functions are altered in early PD (Ouchi, et al.
1999).

However, of particular interest to the present thesis are the studies using PET to assess cortical
activity in PD patients with cognitive dysfunctions. Usingl8F-fluorodeoxyglycose PET, decreased
prefrontal (BA9) and parietal (BA39) uptake has been reported in PD cases with mild cognitive
deficits in comparison with patients without cognitive deficits (Huang, et al. 2007, Huang, et al.
2008). In PD patients with MCI, there are extensive areas of hypometabolism in the posterior cortical
regions, including the temporo-parieto-occipital junction, medial parietal, and inferior temporal
cortices suggesting that posterior cortical dysfunction is the primary neuroimaging feature of PD
patients at risk for dementia (Hosokai, et al. 2009). Posterior blood flow reductions are also reported
in non-demented hallucinating patients (Matsui, et al. 2006, Oishi, et al. 2005, Oishi, et al. 2005,
Oishi, et al. 2005, Okada, et al. 1999). In PD with dementia extensive anterior and posterior
reductions have been reported (Wallin, et al. 2007). In addition, loss of cholinergic neurons in the
basal nucleus of Meynert has been observed in postmortem PD brains, and has been thought to
contribute to cognitive decline in PD (Whitehouse, et al. 1983). Brain cholinergic function can be
estimated by measuring acetylcholinesterase (AChE) activity in the brain with PET. A significant
reduction in cortical AChE activity in PD (Hilker, et al. 2005b, Shimada, et al. 2009) and a more
sizeable decrease in cortical AChE activity in PD with dementia (Hilker, et al. 2005b) and DLB than
in AD has been reported (Shimada, et al. 2009). PET findings are important for understanding the

correspondence between atrophic areas assessed by structural MRI or activations and deactivations
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found in PD patients using fMRI. In the future, the combination of MRI, fMRI and PET studies using
different tracers (FDG, MPPF, and FDDNP) may prove essential for a better understanding of

Parkinson’s disease.

1.5.3.2. Functional magnetic resonance (fMRI) studies

fMRI has several advantages over PET for brain mapping, including much greater temporal resolution
and slightly greater spatial resolution. In addition, fMRI allows cerebral activity to be evaluated
without the injection of radioactive tracers. fMRI is based on the blood-oxygen level dependent
(BOLD) signal. Briefly, the BOLD signal is the result of the following process. Deoxyhemoglobin is
paramagnetic, and therefore acts as an endogenous contrast agent that causes changes in the T2 signal.
When local cerebral blood flow (CBF) increases after an increase in local neuronal firing, there is a
mismatch between the increase in CBF and the increase in oxygen consumption. Paradoxically, the
CBF increase exceeds the increase in oxygen consumption, which results in a reduction in
deoxyhemoglobin concentration, and hence, in the BOLD signal. Therefore, by using pulse sequences
sensitive to the BOLD signal, one can map changes in neuronal activity. The available evidence
suggests that the local BOLD signal is a function of the synaptic inputs into a brain area and of local
neuron processing, including the activity of excitatory and inhibitory interneurons ((Logothetis. 2002,
Logothetis and Pfeuffer. 2004).

fMRI studies allow analysis of the activity associated with a particular task (motor, sensorial or
cognitive functions) and/or resting state brain. The results of the first study using fMRI to analyze
motor function in PD (Sabatini, et al. 2000) are in agreement with the findings using PET/SPECT. PD
patients show areas of deactivation in rostral motor supplementary area (MSA) but areas of increased
activation in premotor and parietal cortex and cerebellum in comparison with healthy controls while
performing a motor task. The greater resolution of fMRI makes it possible to differentiate between
caudal and rostral MSA (Sabatini, et al. 2000). When administering levodopa, the medial frontal
circuitry is recovered and there is no need to recruit frontal lateral and parietal cortices; consequently

the activation in these “compensating” areas disappears (Haslinger, et al. 2001).
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Olfactory dysfunction and related brain activity in PD have also been studied using fMRI (Takeda, et
al. 2009, Westermann, et al. 2008). Lack of activation was reported in the right hippocampus and
amygdala (Westermann, et al. 2008) and precentral gyrus (BA6/6) and middle temporal gyrus
(BA19/39) (Takeda, et al. 2009) in PD patients while perceiving an odorant stimulus.

Finally, cognitive related fMRI studies in PD have assessed brain activity related to working memory
(Lewis, et al. 2003, Mattay, et al. 2002), reward processing (Schott, et al. 2007), perceptual processing
of fearful stimuli (Tessitore, et al. 2002) and implicit memory (Moody, et al. 2004). Default network
deactivation failure in non-medicated PD while performing an executive task has also been reported

(van Eimeren, et al. 2009).

46



2. APPROACH AND
GENERAL OBJECTIVES
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2. OBJECTIVES AND HYPOTHESIS

2.1. Background

According neuropathological research limbic changes occur in Parkinson’s disease with and without
dementia (Aarsland, et al. 2005b, Apaydin, et al. 2002, Braak, et al. 2003, Braak, et al. 2004, Braak, et
al. 2005, Churchyard and Lees. 1997, Del Tredici, et al. 2002, Sandmann-Keil, et al. 1999,
Sandmann-Keil and Braak. 2005) and precede neocortical impairment (Braak, et al. 2003, Braak, et
al. 2004, Del Tredici, et al. 2002).

Structural MRI studies using both manual ROI and VBM techniques reported atrophy of limbic
structures including amygadala and hippocampus, in both demented and non-demented PD patients
(Bouchard, et al. 2008, Burton, et al. 2004, Camicioli, et al. 2003, Junque, et al. 2005, Laakso, et al.
1996, Summerfield, et al. 2005); and a progression of limbic atrophy over time (Ramirez-Ruiz, et al.
2005). In addition, atrophy of paralimbic areas (i.e. paracingulate gyrus) (Summerfield, et al. 2005)
and limbic association cortex (i.e orbitofrontal cortex) has also been reported in PD (Burton, et al.
2004, Feldmann, et al. 2008, Nagano-Saito, et al. 2005).

Functional studies have also reported limbic dysfunctions in Parkinson’s disease. PET studies
reported that orbitofrontal and amygdalar presynaptic dopaminergic functions are altered in early PD
(Ouchi, et al. 1999) and a significant decrease in the metabolism of the medial OFC in a follow-up
study of patients with early PD (Huang, et al. 2007). fMRI studies showed an abnormal amygdalar
response in PD while recognizing fearful faces (Tessitore, et al. 2002) and lack of activation in the
right hippocampus and amygdala while perceiving odorant stimuli inside the scanner (Westermann, et
al. 2008).

Neuropsychological studies pointed out that the functions that are known to depend on the integrity of
limbic system are impaired in Parkinson’s disease even in the early stages of the disease. Specifically,
it has been reported and impairment in verbal memory (Aarsland, et al. 2009, Elgh, et al. 2009,

Foltynie, et al. 2004, Muslimovic, et al. 2005, Troster. 2008), recognition of facial expressions of
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emotions (Ariatti, et al. 2008, Assogna, et al. 2008, Clark, et al. 2008, Kan, et al. 2002,
Sprengelmeyer, et al. 2003, Yip, et al. 2003), decision-making (Kobayakawa, et al. 2008, Mimura, et
al. 2006, Pagonabarraga, et al. 2007, Perretta, et al. 2005) and olfactory function (Doty, et al. 1988,
Doty, et al. 1992, Hawkes, et al. 1997, Mesholam, et al. 1998, Stern, et al. 1994, Tissingh, et al.
2001). However, the neuroanatomical and neurofunctional correlates of these dysfunctions are not
known or are poorly investigated. For memory functions, hippocampal and amygdalar volumes have
been reported to correlate with memory impairment (Bouchard, et al. 2008, Camicioli, et al. 2003,
Junque, et al. 2005). For decision making and recognition of emotions there are no studies of its
correlates; and for olfactory dysfunctions one study reported a correlations between this impairment

and a reduced fractional anisotropy in the cerebellum (Zhang, et al. 2009).

2.2. General objective

The general aim of this thesis is to investigate the neuroanatomical and neurofunctional correlates of
declarative memory, decision-making, recognition of emotions and olfactory dysfunctions in PD. We
hypothesized that all these dysfunctions are due to the limbic degenerative changes associated with
PD. We used structural MRI (T1-weighted MRI and DTI), functional MRI (fMRI) and
neuropsychological testing to assess declarative memory, emotional processing and decision-making,
and olfactory function.

Firstly, we focused on the hippocampal atrophy putatively related to declarative memory dysfunctions
and PD, and a possible neuroradiological marker for the evolution to dementia. This issue was
investigated in papers I and II. Secondly, we aimed to investigate structural correlates of deficits in
the recognition of emotions, decision-making and olfactory dysfunction reported early in the disease
course by means of VBM and DTI (paper III and IV). Finally in paper V the functional correlates of

recognition memory were assessed using fMRI.
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2.3 Specific objectives and hypotheses

Paper I and I1I

Background

There is controversy whether memory deficits in PD depend on the integrity of fronto-striatal circuitry
or the hippocampus. Memory impairment in PD is very relevant because it is seen even in the early
stages of the disease (Muslimovic et al., 2005), it progresses over time (Muslimovic et al., 2007), it is
more pronounced in patients with visual hallucinations (Grossi et al., 2005; Ramirez-Ruiz et al.,
2006), and it predicts evolution to dementia. Patients with dementia present higher densities of LBs
and LNs in the CA 2-3 region of the hippocampus, and the degree of cognitive impairment correlates
with the density of LNs in the CA2 hippocampus field (Churchyard et al., 1997). In addition, visual
hallucinations are clinical predictors of dementia in Parkinson’s disease and are also associated with

medial temporal lobe changes (Williams and Lees. 2005).

Objectives
Paper [ was a cross-sectional study with the following specific objectives:

1. To examine the differences in hippocampal atrophy in PD patients with dementia and in non-
demented patients with and without visual hallucinations in comparison with healthy controls
by means of VBM technique.

2. To investigate the reductions of individual cases to determine the frequency of hippocampal
atrophy.

3. To describe the patterns of hippocampal atrophy.

4. To assess the neuroanatomical correlates of verbal memory dysfunctions in PD.

Paper Il was a longitudinal study of the previous sample with the following specific objectives:
1. To study the course of memory deficits and evolution to dementia.

2. To establish the progression of hippocampal atrophy and other cerebral structures.
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Hypotheses
In the first study we expected that:
1. Since PD patients with VH are at a risk of developing dementia they may present

hippocampal atrophy similar to demented patients.

2. The frequency of hippocampal atrophy would be higher in PD patients with VH compared to

PD patients without VH.

3. The atrophy of the hippocampus would affect the hippocampal CA2 field.

4. Memory dysfunctions in PD depend on degeneration of the limbic system. Hippocampal

atrophy would be related to a poorer performance in memory.

In the longitudinal study we expected that:

5. PD patients with VH would develop dementia and marked memory deterioration.

6. The brain atrophy in PD patients with VH would progressively affect the hippocampus

showing a pattern of atrophy similar to demented patients.

7. In addition to the hippocampus, other brain regions including limbic, paralimbic and
neocortical areas, which are reported to be involved in dementia in PD, would show

progressive atrophy.
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Paper 111 and 1V

Background

Limbic dysfunction occurs early in the disease course. Previous studies have reported decision-
making (Kobayakawa, et al. 2008, Perretta, et al. 2005), facial recognition of emotions (Assogna, et
al. 2008, Sprengelmeyer, et al. 2003) and odor identification deficits (Doty, et al. 1992, Tissingh, et
al. 2001) in early PD patients. Lesion and functional studies have identified the amygdala and OFC as
key structures for decision-making and recognition of emotions functions. Olfactory information is
transmitted from peripheral olfactory structures to more central structures including the olfactory bulb
which, through the olfactory tracts, connects with the primary olfactory cortex comprising the
piriform cortex, the anterior cortical nucleus of the amygdala, and the rostral entorhinal cortex. The
OFC represents the main target of the primary olfactory cortex and is also involved in odor
identification. Neuronal loss and LBs are known to occur in bulb and central olfactory areas (Braak et

al., 2003; Silveira-Moriyama et al., 2008).

Objectives
1. In paper III we aimed to study the neuroanatomical correlates of dysfunctions in facial
emotion recognition and decision-making in early PD by means of VBM.
2. In paper IV we aimed to investigate the neuroanatomical correlates of olfactory dysfunction

by means of DTI.
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Hypotheses
In paper 111 we expected that:
1. Patients in the early stages of the disease would show atrophy in limbic and paralimbic areas,

and dysfunction in decision-making and recognition of emotions.

2. There would be a correlation between gray matter loss in OFC and amygdala and deficits in

recognition of emotions and decision-making.

In paper IV we expected that:
3. Patients in the early stages of the disease would show abnormal structural connectivity

between limbic and neocortical areas, and dysfunction in odor identification.

4. Olfactory dysfunction in early PD would be associated with reduced fractional anisotropy of
the connections between the primary (medial temporal areas) and secondary olfactory cortex

(orbitofrontal cortex).
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Paper V

Background
Cognitive functions are processed by means of highly distributed, interacting cortical networks.
Functional connectivity is determined by the coordinated functional activation of different brain

regions. In early stages of PD, cortical metabolic changes are known to occur.

Objectives
In the current experiment we aimed to:
1. Investigate alterations in the pattern of functional brain connectivity for episodic memory

retrieval by means of Independent Component Analysis in early PD.

Hypotheses
1. There will be synchronous activation and deactivation of different brain areas to adequately

perform the task.

2. PD patients will show overactivation of preserved brain areas as a way of compensating for

the dysfunction of malfunctioning areas in comparison with healthy controls.
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3. METHODS

55



3. Methods

The present thesis consists of five studies examining the neuroanatomical basis of non-motor
dysfunctions in patients with Parkinson’s disecase. We studied different samples and used different
neuropsychological and MRI acquisition procedures and neuroimaging analyses. All the studies were
approved by the institutional ethics committee, and written informed consent was obtained from the
patients (or their caregiver in the case of patients with overt cognitive impairment) and from healthy
controls after full explanation of the procedures involved in the study. A detailed description of the
methodological approaches, sample characteristics, clinical, neuropsychological and/or behavioural
tests and MRI methods can be found in each study. The main methodological aspects are summarized

here:

3.1. Study samples

The PD patients involved in the papers I and II were from a previously studied initial sample forming
part of a larger project carried out at the Neuropsychology Group (Department of Psychiatry and
Clinical Psychobiology, Faculty of Medicine) at the University of Barcelona, Spain

(http.://www.ub.edu/neuropsychology/html/portada.html) in collaboration with the Parkinson Disease

and Movement Disorders Unit at the Hospital Clinic. Indeed, this sample has been the basis for
several publications in scientific journals (Ramirez-Ruiz et al. 2006a, b, Ramirez-Ruiz et al., 2007). In
the first study, one hundred subjects participated divided into four groups: nine PD patients with
dementia, 16 non-demented patients with visual hallucinations (VH), 19 non-demented PD patients
without VH and 56 healthy controls (for more details see paper 1). The second study (paper II)
consisted in a follow-up of the previous sample. Twelve PD patients with VH, 14 PD patients without
VH and 12 controls participated in the follow-up assessment which was carried out after 29.91
months (S.D=5.74; range= 26-32).

For the third, fourth and fifth studies, twenty-four early PD patients and 24 healthy controls matched
for age, gender and years of education were recruited from the Parkinson’s Disease Movement

Disorders Unit, Neurology Service, Hospital Clinic, Barcelona. All patients fulfilled the UK PD
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Society Brain Bank (PDSBB) diagnostic criteria for PD (Daniel and Lees. 1993). Other inclusion
criteria for patients were: i) age 40-65 years; ii) Hoehn and Yahr stage < II; iii) disease duration <5
years; and iv) absence of motor fluctuations. Exclusion criteria for all subjects were: 1) the presence of
dementia, ii) the presence of other neurological or psychiatric disorders such as depression, iii) the

presence of visual hallucinations assessed by the Neuropsychiatric Inventory Questionnaire (NPI-Q).

Table 4. Brief summary of subjects included and techniques used in each of the papers.

Paper number

Characteristics of the study

Neuroimaging analysis

and type samples
Paper 1 9 PD patients with dementia VBM with SPM2
Prospective, 16 PD patients with VH (hippocampal ROI)
cross-sectional 19 PD patients without VH
56 healthy controls MR 15T
N =100
Paper I1 12 PD patients with VH VBM with SPM5
Prospective, 14 PD patients without VH
longitudinal 12 healthy controls MR 15T
N=38
Paper 111 24 early PD patients VBM with FSL
Prospective, 24 healthy controls matched for (OFC and amygdala ROI)
cross-sectional age, gender and years of
education. MR3T
N =48
Paper IV 24 early PD patients divided into TBSS with FSL
prospective, hyposmic and anosmic groups.
cross-sectional 24 healthy controls matched for MR3T
age, gender and years of
education.
N =48
Paper V 24 early PD patients MELODIC with FSL
Prospective, 24 healthy controls matched for
cross-sectional age, gender and years of MR3T

education.
N =48

Abbreviations: MR: magnetic resonance; VH

: visual hallucinations
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3.2. Clinical and neuropsychological assessment

3.2.1 Clinical assessment

In all the studies an extensive clinical and neurological assessment was carried out to determine the

characteristics of Parkinson’s disease. We recorded the following variables:

Demographical variables: Age, gender, years of education and handedness.

Illness severity: Hoehn and Yahr staging and motor subscale from the Unified Parkinson’s
Disease Rating Scale (UPDRS) were used. Duration of illness and predominance of the
disease were also recorded.

Mood assessment: We used the scores of Hamilton Depression Rating Scale (HDRS) (paper I
and II) and Beck Depression Inventory (BDI-II) (paper 111, IV and V).

Hallucinations: To evaluate the phenomenology of hallucinations we used a structured
interview designed at our hospital which comprised items covering modality (visual, auditory,
tactile and olfactory), content (animals, people, objects) and temporal aspects (time of the
day, frequency and duration). The severity of the VH was rated using the Spanish version of
the neuropsychiatric inventory (NPI) (subscale hallucinations).

Dementia: The diagnosis of dementia was initially based on an interview with the patient and
the caregiver using the Diagnostic and Statistical Manual of Mental Disorders, Revised,
Fourth Edition (DSM IV-TR) along with the administration of Folstein’s Mini-Mental State
Examination (MMSE score =< 23). After the publication of the diagnostic criteria for
Parkinson Disease Dementia by the Movement Disorder Society in 2007 we followed the
proposed algorithm (level I) which required: i) a diagnosis of PD, ii) the development of PD
prior to the onset of dementia, iii) MMSE below 26, iv) presence of cognitive deficits severe
enough to impact daily living, v) impairment in more than one cognitive domain including

attention, executive function, visuo-constructive ability and memory.
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3.2.2 Neuropsychological assessment

The following neuropsychological tests were administered in the present thesis:

The Vocabulary, Information and Similarities Subtest from the Wechsler Adult Intelligence
Scale-Third Edition (WAIS-III) for assessment of premorbid IQ and general cognitive ability.
Rey’s Auditory Verbal Learning Test (RAVLT) for verbal memory: learning, delayed recall
and recognition.

Warrington Recognition Memory for Faces for visual memory.

Visual Form Discrimination Test and Benton Facial Recognition Test for assessment of
visuoperceptive functions.

Phonetic (words starting by “p” in 1 minute) and semantic fluencies (animals in 1 minute).
Token Test for language comprehension.

Boston Naming Test for visuo-verbal language skills.

Iowa Gambling task for decision-making.

Ekman 60 Faces test to assess recognition of facial expressions of emotions.

Conners’ Continuous Performance Test II (CPT II), a test to measure sustained attention.

University of Pennsylvania Smell Identification Test (UPSIT) for odor identification.

3.3. MRI acquisition

Image acquisitions for all the studies were performed in the Centre de Diagnostic per la Imatge

(CDIC), Neuroradiology Section, Radiology Service, at the Hospital Clinic (Barcelona, Spain) in

accordance with the specific study protocol.

3.3.1 Tl-weighted structural images

In papers I and II, all scans were obtained from a 1.5 T GE Nvi/Cvi 8.4 machine (GE, Milwaukee,

WI, USA). The imaging protocol included an axial 3D IR Prep SPGR (Inversion Recovery Prepared

Spoiled Gradient-echo) sequence of the entire brain and the following parameters: TR (Repetition
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Time) = 17; TE (Echo Time) = 5; TI (Inversion Time) = 300; 1.5 mm thickness; FoV (Field of View)
= 24x24; 256x256; 1 NEX (Number of Excitations).

In papers III, IV and V images were acquired using a TIM TRIO 3T scanner (Siemens, Germany). A
set of high-resolution 3-dimensional T1-weighted images was acquired with a MPRAGE sequence in

sagittal orientation (TR/TE= 2300/2.98 ms; TI= 900ms; 256x256 matrix, 1mm isotropic voxel).

3.3.2 Diffusion Tensor Imaging (DTI)

For paper IV, DTI was obtained in a sagittal orientation in an anterior-posterior phase direction using
a single-shot EPI sequence (TR= 5533 and TE= 88) with diffusion encoding in 30 directions (b values
0 and 1000 s/mm?). The reconstructed voxel size was 1x1x1 mm’ and 44 slices were acquired. The
acquisition time for the DTI scan was 3 min and 10 s. Immediately after the DTI, a T2-weighted scan

was acquired in the same geometry.

3.3.3 fMRI

Data acquisition was also performed on the TIM TRIO 3T scanner (Siemens, Germany), using multi-
slice gradient-echo EPI sequence [repetition time (TR): 2000 ms; echo time (TE): 30 ms; 36 x 3 mm
axial slices] providing whole brain coverage. We used a 20-block design task with alternating
activation and contrast conditions (10 blocks each). The whole experiment had a duration of 400 s

(20s per block) obtaining a total of 200 volumes

Participants first viewed 35 items (duration 2 sec; intertribal interval (ITI), 1 sec) outside the scanner
with instructions to study the items for a later test. The stimuli were words in capital letters from the
Lexesp-Corco database (Sebastian Gallés et al. 2000) presented with VisuaStim Digital MRI
Compatible Hig Resolution Stereo 3D glasses (Resonance Technology, Inc.) and Presentation ®
version 10.1 (Neurobehavioral Systems) running in Windows XP. Once the subject was placed in the
scan, the task started with an activation block which consisted of the presentation of seven words, of

which three had been previously memorized outside the scan and four were not. Following this block,

60



participants were presented seven letters of which three were the letter “AAAAA” and the other four
were random concatenation of letters. Using their right hands, participants pressed a button on a
response box to indicate that the item was studied (target) or did not press it to indicate that it was not
previously studied (foil). In total, 70 items (35 studied targets and 35 non-studied foils) were

presented (for more details see paper V).

3.4. Neuroimaging techniques

3.4.1 Voxel-based morphometry

VBM is an automatic technique which briefly consists in the following: The MRI scans are segmented
into gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF) by a computer algorithm,
transformed into stereotaxic space, smoothed, and submitted to standard statistical methods (i.e., two-
sample t-test comparisons, paired t-test, ANOVA and multiple regression) to evaluate changes in
concentration and/or volume of GM and/or WM tissues.

In the first paper, VBM group comparisons and individual analyses of unmodulated GM images
(concentration or density) were carried out following a standard protocol described by Mechelli et al.
2005 using the SPM2 software (Statistical Parametric Mapping, Wellcome Department of Cognitive

Neurology, University College London, UK, http://www.fil.ion.ucl.ac.uk/spm) running in Matlab 6.5

(MathWorks, Natick, MA). In the second paper, group comparisons of modulated GM images
(volume) were obtained using SPMS5 software running in Matlab 7.0. Gray matter volumes were
analyzed in a factorial design (3x2) ANCOVA. Our main interest was the contrast between base-line
versus follow-up for each of the groups, specifically for the progression of volume loss in PD with
VH patients over time. All results were thresholded at a cluster and voxel level of p < 0.05 corrected
for multiple comparisons by False Discovery Rate (FDR).

In the third study, T1-weighted structural data were analyzed with FSL-VBM (FMRIB's Software

Library, http://www.fmrib.ox.ac.uk/fsl/). Differences in gray matter volume between patients and
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controls in the selected ROIs and correlations with neuropsychological scores were analyzed in a
voxelwise fashion using FSL’s randomise (which combines General Linear Model testing with
permutation inference statistics). A corrected cluster size significance level of p > 0.05 was used to

correct for multiple comparisons controlling for family-wise error (FWE).

3.4.2 TBSS

Voxelwise statistical analysis of the FA data was carried out using the TBSS (Tract-Based Spatial
Statistics) part of FSL. First, FA images were created by fitting a tensor model to the raw diffusion
data using FDT, and then brain-extracted using BET. All subjects' FA data were then aligned into a
common space using the nonlinear registration IRTK. Next, the mean FA image was created and
thinned to generate a mean FA skeleton which represents the centre of all tracts common to the group.
Each subject's aligned FA data was then projected onto this skeleton and the resulting data fed into
voxelwise cross-subject statistics. TBSS method improves the analysis by means of 1) carefully tuned
non-linear registration, 2) projection onto an alignment—invariant tract representation (the ‘mean FA

skeleton”)

3.4.3 MELODIC
The analysis was carried out using Tensorial Independent Component Analysis as implemented in
MELODIC (Multivariate Exploratory Linear Decomposition into Independent Components) Version

3.05, part of FSL (FMRIB's Software Library, http://www.fmrib.ox.ac.uk/fsl/). This results in a three-

way decomposition that represents the different signals and artefacts presented in the data in terms of
their temporal, spatial, and subject-dependent variations. This approach is able to extract plausible
activation maps, time courses, and session/subjects modes and provides a rich description of
additional processes of interest such as image artefacts or secondary activation patterns. The resulting
data decomposition gives simple and useful representations of multisubject FMRI data that can aid
interpretation of group FMRI studies beyond what can be achieved using model-based analysis

techniques.
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4. Results
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Abstract We studied regional
gray matter density in the hippo-
campus in Parkinson’s disease (PD)
patients. We obtained magnetic
resonance scans in 44 PD patients
(PD patients with dementia (PDD)
= 9, non-demented PD patients
with visual hallucinations
(PD+VH) = 16, and PD patients
without dementia and without vi-
sual hallucinations (PD-VH) = 19)
and 56 controls matched for age
and years of education. A region of
interest (ROI) of the hippocampus
following voxel-based morphome-
try (VBM) procedures was used to
perform group comparisons, sin-

gle-case individual analysis and
correlations with learning scores.
Group comparisons showed that
PDD patients and PD+VH patients
had significant hippocampal gray
matter loss compared to controls.
In PDD patients, hippocampal gray
matter loss involved the entire hip-
pocampus and in PD+VH this re-
duction was mainly confined to the
hippocampal head. 78 % of PDD
patients, 31 % of PD+VH patients
and 26 % of PD-VH patients had
hippocampal head gray matter loss
when compared to controls. These
results suggest that in PD the neu-
rodegenerative process in the hip-
pocampus starts in the head of this
structure and later spreads to the
tail and that, in addition, memory
impairment assessed by Rey’s Au-
ditory Verbal Learning Test
(RAVLT) correlates with hippo-
campal head gray matter loss.

Keywords Parkinson’s disease -
dementia - hallucinations - MRI -
hippocampus

Introduction

Parkinson’s disease (PD) is a neurodegenerative disor-
der frequently associated with the development of de-
mentia [20]. Brain pathology in PD is characterized by
cell loss and synuclein deposition in the form of Lewy
bodies (LB) and neurites (LN) in numerous brain re-

gions. Dementia is thought to occur when synuclein
pathology extends to the cortex, but Alzheimer-type
pathology probably contributes to the cognitive deterio-
ration in many instances [8]. The hippocampal changes
occur in patients with PD and are present in relatively
early stages of the disease [7] and seen in both demented
and non-demented patients, but in different degrees
[10]. Patients with dementia have higher densities of LBs



and LNs in the CA-2-3 region of the hippocampus than
patients without dementia. Moreover the degree of cog-
nitive impairment correlates with the density of LNs in
the CA2 hippocampus field [10].

Magnetic resonance imaging (MRI) studies in PD us-
ing the manual volumetric approach [9, 22] and VBM
technique [5, 30, 34] have reported reduction of the hip-
pocampus in demented as well as in non-demented PD
patients. In contrast with other neurodegenerative dis-
eases such as Alzheimer’s disease, the regional predomi-
nance of hippocampal atrophy has been poorly investi-
gated. Recently, Bouchard etal. [6] found that the
hippocampal head in PD differed from controls in aged
patients and that demented and non-demented PD also
differed in the hippocampal head but not in the body or
tail. Localizing in vivo the structural changes in the hip-
pocampal formation in patients with PD might reflect
the pathological basis of memory deficits. In this sense,
it has been reported that verbal recall was associated
with volume loss in the hippocampus head [6].

On the other hand, MRI hippocampal atrophy could
be a marker to predict the development of dementia.
Several studies have pointed the presence of visual hal-
lucinations as a clinical predictor of dementia[1,17].In
the study reported here, we considered a PD+VH group
as patients at risk of dementia and hypothesized that
this subgroup of patients could present hippocampal at-
rophy similar to demented patients.

We used the VBM technique and applied a ROI (re-
gion-of-interest) of the hippocampus in order to look
for specific changes in this structure. In addition to
group comparisons, we investigated the reductions of
individual cases to determine the frequency of hippo-
campal atrophy and their regional predominance in pa-
tients with PD and dementia and in non-demented pa-
tients with and without visual hallucinations.

Methods

Subjects

One hundred subjects between 55 and 84 years of age participated in
the study. This study is a part of a larger project investigating risk
factors for dementia in Parkinson’s disease carried out at the Parkin-
son’s Disease Movement Disorders Unit, Neurology Service, Hospital
Clinic in collaboration with the Department of Psychiatry and Psy-
chobiology, University of Barcelona. In this investigation we studied
four groups of individuals: 9 PDD, 16 PD+VH, 19 PD-VH, and 56
healthy controls matched to patients by age and years of education,
without known current or passed major psychiatric or neurological
disorders. All patients fulfilled the UK PD Society Brain Bank (PDSBB)
criteria for PD [11] and the diagnosis of dementia was made by the
neurologist based on an interview with the patient and the caregiver
using the Diagnostic and Statistical Manual of Mental Disorders, Re-
vised Fourth Edition (DSM IV-TR) [2] as a guide, along with the ad-
ministration of Folstein’s Mini-Mental State Examination (MMSE)
[14]. Subjects needed a MMSE score of 23 or lower and DSM-IV-TR
items to fulfill dementia criteria. Neurological assessment included
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the Unified Parkinson’s Disease Rating Scale, motor subscale (UP-
DRS, part I1T) [13] and Hoehn and Yahr Rating Scale [21]. Visual hal-
lucinations (VH) in our PD sample consisted of well-formed images
of people, faces or animals and they were assessed by a structured
interview developed in our hospital that comprised items covering
the type (visual, auditory, tactile and olfactory) and temporal aspects
of the hallucinations (time of the day, frequency and duration). De-
pression was evaluated by means of the Hamilton’s Depression Scale
[19]. Part of the present sample participated in other previous studies
[29-32].

The study was approved by the institutional ethics committee.
Written informed consent was obtained from the patients or their
caregiver in patients with overt cognitive impairment after having
fully explained the procedures involved in the study.

Neuropsychological assessment

Neuropsychological assessment consisted of MMSE to evaluate global
cognitive dysfunction and Rey’s Auditory Verbal Learning Test
(RAVLT) [25]. The RAVLT consists of 15 words read aloud for five
consecutive trials, each trial being followed by a free recall test. Learn-
ing is measured by the total number of words recalled over these five
acquisition trials. After a 20 minute delay period, each subject is again
required to recall the words in the list. Recognition is assessed by the
proportion of words correctly recognized from a list that contains
words from the original list and distracters. Learning, forgetting and
recognition were selected as memory variables to be correlated with
hippocampal atrophy.

Statistical analysis

Analyses were carried out by the Statistical Package for Social Sci-
ences V12.0 [SPSS Inc, Chicago (IL), USA]. For normally distributed
variables with homogeneity of variance, we performed one-way anal-
ysis of variance and post-hoc Tukey tests. For those variables that did
not meet the homogeneity of variances requirement, we used a non-
parametric Kruskal-Wallis test, which provides an j? statistic and we
also performed a post-hoc Mann-Whitney U test. Differences be-
tween groups were considered to be statistically significant at
p<0.05.

MRI acquisition and analysis

All scans were obtained from a 1.5 T GE Nvi/Cvi 8.4 machine (GE,
Milwaukee, WI, USA). The imaging protocol included an axial 3D IR
Prep SPGR (Inversion Recovery Prepared Spoiled Gradient-echo) se-
quence of the entire brain and the following parameters: TR (Repeti-
tion Time) = 17; TE (Echo Time) = 5; TI (Inversion Time) = 300; 1.5
mm thickness; FoV (Field of View) = 24 x 24; 256 x 256; 1 NEX (Num-
ber of Excitations).

VBM group analysis was carried out on SMP2 (Statistical Para-
metric Mapping, Wellcome Department of Cognitive Neurology, Uni-
versity College London, London, UK, http://www.fil.ion.uclac.uk.
spm) running in Matlab (Mathworks, Natick, MA, USA). We followed
astandard VBM procedure [27]. Briefly,after having reoriented all the
data, they were normalized to a standardized template [4]. The spa-
tially normalized images were then segmented into gray matter, white
matter and cerebrospinal fluid. We took segmented gray matter im-
ages and smoothed them with an isotropic Gaussian kernel of 6 mm
owing to the small size of the region of interest.

The hippocampus can be divided into three segments: (1) an an-
terior part, or head; (2) an intermediate part or body; and (3) a pos-
terior part or tail [12]. For head, body and tail differentiation of the
hippocampus we used visual inspection from VBM images. According
to Hackert etal. [17], the anterior 35% of coronal slices included the
head with the hippocampal digitations, while the intermediate 45 %
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represented the body of the hippocampus,and the remaining 20 % the
tail [22]. Taking into account both, boundaries described by Duver-
noy’s hippocampus atlas and percentages in Hackert, in our MRI
study we considered that slices ranging from -40 to -34 in the coronal
plane correspond to the tail, from -32 to 18 to the body,and from -16
to -4 to the head (see Fig.1). The threshold was set for the creation of
the figures was 0.05 corrected by False Discovery Rate (FDR).

The statistical significance of the hippocampal gray matter den-
sity was analyzed using two sample t-test group comparison. We per-
formed comparisons for all the groups. Differences in gray matter
density were assessed by applying FDR with a threshold of corrected
p <0.05. Both left and right ROIs (region of interest) of the hippocam-
pus were assessed using WFU-Pickatlas toolbox software for SPM
version [26]. Only clusters larger than ten contiguous voxels were
considered in the analysis. For the cluster level we also took a thresh-
old of p <0.05 corrected.

For the VBM individual analysis, each PD patient’s hippocampus
was compared with the mean of the entire control group, searching
for individual hippocampal gray matter density differences. We fol-
lowed the procedures described in Salmond etal. [33]. Finally, to in-

Fig.1 Hippocampal gray matter loss
in demented PD patients. Colored bars
indicate significant t values. Yellow
colors are more significant than the red
ones. Clusters of gray matter density
differences are observed in the head
and the tail

vestigate the correlation between gray matter loss in hippocampus
and memory,we performed SPM2 correlation analysis foreach group.
A corrected threshold of p < 0.05 was used for every analysis.

Results
Demographical and clinical results

Gender and disease evolution did not show significant
differences among groups. Differences in UPDRS III
score and Hoehn and Yahr stages achieved statistical sig-
nificance only between PDD and PD-VH. Depression
scores were also significantly higher in the PD+VH
group compared to those in PD-VH patients. Demo-
graphic and clinical characteristics of the sample are
shown in Table 1.




Neuropsychological results

Significant differences were found among all the groups
in global cognitive functions (MMSE) and in learning
and forgetting variables from the RAVLT test (Table2).
In contrast, the variable recognition from the RAVLT
test was only significant when comparing PDD and con-
trols.
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VBM results
Group analysis

Analyzing the three groups of patients together, we ob-
served hippocampal gray matter reductions compared
to controls. The most striking differences in hippocam-
pal gray matter densities were seen when comparing

Table1 Demographical and clinical characteristics

fth I Controls  PDD PD+VH PD-VH F/y’test p
or e sampie N=56  N=9 N=16 N=19
Age (yr) 73+6.7 69.8+9.5 735+51 725+58 0.69* 0.566
Gender (men/women)  28/28 5/4 5M 8/M1 220" 0.530
Education (yr) 79+46 8.6+6.1 76+39 78+33 0.11* 0.957
Disease evolution (yr) = 13.1£54 129+59 10.9+4.2 0.84* 0.438
Hamilton depression = 43+44 74+44 36+28 12.36** 0.006
Hoehn & Yahr - 38+1.0 32+11 25407 7.13* 0.002°
UPDRS Il = 428+174 297+128 247+143 4.83* 0.013%
* Ftest; ** 57 test
2 Significant differences between PD—VH and PD+ VH
b Significant differences between PDD and PD - VH
b hological
Table2 Neuropsychological performance e PDD PD+VH PD_VH Fhitet
N=56 N=9 N=16 N=19
MMSE 28.7+3.1 15.7£5.4 260£2.1 282%17 33.58% 0.0001%bcde
Leaming 41.9+7.2 180+11.4 265474 39.3+6.5 27.17% 0.00012bcde
Forgetting 93+24 11£13 49+19 82+21 38.60* 0.0001%bcde
Recognition 13.6£15 N+14 124+1.8 129+22 3.36" 0.026¢
* Ftest; ** o test
# Significant differences between PDD and PD +VH
b Significant differences between PDD and PD-VH
< Significant differences between PD-VH and PD + VH
4 Significant differences between Controls and PDD
© Significant differences between Controls and PD+VH
Table3 G i
e ralp comparisons Structure Talairach Coordinate® cluster Tscore  pcorrected
dimension
X y Fd
The 3 groups of patients together vs controls
Left anterior hippocampus -28 -7 -1 198 5.87 0.017
Left posterior hippocampus -28 -37 2 157 4.80 0.035
Right anterior hippocampus 30 -8 -1 17 3.74 0.027
PDD patients vs controls:
Left hippocampus =28 =10 -13 445 6.49 <0.001
Right anterior hippocampus 24 -8 -15 260 4.89 <0.001
Right posterior hippocampus 30 -35 -3 102 290 0.036
PD -+ VH vs controls:
Right anterior hippocampus 30 -8 -1 42 3.75 0.010
Left anterior hippocampus -28 -8 -1 29 5.02 0.003

Each reported anatomical location has a significance p < 0.05 corrected for multiple comparisons.
Cluster size denotes the extent of the cluster of significant voxels in mm?.

* Talairach coordinate refers to the location of the most statistically significant voxel in the cluster.
The anterior or posterior predominance was determined according the maxima.
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PDD with controls. Comparison of hippocampal gray
matter density between PD+VH and controls showed
significant differences only in the head of hippocampus
(Table3). Neither comparisons between PD-VH and
control group nor comparisons between PD patients
groups showed statistical significant differences.

In Figs. 1 and , 2 we depicted the coronal slices cover-
ing all the hippocampus. In Fig.1, we can observe that
gray matter loss in PDD involved the entire hippocam-
pus, but the t value of the hippocampal head had higher
significance than the tail, and the hippocampal body
was relatively spared. Fig.2 illustrates the hippocampal
gray matter reduction of PD+VH that involved only the
head.

Fig.2 Hippocampal gray matter loss
in non-demented PD patients with
visual hallucinations. Colored bars
indicate significant t values. Yellow
colors are more significant than the red
ones. Clusters of gray matter density
differences are observed only in the
head

Individual analysis

Comparing the VBM results of each patient to the mean
of gray matter density of the control group, we observed
significant individual hippocampal reductions in 7 out
of 9 (78 %) PDD patients, 5 of the 16 (31%) PD+VH pa-
tients and 5 of the 19 (26 %) PD-VH patients. These pro-
portions of hippocampal atrophy in each group were
statistically significant ()°=7.40; p<0.025). From those
17 patients who had regional gray matter loss, 15 (88 %)
had anterior predominance. Only 2 from 17 patients
showed posterior predominance.




Relationship between hippocampal reductions and
memory impairment

When all patients from the three patients groups studied
(n=44) were considered together a significant correla-
tion was found between the gray matter density loss in
the anterior part of hippocampus bilaterally and learn-
ing scores. This correlation was higher when only
PD+VH patients were considered in the correlation
analysis. Results from both correlation analyses with
VBM are described in Table4. No significant correla-
tions were found when considering PDD and PD-VH
groups independently. Regarding clinical scales, no cor-
relation was found between any of them and the hippo-
campus.

The relationship between memory and hippocampus
was also found after comparing verbal learning perfor-
mance between patients with individual hippocampal
loss and patients without hippocampal gray matter re-
ductions. These subgroups were considered according
to the results from VBM individual analysis. The scores
for the first group were 22.53+11.98 and for the second
one 33.63+10.07 (t=3.308; P <0.002). Different learning
scores between those individuals who had hippocampal
gray matter reductions and those who did not were also
found excluding patients who had dementia. The scores
for the first group were 28.20+11.48 and for the second
group 35.52+7.70 (t=-2.199; p<0.035)

Discussion

The results from this VBM study show that hippocampal
atrophy is present in PD.PD patients with dementia have
gray matter loss involving all the hippocampus; patients
with visual hallucinations but not demented have hip-
pocampal gray matter loss only in the anterior regions.

By focusing in the regional distribution of the density
changes, we observed in PDD patients diffuse hippo-
campal atrophy, involving the entire hippocampal axis,
but with prominent involvement in both anterior and
posterior regions and relative sparing of the central re-
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gion. The highest statistical significance of difference in
hippocampal gray matter loss between PDD patients
and controls was seen in the anterior region. This pat-
tern of VBM changes is similar to that described in the
hippocampus of patients with Alzheimer’s disease [16,
23].

In the PD+VH group we observed regional gray mat-
ter loss only in the anterior part of hippocampus. Some
studies have pointed out that PDD patients have higher
densities of LBs and LNs in the CA-2-3 fields of the hip-
pocampus [10]. According the MRI three-dimensional
reconstructions from Frisoni etal. [15], the CA2 and
CA3 fields are located on the dorsal surface of the hip-
pocampal formation in a strip stretching from medial to
lateral between the most posterior head region and the
most anterior tail region. We expected to find gray mat-
ter loss in these hippocampal regions in PD+VH pa-
tients, because they are at risk of dementia. However, we
found hippocampal gray matter loss in the head of this
structure, which mainly corresponds with the CA1 field.
Our findings agree with those reported in a recent study
that showed head predominance of hippocampal atro-
phy in demented and aged PD patients [6] and with the
data from normal subjects demonstrating that the hip-
pocampal head is particularly susceptible to age-related
changes [28] and it is especially vulnerable to degenera-
tive changes such as Alzeimer’s disease even at the early
stages [16,36]. Furthermore, Apostolava etal. [3] recently
reported that smaller hippocampus and specifically CA1
and subicular involvement are associated with increased
risk for conversion from Mild Cognitive Impairment to
Alzheimer’s disease.

Our neuropsychological data showed a more pro-
nounced memory impairment in PD+VH compared to
PD-VH, these results agree with previous findings in
transversal and longitudinal studies [29, 30]. The neuro-
psychological data reported here together with the MRI
results reinforces the idea that the presence of hallucina-
tions is indicative of cognitive impairment and evolu-
tion towards dementia.

Contrarily to previous reports, in this study we did
not find significant differences between PD-VH and

Table4 Correlations between gray matter loss in

hippocampus and learning scores Structure Talairach Coordinate dluster rscore  pcorrected
dimension
X y z
Correlations in the three group of patients together
Right anterior hippocampus 3 =10 =16 159 0.54 0.003
Left anterior hippocampus -28  -10 -15 101 0.65 0.015
Correlations in PD+ VH patients
Right anterior hippocampus 28 12 -13 139 0.83 <0.001
Left anterior hippocampus -4 -6 -14 105 0.77 <0.001

Each reported anatomical location has a significance p < 0.05 corrected for multiple comparisons.
Cluster size denotes the extent of the cluster of significant voxels in mm?.
* Talairach coordinate refers to the location of the most statistically significant voxel in the cluster.
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controls. This could be due to the level of the statistical
significance applied in this study and also to the type of
MRI analysis used. We used a VBM study that measures
gray matter density of hippocampus and takes a level of
significance of corrected p<0.05, a more strict level
than other studies performed with VBM that used a
non-corrected p<0.001 [31, 34]. In a previous VBM
study of our group [32] comparing the whole brain of
PD-VH with controls, we observed gray matter reduc-
tions in several cortical gray-matter regions but not for
the hippocampus. On the other hand, previous MRI
studies that reported hippocampal atrophy in non-de-
mented PD patients were performed using manual ROI’s
volumetric analysis [9, 22, 35].It is possible that manual
volumetric measures would be more sensitive than VBM
procedures to subtle degeneration.

Individual analyses of cases showed that 78 % of PDD
patients, 31 % of PD+VH and 26 % of PD-VH had gray
matter density loss in the hippocampus. The regional
pattern of atrophy was of anterior predominance in al-
most all patients, suggesting that the hippocampal atro-
phy starts in this region and later extends to the poste-
rior part.

Correlation analyses with SPM showed that the gray
matter loss in the anterior part of hippocampus corre-
lated with the verbal learning scores when scores from
all patients from the three groups studied were consid-
ered together. This correlation was also found when only
the PD+VH group was assessed. Moreover, those PD pa-
tients that showed in the individual analysis gray matter
loss in the anterior part of hippocampus scored signifi-
cantly lower in verbal learning compared to those who
did not have anterior hippocampal reduction. This rela-
tionship between hippocampal head atrophy and verbal
memory performance is in agreement with previous
studies in non-demented elderly. In a sample of 511 nor-
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ABSTRACT

Objective: To determine the course of cognitive deficits and the regional progression of brain atrophy

in patients with Parkinson’s disease (PD) with and without visual hallucinations (VH).

Methods: We performed MRI and neuropsychological assessment at entry to the study and at follow-
up (mean + SD=29.91 + 5.74 months) in a sample of initially non demented 12 PD patients with VH,
14 PD patients without VH and 12 healthy controls (HC). Gray matter changes over time were
assessed by means of voxel-based morphometry (VBM) and cognitive changes by an extensive

neuropsychological battery.

Results: At follow-up, 75% of patients with VH developed dementia. The greatest decline was
observed in verbal memory, semantic fluency, language comprehension and visuoperceptive
functions. None of the patients without VH met criteria for dementia and did not show worsening in
cognitive functions over time. Patients with VH showed widespread limbic, paralimbic and
neocortical gray matter loss, whereas in the PD without VH group gray matter loss was restricted to a
small region in frontal cortex and cerebellum. We also found significant correlations between the

changes in several cognitive functions and gray matter loss over time in PD patients with VH.

Conclusion: The presence of VH in PD determines a different cognitive outcome and a different

pattern of progressive brain atrophy. PD patients with VH, unlike PD without VH, frequently develop

dementia and show a widespread atrophy involving limbic, paralimbic and neocortical areas.
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INTRODUCTION

Visual hallucinations (VH) have been reported to occur in 50% of patients with Parkinson’s disease
(PD).[1] Generally, VH occur during the second half of the disease’s course[1] and have a persistent
and progressive nature.[2] Although VH can be exacerbated by dopaminergic treatment, several
studies did not find a direct relationship between antiparkinsonian agents and presence of VH.[1,2]
The presence of VH has been associated with Lewy Body (LB) pathology. While VH are considered
characteristic feature of PD and Dementia with Lewy Bodies, they are rarely reported in other
parkinsonian disorders such as Corticobasal Degeneration or Supranuclear Palsy.[1]

Cross-sectional studies have reported that non-demented PD patients with VH present greater
neuropsychological impairment compared to those without VH in domains such as verbal[3-5] and
visual memory,[6] language comprehension,[4] and visuospatial[5] and visuoperceptive functions.[4,
6] Frontal dysfunction has also been described in PD with VH including deficits in verbal fluency,[3,
4, 7, 8] sustained attention,[9] and inhibition.[7, 8] Moreover, longitudinal studies have shown the
presence of VH as a significant predictor of dementia in PD[10-12] and it is associated with a more
rapid general cognitive decline assessed by MMSE.[13,14] In a previous longitudinal study, we
reported that 45% of the PD patients with VH developed dementia after 1 year follow-up and showed
a significant progressive decline in visual memory and visuoperceptive functions.[15] The
combination of degraded visual information from the environment and failing visual memory together
with deficits in executive functions [7,8] have been pointed out as important causal factors for the
occurrence of VH.[16]

The brain mechanisms underlying VH in PD are not completely understood. Structural and functional
abnormalities within the primary visual system and visual association areas, including ventral and
dorsal pathways, have been reported in PD with VH.[16] We previously reported that non-demented
PD patients with VH showed areas of gray matter reduction in parieto-occipital areas in comparison
with non-hallucinating PD patients.[17] Functional imaging studies also reported perfusion
abnormalities in occipital, temporal and parietal areas.[18-21] In addition to the dysfunction in

posterior areas, increased frontal activation was reported in fMRI studies in response to simple [22]
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and complex[23] visual stimuli. The involvement of the frontal lobe in VH has also been confirmed
by PET studies showing a pattern of frontal hypermetabolism in patients with PD and VH.[24]
Neuropathological studies showed the association between VH and the presence of high densities of
LBs in medial temporal areas.[25] Interestingly, we have recently reported hippocampal head
reductions in PD with VH in comparison with healthy controls.[26]

The involvement of all these areas (visual associative, frontal and medial temporal areas) is indicative
of brain abnormalities in PD patients with VH already when they are not demented. In PD patients
with dementia the pattern of brain dysfunction involves these and other areas and it is more severe and
extended. Specifically, VBM studies have revealed that PD patients with dementia present basal
ganglia,[27, 28] limbic,[27, 29] paralimbic,[27] and widespread neocortical atrophy;[28, 29] and
functional imaging studies have reported an extensive hypoperfusion in anterior in addition to
posterior brain regions.[30]

As previously mentioned, if patients with VH are at high risk of developing dementia, [10, 11] it is
probable that the brain atrophy in these patients will progressively affect all the areas described to be
involved in dementia in PD including limbic, paralimbic and neocortical areas. To test this hypothesis
longitudinal MRI studies are needed but so far there are only two longitudinal studies using VBM in
PD. The first one showed limbic and temporo-occipital areas of gray matter reduction after 25 months
follow-up[31] while the other study did not show any areas of gray matter loss in PD patients after a
follow-up period of 1.4 years.[32] These studies did not differentiate between patients with and
without hallucinations. The present study used VBM to assess progression of regional brain atrophy
and cognitive deficits over time in patients with and without VH. We expected that, unlike patients
without VH, hallucinating PD patients will show a pattern of progressive cortical atrophy parallel to

the development of dementia.
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METHODS

Participants

Patients were recruited from an outpatient movement disorders clinic (Parkinson’s disease and
Movement Disorders Unit, Department of Neurology, Hospital Clinic, Barcelona) in collaboration
with the Department of Psychiatry and Psychobiology (University of Barcelona). The participants
were part of a previously studied sample[4, 15, 17, 26] and they were invited by telephone for a
follow-up assessment.

Twelve PD patients with VH, 14 PD patients without VH and 12 controls participated in the follow-
up assessment. The average follow-up period was 29.91 months (S.D= 5.74; range= 26-32). The
inclusion criterion for patients with VH was the presence of well-formed VH. Patients with only
minor forms consisting of a sensation of presence, a sideways passages or illusions were not included
in the study.

All participants included in the present study had neuropsychological and MRI evaluation both at
base-line and follow-up. At base-line 18 patients with VH and 20 without VH participated in the study
and at follow-up there was an attrition of 33,3% and 30% in each group respectively. Two participants
from the original PD sample with VH died. In another four cases, the next of kin decided not to give
the consent for participation due to severe deterioration of the patients’ condition. From the original
PD without VH group three subjects declined to participate. In three others cases, brain MRI could
not be obtained due to severe motor impairment.

The base-line and follow-up examinations included assessment of:

1) Hallucinations: To evaluate the phenomenology of hallucinations we used a structured interview
designed at our hospital which comprised items covering modality (visual, auditory, tactile and
olfactory), content (animals, people, objects) and temporal aspects (time of the day, frequency and
duration). The severity of the VH was rated using the Spanish version of the neuropsychiatric
inventory (NPI) (subscale hallucinations). The VH in the PD sample consisted of well-formed images
of people, faces or animals. Hallucinations occurred only in the visual modality while patients were

alert and had their eyes open. None of the VH patients experienced auditory hallucinations. Insight
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into the hallucinatory nature of the phenomenon was maintained in 58.3% of the patients. Associated
delusions were present in 33.3% of the patients. These delusions were primarily paranoid in type and
involved elementary misbelieves concerning infidelity or theft.

2) Dementia: The diagnosis of dementia was based on an interview with the patient and the caregiver
using the Diagnostic and Statistical Manual of Mental Disorders, Revised, Fourth Edition (DSM IV-
TR), and the Movement Disorder Society’s diagnostic criteria for Parkinson Disease Dementia.[33]
The algorithm for the diagnosis of dementia in PD (level I) requires: i) a diagnosis of PD, ii) the
development of PD prior to the onset of dementia iii) MMSE below 26; iv) presence of cognitive
deficits severe enough to impact daily living, v) impairment in more than one cognitive domain
including attention, executive function, visuo-constructive ability or memory.[33]

3) Clinical and demographical variables: Age, education, duration of illness and medication were
recorded. Illness severity was staged according to Hoehn and Yahr and motor subscale from the
Unified Parkinson’s Disease Rating Scale (UPDRS). Mood was assessed using the Hamilton
Depression Rating Scale (HDRS). All patients were treated with levodopa alone or a combination of
levodopa and dopamine-agonist (pramipexole, ropinirole or pergolide). In order to take into account
the amount of all dopaminergic drugs taken, we calculated a levodopa-equivalent dose for each
patient. Four (33.3%) PD patients with VH were taking atypical antipsychotics (quetiapine and
clozapine). None of the patients was treated with anticholinesterases. All patients were highly 1-dopa
responsive. Both base-line and follow-up clinical and cognitive examinations were performed in the
on phase.

4) Neuropsychological functions: The evaluation included assessment of general cognitive ability
with Information and Similarities subtest from WAIS-III, verbal memory with Rey’s Auditory Verbal
Learning Test (RAVLT); visual memory by means of the Warrington Recognition Memory for Faces;
visuoperceptive functions with the Visual Form Discrimination Test and Benton Facial Recognition
Test; frontal functions with phonetic and semantic fluencies; language comprehension with the Token
Test and Boston Naming Test for naming. The neuropsychological battery was administered by a

trained neuropsychologist (B.R-R), and completed in a single session lasting one to two hours. The
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neuropsychologist in charge of the assessment was the same at base-line and follow-up examinations
but she was not blinded to the presence of VH.

The study was approved by the institutional ethics committee. Written informed consent was obtained
from the patients or their caregiver in the case of patients with overt cognitive impairment, and from

healthy controls after full explanation of the procedures involved in the study.

Neuropsychological and clinical statistical analysis

Statistical analysis was carried out using SPSS 14.0. Multivariate analysis of variance was performed
on demographic, clinical and neuropsychological variables to examine the differences between groups
at base-line. Post-hoc pair-wise Tukey’s test was performed where appropriate. The analysis for
changes in clinical and neuropsychological variables between baseline and follow-up was performed
using the General linear mixed model (GLM) for repeated measures to test whether these variables
differed across time in the groups. Two-factor (3x2) ANOVA was performed for each of the
variables. Factors were: group (PD with VH, PD without VH and controls) and time (base-line and
follow-up) and we obtained effect of time (Fr), effect of group (Fg) and interaction between group
and time (Fgyr) for each of the variables. In addition, to adjust for base-line performance in comparing
rate of decline between groups we calculated a percentage of loss for each of the cognitive variables
with significant interaction between time and group using the following formula:

[(score at base-line) — (score at follow-up) / (score at base-line)] x 100

MRI acquisition and Voxel-based morphometry analysis

All scans were obtained from a 1.5T GE Nvi/Cvi 8.4 machine (GE, Milwaukee, WI, USA). The
imaging protocol included an axial 3D IR Prep SPGR (Inversion Recovery Prepared Spoiled
Gradient-echo) sequence of the entire brain and the following parameters: TR (Repetition Time)= 17;
TE (Echo Time)= 5; TI (Inversion Time)= 300; 1.5 mm thickness; FoV (Field of View)= 24x24;

256x256; 1 NEX (Number of Excitations). No hardware or software upgrades were made over the
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period of assessment since longitudinal techniques are very sensitive to any change in image
acquisition.
VBM analysis[34] was carried out on SMP5 (Statistical Parametric Mapping, Wellcome Department

of Cognitive Neurology, University College London, London, UK, http:// www.fil.ion.ucl.ac.uk.spm)

running in Matlab 7.0 (Mathworks, Natick, Massachusetts, USA). Firstly, images were reoriented
according to the anterior-posterior commissure and were then segmented into gray matter, white
matter, and cerebrospinal fluid using the unified model that integrates segmentation and
normalization. The spatial normalization involves registering each of the images onto the SPM T1
template, whereas the segmentation step uses a priori probability maps to segment different tissues. A
separate ‘modulation’ step was used to control for deformations from the spatial normalization step
and the gray matter modulated images obtained were smoothed with an 8-mm full-width at half-
maximum isotropic Gaussian kernel. The smoothed gray matter images were analyzed in a factorial
design (3x2) ANOVA. MMSE score at base-line was also introduced as a covariate in an ANCOVA
model.

Our main interest was the comparison between base-line versus follow-up for each of the groups,
specifically for the progression of volume loss in PD patients with and without VH over time.

We also carried out correlation analyses in SPMS5 between the progression of cerebral atrophy (image
at base—line minus image at follow-up) and the decline in neuropsychological tests (score at base-line
minus score at follow-up). The correlation analyses were performed with those neuropsychological
variables that showed a significant decline over time.

All results were thresholded at a cluster and voxel level of p < 0.05 corrected for multiple
comparisons by False Discovery Rate (FDR) which controls the expected proportion of the rejected

hypothesis that are falsely rejected.
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RESULTS

Neuropsychological and clinical variables

There were no differences in age, gender, years of education and years of disease duration between
groups (see table 1) but groups were not matched for global cognitive function and the MMSE scores

were significantly lower in those with VH.

Table 1. Demographic and clinical characteristics of the sample at base-line.

Controls PD without | PD with VH o o

(n=12) VH (n=14) (n=12) b P
Age 70.7+7.2 71.1+5.7 73.3+£5.9 0.597* 0.556
Gender (male/female) 4/8 5/9 3/9 0.188° 0.665
Education (years) 8.1+4.7 83+4.1 7.5+4.1 0.113* 0.894
Disease evolution - 11.9+43 | 121%57 0.040° 0.968
(years)
Disease evolution
before VH (years) ) ) 9-9+35.7 ) )

Values are mean + SD. PD= Parkinson’s disease, VH= visual hallucinations.
* One factor ANOVA, ® t-test, © chi square

Neuropsychological and clinical data both at base-line and follow-up are presented in table A in
supplemental material. None of the patients in either group met criteria for dementia at base-line
examination but the PD patients with VH were already more cognitively impaired than PD without
VH. Specifically, at base-line, patients with VH showed impairment in verbal memory and facial

recognition in comparison with PD without VH.

Two and a half years after the base-line evaluation, 9 out of 12 PD with VH presented dementia
whereas none of the PD without VH patients met criteria for dementia. The neuropsychological
functions showing a significant interaction between group and time are presented in figure 1. In PD
with VH group we observed a 6.5 point decline in the MMSE (Fg= 13.8, p < 0.001; Fr= 19.6, p <
0.001; Fger= 9.2; p < 0.001). In the specific cognitive domains, PD with VH group showed a faster
and steeper cognitive decline than PD without VH and controls in verbal learning (Fg= 12.7, p <
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0.001; Fr= 0.4, p < 0.5; Fger= 12.7, p < 0.001), delayed recall (Fg= 34.7, p < 0.001; Fr= 0.8, p < 0.4;
Foxr= 6.5; p < 0.004), semantic fluency (Fg= 11.4, p < 0.001; Fr= 13.6, p < 0.001, Fgxr= 3.6; p <
0.04), language comprehension (Fg= 10.9; p < 0.001; Fr= 2.5; p < 0.13; Fgr= 6.5; p < 0.004) and
visuoperceptive function (facial recognition) (Fg=20.3; p < 0.001; F=16.7; p <0.001; Fg,=4.7; p <
0.016). When adjusting for base-line performance the percentage of loss in each of these

neuropsychological variables remained statistically significant (see table 2).

Table 2. Percentage of loss in each of the neuropsychological variables with significant interaction

between time and group

Controls PD without | PD with VH F
(n=12) VH (n=14) (n=12) p

Leamning 202+172 | -43+189 | 25.1+299 11.935 <0.001*
Delayed recall 21994241 | -13.1+23.1 | 46.0+414 16.040 <0.001*
Semantic fluency | 7.2+27.4 3.6 +28.1 40.8 +30.2 7.379 0.002*"
Language 28469 S1.8+12.1 | 13.9+18.6 6.742 0.004*"
comprehension
Facial 0.8+8.1 48+6.7 13.1+112 4.836 0.015%
recognition
MMSE 48469 06+62 | 2554255 9.321 0.001%°

PD= Parkinson’s disease, VH= visual hallucinations, MMSE= Mini-Mental State Examination. Values are mean + S.D of the percentage of
loss in each of the variables calculated with the following formula: (score at base-line) — (score at follow-up) / (score at base-line). The F
and p values refer to the MANOVA to check differences in percentage of cognitive decline between groups. Post-hoc analyses were
performed with Tukey’s test: * significant differences between controls and PD with VH;  significant differences between PD with and
without VH

Regarding the clinical scales, PD patients with VH were at a more advanced stage of the disease at
base-line (see table 2). At follow-up, patients from both groups showed a significant motor
deterioration measured using the UPDRS-III motor scale (Fg= 3.1; p < 0.097; Fr= 17.5; p < 0.001;
Foxr= 2.1; p < 0.164) and a progression of the illness rated by means of the Hoehn and Yahr scale
(FG=6.5; p<0.018; F=9.1; p < 0.007; Fgxr= 0.4; p < 0.527) with no significant interactions between
time and group. L-dopa dosage was only increased from base-line to follow-up in PD without VH

group and not in the VH sample in an attempt to reduce the VH.
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Voxel-based morphometry results

From base-line to follow-up, PD with VH patients showed gray matter loss in the bilateral parietal

cortex (including precuneus and supramarginal gyrus), bilateral insula, bilateral superior and inferior

temporal gyrus, bilateral superior and inferior frontal gyrus, bilateral anterior (ventral and dorsal) and

left dorsal posterior cingulate gyrus, bilateral thalamus and limbic areas (nucleus accumbens,

amygdala, and hippocampus) (see figure 2 and table 3). In the PD without VH group only small

clusters of gray matter loss were observed in right frontal areas including primary motor, pre-motor,

supplementary motor areas, and the anterior and posterior areas of the cerebellum (see table 4 and

figure 2). Healthy controls did not show any clusters of significant gray matter loss.

Table 3. Gray matter reductions from base-line to follow-up in PD with VH with MMSE score at

base-line as a covariate.

Region Cluster size Talairach coordinates | t value
(voxels) (X, Y,2)
-II:eg iﬁ:;l;?n(BAhlis) ampus and and amygdala 2814 -42,-6,0 6.82
e us, Hippocarmpus V8 -38,3,-12 6.59
-Right superior temporal gyrus (BA38)
-Right insula, hippocampus, amygdala and thalamus. 4415 32,7,-19 6.06
-Right inferior and superior frontal gyrus 42,0,-5 5.59
20, 57, -15 543
-Left supramarglnal gyrus (BA40) 61, 24,21 467
-Left superior temporal gyrus (BA41)
-Left frontal premotor cortex (BA6) 423 -57,-17, 10 4.21
rontat pr rex -55,-3,7 4.05
-Left frontal pole (.BAIO) 132,49, 12 465
-Left frontal superior gyrus
-Left frontal inferior s 305 -24, 60, -10 4.36
gyra -36, 54, -14 4.10
-Left anterior cingulate gyrus (BA24)
L. -2,41,2 4.65
-Left posterior cingulate gyrus (BA31)
-Left orbitofrontal cortex (BA11) 318 -2,30,-13 4.56
* -3, 40, -20 3.95
-Left precuneus 269 4.-9, 45 432
-Right anterior cingulate 2,-27,40 4.47
-Right posterior cingulate 186 4,-43, 39 442
-Right precuneus 2,-43, 32 3.89

Voxel and cluster level p <0.05 corrected by FDR; coordinates correspond to the voxel of maximum significance.
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Table 4. Gray matter reductions from base-line to follow-up in PD without VH with MMSE score at

base-line as a covariate.

Region Cluster Talairach t value
size coordinates
(voxels) (x,Y,27)

-Right primary motor cortex (BA4) 340 22,-24, 55 5.59
-Right premotor and supplementary motor cortex 40, -7, 61 5.48
(BA6)

-Left posterior cerebellum (inferior semi-lunar 1118 -8, -68, -37 5.25
lobule) -4, -73, -30 4.79

-Left posterior cerebellum (vermis)
Voxel and cluster level p <0.05 corrected by FDR.
Coordinates correspond to the voxel of maximum significance.

Correlation analyses between cognitive decline and progression of atrophy

We looked for correlations between gray matter loss over time and those cognitive functions that
showed a significant decline in PD patients with VH. The decline in learning was correlated with
hippocampal head atrophy and delayed recall worsening was related to gray matter loss in left
prefrontal cortex. The decline in semantic fluency was related to progressive atrophy in the thalamus
and language comprehension was related to atrophy in the amygdala (see table 5). The correlations
between the maxima of each of the significant clusters and cognitive decline are plotted in figure A

(supplemental material).

Table 5. Correlations between gray matter loss over time and cognitive decline in PD patients with

VH.
Talairach coordinates | cluster size Cluster .
(X, Y, 2) (voxels) threshold
Learning
Left hippocampus | -20,-14, -9 | 11 | 0042 | 088
Delayed recall
Left prefrontal cortex | -14, 51, 18 | 212 | <0.001 | 0095
Semantic fluency
Left thalamus | -2,-18,-6 | 281 | <0.001 | 0.95
Language comprehension
Left amygdala | -26, -3, -15 | 53 | 0048 | 0.89

MNI coordinates refer to the location of the maxima. Cluster size denotes the extent of the significant cluster in voxels. Cluster threshold P
values are corrected for multiple comparisons using FDR. The correlation coefficient (r) is calculated with the maxima of the significant
cluster.
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DISCUSSION

The present study provides evidence of progression to dementia associated with distinct brain atrophy
in PD patients with VH. These patients presented progressive and extensive gray matter loss involving
limbic, paralimbic and neocortical areas whereas PD patients without VH only showed small clusters
of progressive atrophy in frontal areas and cerebellum.

The cognitive domains that showed a significant decline over time in PD patients with VH compared
to patients without hallucinations were verbal memory, semantic fluency, language comprehension
and visuoperceptive functions. In our cross-sectional study[4] we already reported impairment in
these cognitive domains. Interestingly, semantic fluency[35] and verbal memory[36] have previously
been reported to predict dementia in PD. After one year of follow-up, nearly half of these patients met
criteria for dementia.[15] In the present study, 2 years and 6 months after the initial evaluation, 75%
of patients with VH developed dementia.

The cognitive decline in PD patients with VH was accompanied of progressive brain atrophy
involving limbic, paralimbic and neocortical areas. Gray matter reductions were extensive and
bilaterally symmetric, involving both anterior and posterior cortical regions. This pattern of grey
matter atrophy is comparable to that reported in PD with dementia. Specifically, cross-sectional VBM
studies found that PD patients with dementia present basal ganglia,[28, 37] limbic,[27, 29]
paralimbic[37] and widespread neocortical atrophy.[28, 29] Functional imaging studies showed
extensive hypoperfusion billateraly involving posterior but also anterior regions.[30] In our previous
cross-sectional VBM study we found that non-demented PD patients with VH showed atrophy of the
visual association areas in comparison with non-hallucinating PD patients.[17] Functional imaging
studies have also reported perfusion abnormalities in visual association areas in non-demented
hallucinating patients.[18-21] These findings could suggest that in PD patients with VH there is an
initial involvement of posterior neocortical areas extending to all associative neocortical areas when
dementia is developed.

Neuropathological studies in PD propose limbic and/or neocortical Lewy bodies as the main substrate
of dementia in PD.[38] The cause of VH in PD, even if for many years was thought to be a
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complication of antiparkinsonian treatment, is now thought to be nerve-cell loss and Lewy-body
pathology in the ventral-temporal regions of the brain.[1, 25] We recently reported hippocampal head
reductions in PD with VH in comparison with healthy controls.[26] In this longitudinal study we
found that the atrophy of medial temporal areas increases from base-line to follow-up suggesting that
both VH and dementia may form part of the same degenerative process being VH the first expression
and dementia the later. In contrast, patients without VH did not show a significant decline in the
cognitive domains explored, and the gray matter loss only affected to small regions in frontal areas
and cerebellum.

In our study both PD with and without VH groups had the same age and disease duration although PD
patients with VH showed a more advanced stage of the illness and a lower cognitive status. These
characteristics, together with the severity of motor symptoms, have been consistently associated with
the presence of dementia in PD patients.[39] The remarkable 6.5 point decline in the MMSE of PD
patients with VH was even greater to that reported in demented patients.[13] This could suggest that
PD patients with VH were already in the starting point of a more general cognitive decline which later
leaded to dementia. However, the different pattern of brain atrophy in PD patients with and without
VH can not be explained by differences in general cognitive function at base-line since the grey
matter loss in specific brain areas remained significant after MMSE was introduced as a covariate in
the VBM analysis.

We found that the progressive atrophy in specific brain areas was associated with a decline in several
cognitive domains but not with the MMSE. The correlation analyses revealed that the higher the
decline in verbal memory the higher the atrophy in medial temporal and frontal areas. Specifically, the
learning decline was related to hippocampal head atrophy and the worsening in free delayed recall
performance was related to progressive prefrontal cortex. We previously reported correlation between
hippocampal head atrophy and learning in PD [26] but this new finding gives further evidence of
progressive hippocampal atrophy as neuroanatomical substrate for learning decline in PD with VH.
On the other hand, delayed recall was related to gray matter atrophy in prefrontal cortex, showing that

both encoding and retrieval deficits are responsible for memory dysfunction in PD. The decline in

87



semantic fluency showed a correlation with progressive thalamic atrophy which is in agreement with
the fact that vascular lesions in the thalamus impair verbal fluency.[40] Finally, language
comprehension also showed a great decline over time and was related to the progressive atrophy of
medial temporal structures, specifically, the amygdala. These results supported the evidence that not
only the dopamine deficiency affecting cortico-striatal-cortico information exchange in PD has an
impact on cognitive dysfunction, but that structural gray matter changes may account for it.

One of the methodological limitations of the present work was that the neuropsychologist involved in
the cognitive assessment at baseline and follow-up was not blind to the presence of VH, which might
have had and influence on the neuropsychological results but unlikely on the neuroimaging ones.
Another limitation was that our neuropsychological battery was designed to evaluate mainly temporal
lobe functions. However, frontal dysfunction has been found to play an important role in the presence
of VH.[3-5, 7, 8] In our study, we only used verbal fluencies to assess executive dysfunction but they
have been shown to be index of the progressive deterioration of executive functions in PD.[41] In
addition, following the diagnostic procedures recommended by the Movement Disorder Society Task
Force, we considered demented patients only those PD patients with a MMSE below 26. We
appreciate that this is a strict criterion because patients with MMSE score above this might also
present dementia. Finally, the small number of patients in each group and the attrition of 33,3% in the
VH group and 30% in the non VH sample is another methodological limitation of the present study.

In conclusion, this 2 years and a half follow-up of a cohort of PD patients shows that, unlike PD
patients without VH, PD patients with VH frequently developed dementia which is associated with a
significant gray matter loss in limbic, paralimbic and neocortical areas. Our present work gives a new
insight into the study of progression of brain atrophy in PD showing a different pattern of regional

atrophy in PD patients with and without VH.
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Figure 1. Plots showing the significant interactions between changes over time and group in the
cognitive functions assessed. Only PD patients with VH showed cognitive decline over time. Values

are mean=+ standard error
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Figure 2. Bilateral sagittal display of areas showing progressive gray matter loss when comparing base-line versus follow-up MRI images assessed by VBM
and introducing the MMSE score at base-line as a covariate (results are p < 0.05 corrected by FDR). In the left side of the figure we can see an extensive gray
matter loss in PD with visual hallucinations, in the right side we can observe that PD patients without hallucination only showed gray matter loss in the
cerebellum and motor cortical areas.
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Table A. Clinical and neuropsychological data at base-line and at follow-up

PD withVH (n=12)

PD without VH (n=14)

Controls (n=12)

F* p-value*
Base-line | Follow-up Base-line Follow-up Base-line Fohlgw-
Similarities | 13.0+4.7 9.9+6.1 13.446.9 14.8+5.8 15.145.8 | 15.7+5.8 | 0.449 0.642
General
cognitive
function
Information | 11.7+7.6 11.247.2 14.246.1 13.7+6.5 128463 | 12.9+6.5 | 1.083 0.351
RAVLT 27.046.7 | 202489 412449 428:78 | 407489 | 48289 | 14913 | <0.001>¢
Learning
Verbal RAVLT
Delayed 5.0£2.0 3.242.1 9.0+1.6 10.242.4 92425 | 10.7+2.4 | 15.556 | <0.001>°
memory
recall
RAVLT
Recognitio | 12.7+1.2 12.242.1 13.7£1.5 13.9+1.7 13.7£1.5 | 142416 | 2.014 0.150
n
Visual ac
WRMF 30.9+5.4 28.6+3.9 33.4+7.2 35.3+5.4 413455 | 41370 | 8.145 0.001*
memory
Frontal Eﬁzgigc 8.5£5.6 | 6.3%4.5 10.0+3.5 11.5+54 | 13.046.6 | 11460 | 1.809 [ 0.180
function )
Semantic 11.7+4.6 6.7+4.0 144439 13.6+3.8 18.1454 | 16457 | 5.074 0.012¢
fluency
VED 27.843.1 23.745.3 29.742.1 29.1+1.9 30320 | 292447 | 3.077 0.060
Visuo-
perceptive
function BFR 43.7+4.6 | 37.8+4.82 49.42+4 4 46.944.5 494426 | 489432 | 7.546 0.002>°¢
Token Test | 29.4434 | 253457 30.342.9 30.6+2.9 32.3+1.8 | 33.1x1.9 | 2.788 0.077
Language
BNT 48.8+6.4 | 43.7+10.2 52.5+5.0 51.0£7.0 53.6443 | 53.624.0 | 2.345 0.112
UPDRS 27.2412.1 | 45.2421.9 22.2+13.4 31.1£13.0 0.893 0.355
Clinical
scales
H&Y 3.1+1.1 3.8+1.3 2.340.5 2.7+1.0 4.970 0.036°
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HDRS 7.044.6 8.746.2 33431 47454 36835 | 37247 | 5240 0.032
MMSE 269419 | 203+75 29341.6 29107 | 295:26 | 27913 | 11.079 | 0.003>
Medication | LEDD 846'4:3 81. 821'8;191' 879'3;5 80- | 1063743141 0.025 0.875

RAVLT: Rey’s auditory verbal learning test; WRMF: Warrington’s recognition memory for faces test;
VFD: Visual form Discrimination; BFR: Benton Facial Recognition test; BNT: Boston Naming test;
UPDRS: Unified Parkinson’s disease rating scale; HDRS: Hamilton Depression Rating Scale; MMSE:
Mini-mental state examination; LEDD: Levodopa equivalent daily dose.

*The F and p values refer to the MANOVA to check differences in clinical and neuropsychological
variables between groups at base-line. Post-hoc analyses were performed with Tukey’s test:

* significant differences between controls and PD without VH

® significant differences between PD with and without VH

¢ significant differences between controls and PD with VH
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Figure A (supplemental material). Regression plots showing the relationship between gray matter loss

over time and cognitive decline in PD patients with VH. The gray matter intensity refers to the voxel of

the maxima of the correlation analyses with SPMS5.
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VBM results with ROI of the hippocampus at follow-up:

PD patients with VH presented the same pattern of diffuse hippocampal atrophy as the pattern of atrophy
previously reported in PD patients with dementia (paper I). The atrophy involved the entire hippocampal
axis, but with prominent involvement in both posterior and anterior regions and relative sparing of the

central region (see figure A). PD patients without VH did not show hippocampal gray matter loss

compared to controls at follow-up.

Figure B. Hippocampal gray matter loss of PD patients with VH in comparison with healthy controls at
follow-up.
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Abstract

Decision-making and recognition of emotions are often impaired in patients with Parkinson's disease (PD). The orbitofrontal cortex
(OFC) and the amygdala are critical structures subserving these functions. This study was designed to test whether there are any
structural changes in these areas that might explain the impairment of decision-making and recognition of facial emotions in early PD.
We used the lowa Gambling Task (IGT) and the Ekman 60 faces test which are sensitive to the integrity of OFC and amygdala
dysfunctions in 24 early PD patients and 24 controls. High-resolution structural magnetic resonance images (MRI) were also
obtained. Group analysis using voxel-based morphometry (VBM) showed significant and corrected (P < 0.05 FEW-small volume
correction) gray matter (GM) loss in the right amygdala and bilaterally in the OFC in PD patients. Volumetric analyses were also
performed but did not yield significant differences between groups. Left lateral GM volume in OFC showed a slight correlation with the
IGT, and bilateral OFC GM was strongly correlated with Ekman test performance in PD patients. We conclude that: (i) impairment in
decision-making and recognition of facial emotions occurs at the early stages of PD, (ii) these neuropsychological deficits are
accompanied by degeneration of OFC and amygdala, and (iii) bilateral OFC reductions are associated with impaired recognition of

emotions, and GM volume loss in left lateral OFC is related to decision-making impairment in PD.

Introduction

Neuropsychological studies using the gambling task have shown
impairment of deccision-making in carly (Perretta er al, 2005;
Kobayakawa er al., 2008) and advanced PD (Mimura er al., 2006;
Pagonabarraga ef al, 2007). In addition, several studies have
reported impairment of recognition of facial expressions of emotions
in PD. A general impairment in the recognition of all emotions (Yip
et al., 2003, 2003) or specific impairment in some types of emotion
have been described (Kan er al., 2002; Sprengelmeyer er al., 2003;
Suzuki et al., 2006; Lawrence et al., 2007; Ariatti et al., 2008; Clark
et al., 2008). However, some authors failed to detect differences
between patients and controls (Adolphs et al., 1998; Pell & Leonard,
2005).

Correspondence: C. Junque, *Departament de Psiquiatria i Psicobiologia Clinica,
as above.
E-mail: cjunguenub.edu

Received 6 November 2008, revised 30 June 2009, accepted 7 July 2000

The orbitofrontal cortex (OFC) has been identified as a crucial
structure in decision-making (Fellows & Farah, 2005: Denburg ef al.,
2007: Wallis, 2007). Decision-making performance has been mostly
assessed by the lowa Gambling Task (IGT) (Bechara ef al., 1999);
lesion studies in the OFC have reported impaired performance on this
task (Bechara, 2004). The OFC is also a crucial structure in the
recognition of facial expressions of emotions (Adolphs, 2002a,b). PET
studies have reported activation in orbital regions when recognizing
facial expressions of emotions (Dolan er al., 1996; Blair er al., 1999
Nakamura er al., 1999), and bilateral or unilateral lesions in the OFC
may impair emotional face expression identification (Hornak et al..
2003; Heberlein ef af., 2008); however, lesions elsewhere in the
frontal cortex (dorsal or lateral) do not impair this function (Heberlein
et al., 2008). The OFC is associated with medial temporal limbic
structures that are critical for the processing of internal states such as
affect and motivation which in turn affect the decision-making process
(Miller & Cohen, 2001). The amygdala is involved in the process of
decision-making (Bechara er al.. 1999) as well as in recognition of
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facial expressions of emotions (Adolphs er al., 1995, 1999; Adolphs,
2002a,b; Sato er al., 2002), mainly in the recognition of fear (Calder
et al., 1996).

Brain pathology in PD is characterized by the development of
Lewy neurites (LNs) and Lewy bodies (LBs). and evolves according
to a predictable ascendant topographical sequence affecting limbic
arcas carly in the discase course (Braak er al., 2003). The amygdala
is considered to be one of the key structures of the limbic system
and the OFC is the limbic portion of the frontal association cortex
(Porrino et al., 1981). The patients in our study are in the carly
stages of the discase and we think that structural changes assessed by
MRI may already be detected in the OFC and amygdala of these
patients.

In this study, we used voxel-based morphometry (VBM) to
examine the neuroanatomical correlates of emotion recognition and
decision-making performance in PD. Previous studies with VBM
reported associations between cognitive performance and anatomical
MRI data in PD. One study reported bilateral temporal lobe and
left precentral gyrus atrophy in PD patients with mild cognitive
impairment compared to PD patients without cognitive impairment
(Beyer er al., 2007). In addition, Nagano-Saito er al. (2005);
found that scores on Raven Coloured Progressive Matrices (RCPM)
correlated positively with GM density in the dorsolateral prefrontal
cortex and the parahippocampal gyrus, and our group recently
rcported a corrclation between GM  density in the head of
hippocampus and verbal learning scores assessed by Rey’s Auditory
Verbal Learning Test (RAVLT) (Ibarretxe-Bilbao er al., 2008). The
present study also uses the correlation approach to identify the
structural bases of neuropsychological dysfunctions in carly PD.

Specifically. this study was designed to examine two questions:
(1) does impairment in decision-making and recognition of facial
expression of emotions occur at the carly stages of PD? And, if so, (ii)
are these impairments associated with possible degeneration of OFC
and amygdala detectable by TIW MRI images? Finding answers to
these questions may broaden our knowledge of the non-motor deficits
associated with PD and improve our understanding of the structural
changes underlying these deficits.

Materials and methods
Subjects

This study was approved by the institutional ethics committee. All
subjects provided written informed consent specifically to participate
in this study.

Twenty-four patients with PD and 24 healthy controls (HC) took
part in this study. Patients were recruited from the Parkinson’s Disease
Movement Disorders Unit, Neurology Service, Hospital Clinic,
Barcelona. HC were recruited from friends and spouses of patients
and matched by age, gender and years of education.

All patients fulfilled the UK PD Socicty Brain Bank (PDSBB)
diagnostic criteria for PD (Daniel & Lees, 1993). Other inclusion
criteria for patients were: (i) age 40-65 years: (ii) Hochn and Yahr
stage < II: (iii) discase duration < 5 years; and (iv) absence of motor
fluctuations. Exclusion criteria for all subjects were: (i) the presence of
dementia that was diagnosed by a ncurologist according to the
Movement Disorder Society diagnostic criteria for Parkinson discase
dementia (Dubois ef al., 2007); (ii) the presence of other neurological
or psychiatric disorders such as depression that was evaluated by
means of the Beck's Depression Inventory (BDI-II); and (iii) the
presence of visual hallucinations assessed by the Neuropsychiatric
Inventory Questionnaire (NPI-Q).

Three patients were taking no medication and 21 were on anti-
Parkinsonian treatment at the time of investigation: MAO-B inhibitor
(n = 7). L-dopa monotherapy (n = 5), dopamine agonist monotherapy
(n = 3) or a combination of L-dopa and dopamine agonist (n = 6). All
patients were symptomatically stable and no patient was asked to
change her/his medication for this study. None of the patients were
receiving psychoactive medication at the moment of the study because
all psychiatric characteristics such as depression and the presence of
visual hallucinations were considered exclusion criteria. Clinical and
sociodemographical aspects of the sample are summarized in Table 1.

The demographic data show no differences in age, gender
proportion and years of education between groups (Table 1),
suggesting that the PD and HC groups were well matched. In
addition, Mini-Mental State Examination (MMSE) showed no differ-
ence between groups. There were no significant differences between
PD and HC in depression and NPI-Q scores. Table 1 also shows that
the motor deficit in the PD group was mild according to the Hochn and
Yahr staging (stage I: 10 patients; stage II: 14 patients) and the Unified
Parkinson’s Discase Rating Scale motor section.

Neuropsychological assessment

We sclected two tasks that have been shown to be sensitive to OFC
dysfunctions: the lowa Gambling Task (IGT) for assessing decision-
making, and the Ekman test for recognition of facial expressions of
emotions. In addition, Conners”™ Continuous Performance Test 11 (CPT
I). a test that measures sustained attention, was included because
sustained attention may influence performance on other neuropsycho-
logical tests and because this test has been reported to be sensitive to
frontal dysfunctions (Cabeza & Nyberg, 2000). Vocabulary subtest
and backward digit span from the Wechsler Adults Intelligence Scale
(WAIS-III) were also included as a measure of premorbid intelligence
quotient (IQ) and working memory respectively (Lezak er al., 2004)
since these functions have been related to performance in emotion
recognition (Assogna ef al., 2008: Mathersul ef al., 2009) and
gambling tasks (Dunn er al., 2006).

Decision-making

Decision-making was assessed by the computerized version of the
IGT (Bechara er al., 1999). The task consists of four decks of cards, A,
B. C. and D: subjects have to choose between decks that yield high

TasLE 1. Demographic and clinical characteristics of the sample

HC (n = 24) PD (n = 24)
Age 5758 £ 89 56.13 £ 8.5
Gender (male/ female) 1678 16/8
Education (years) 13+£38 10,96 + 5.4
MMSE 2983 £+ 0.4 29.63 £ 0.5
BDI-T 446 + 5.1 6.75 £ 4.8
NPI 138 £ 1.7 R8T
Disease evolution (years) - 3.06 £ 1.6
Predominance (left/right) = 15/9
UPDRSIII - 14.67 + 3.5
H&Y 1.73 £ 04
Total LEDD - 29958 + 321.1

Values are mean £ SD. HC, Healthy controls; PD, Parkinson's discase: MMSE,
Mini-Mental State Examination; BDI-II, Beek’s Depression Inventory: NPIL,
Neuropsychiatry Inventory; UPDRS 111, Unified Parkinson’s Disease Rating
Scale (motor section); H&Y, Hochn and Yahr staging: LEDD. levodopa
equivalent daily dose.

© The Authors (2009). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd
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immediate gain but larger future loss (A and B) and decks that yield
low immediate gain but smaller future loss (C and D). These
reward/punishment schedules are pre-programmed and known to the
examiner, but not to the subject. The scores consisted of the numbers
of advantageous choices (C + D) minus disadvantageous choices
(A + B) for each of the 5 blocks of 20 cards and for the total of the
100 cards.

Recognition of facial expressions of emotions

We selected the Ekman 60 Faces test to assess the abilities for
recognition of facial emotion expressions. A series of pictures of faces
(six female, four male) from the Ekman and Friesen series of Pictures
of Facial Affect (Ekman & Friesen, 1976) are presented. For each face,
subjects must decide whether the expression corresponds to anger,
disgust, fear, happiness, sadness or surprise. The Spanish words that
we used for the basic emotions were enfado (anger), asco (disgust),
miedo (fear), alegria (happiness), tristeza (sadness) and surprise
(sorpresa). The faces were cach shown for 5 s, but the subject could
take as long as wished to decide on the emotion. There are ten facial
expressions of each emotion, leading to a score out of a maximum of
60 for overall performance, or scores out of 10 for recognition of each
of the six basic emotions.

Statistical analysis

Analyses were carried out using the Statistical Package for Social
Sciences V14.0 (SPSS Inc. Chicago, IL. USA). Group differences in
demographic, clinical, cognitive and behavioral characteristics test
were analyzed with independent two-tailed ¢ tests for normally
distributed  variables, the Mann-Whitney test for non-normally
distributed, and the chi-squared test for categorical variables. Repeated
measures analyses of variance (ANOVAs) were used to assess the
differences between PD and HC in IGT performance across blocks
(within-subject factor: IGT performance across five blocks: between-
subject factor: group) and recognition of specific emotions (within-
subject factor: emotions; between-subject factor: group). In the case of
non-sphericity, a Greenhouse-Geisser correction was applied to the
degrees of freedom. Associations between the neuropsychological test
and the demographic, clinical and cognitive variables were analyzed
with Spearman’s rank correlations and P values were corrected for
multiple comparisons using Bonferroni’s test.

Image acquisition and analysis

Images were acquired using a TIM TRIO 3T scanner (Siemens,
Germany). A set of high-resolution 3-dimensional TIl-weighted
images was acquired with a MPRAGE sequence in sagittal orientation
(TR/TE = 2300/2.98 ms: TI = 900 ms; 256 x 256 matrix, 1 mm
isotropic voxel),

Voxel-based morphometry analvsis

Structural data were analyzed with FSL-VBM (Douaud et al.. 2007). a
voxel-based morphometry style analysis (Ashburner & Friston, 2000)
was carricd out with FSL software (Smith er /., 2004). First, non-
brain tissue from structural images was extracted. Next, tissue-type
segmentation was carried out and the resulting gray matter (GM)
partial volume images were aligned to MNI152 standard space using
the affine registration. The resulting images were averaged to create a
study-specific template. to which the native GM images were then
non-linearly re-registered. The registered partial volume images were
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then modulated (to correct for local expansion or contraction) by
dividing by the Jacobian of the warp field. The modulated segmented
images were then smoothed with an isotropic Gaussian kernel with a
sigma of 3.5 mm (8 mm FWHM).

A permutation-based non-parametric inference method within the
framework of the general linear model (Nichols & Holmes, 2002) was
used to investigate the changes in the distribution of GM between
groups and to correlate the neuropsychological performance with the
GM loss in PD and HC. Total GM volume was calculated from
segmented images and introduced as covariate in correlation analyses.
To look specifically at the gradients of GM loss within the amygdala
and OFC that were of particular interest in this study we performed
region of interest (ROI)-based analyses of these arcas. The threshold
was set at P < (.05, Family Wise Error (FWE) correction for multiple
comparisons in small volumes [small volume correction (sve)]
(Worsley et al., 1996). ROI of the amygdala was 642 voxels in size
and it was defined using the Harvard-Oxford probabilistic subcortical
atlas  (htp://www.fmrib.ox.ac.uk/fsl/fslview/atlas-descriptions.html )
thresholded at 70%. The OFC was 14863 voxels in size and it was
defined following the parcellation proposed by Lacerda er al. (2003)
and included six major anatomical subregions (from medial to lateral):
gyrus rectus (BA 14), medial orbital gyrus (BAs 11 and 13), anterior
orbital gyrus (BA 11), posterior orbital gyrus (BA 13), lateral orbital
gyrus (BA 12). Brodmann maps were extracted from the MRIcron and
then were registered into the standard MNI152 T1 2 mm template
available in FSL atlas tools. Correlation analyses focused mainly on
the relationship between OFC and amygdala volume and neuropsy-
chological tasks.

The statistical threshold was setat P < 0.05 Family Wise Error (FWE)
corrected for multiple comparisons within the ROIL We then extracted
the mean GM values from anatomically defined OFC ROIs and plotted
the relationship with Ekman and IGT tests. The r values were also
calculated from the mean GM of OFC ROI, and not from the maxima, to
avoid the non independence error (Poldrack & Mumford, 2009).

Volumetric analvsis

In addition to VBM analysis, volumetric analysis of the OFC,
amygdala and primary olfactory cortex were performed. First, native
images were segmented into GM, WM and CSF. Then, the standard
masks of the structures were normalized to the gray matter native
space of cach subject and finally the volumes were obtained using
matlab (spm_volumes extraction option). We obtained raw volumes
in mm® of the right and left sides of cach of the measured
structures.

Results
Neuropsychological results

Table 2 shows the difference in performance between PD and HC.
Patients obtained significantly worse scores in the gambling task and
in the total score of recognition of facial expressions of emotions but
not in the measure of sustained attention (detectability) and the
reaction time measured by the CPT. There were no significant
differences in the vocabulary scores between groups. However,
reverse digit span was significantly shorter in PD patients than in
the HC group.

There was a correlation between IGT and Ekman total score
(r=1041, P=10.02), but neither test correlated with other neuropsy-
chological, clinical or demographical data except for a significant
correlation between IGT and reverse digit span (for Spearman rank
order correlation coefficients see Table 3).

@ The Authors (2009). Journal Compilation @ Federation of European Neuroscience Societies and Blackwell Publishing Lid
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TaBLE 2. Neuropsychological differences between PD and HC

HC (n = 24) PD (n = 24) P P
IGT (CD minus AB) 36.50 £ 22.7 5.16 £ 30.7 0.001 0.004
Ekman total 51 £45 425105  0.001 0.004
CPT 11 (d") 0.84 £ 0.4 0.82 £ 0.3 0.880 0.999
CPT 11 (Hit RT) 420.88 + 61.5 45697 + 584 0.043 0.197
Vocabulary 46.67 £ 7.0 4125 £ 121 0.067 0293
Backward digit span T21:% 1.7 538419 0.001  0.004

Values are mean = SD, HC, Healthy controls; PD, Parkinson's disease patients;
P corr, values corrected by Bonferroni: IGT, lowa Gambling Task: CPT 11,
Conners’ Continuous Performance Test 1I; (d"). detectability; Hit RT, Hit
reaction time.

Decision-making

A repeated measures ANOVA was conducted on the performance of PD
patients and HC across IGT blocks. This revealed a significant effect
of group [F) 46 = 14.56, P = 0.001], a significant effect of IGT block
[Faa4, 112,19 = 2849, P = 0.001] and a significant group x IGT block
interaction [Foqq. 112,00 = 7.55, P=0.001]. PD patients and HC
performed in a similar way in the first and second blocks (first
40 cards). From the third block onwards, PD patients selected less
advantageous decks than HC and the differences in performance
between groups become more pronounced as the task advanced (see
Fig. 1).

Recognition of facial expression of emotions

The repeated measures ANOVA in the performance of facial recogni-
tion of basic emotions showed a significant effect of group
[Fia6 = 19.58, P=0.001]), a significant effect of emotion
[Fiy22, 19426 = 29.27, P =0.001] and a significant group x emotion
interaction [Fy55 19306 = 2.48, P =0.042]. PD patients obtained
lower scores than HC in all emotions except happiness (see Fig. 2).
Performance on recognition of happiness was very similar between PD
and HC and a ceiling-effect was observed for this emotion (see Fig. 2)

Voxel-based morphometry (VBM) results

Group comparisons

ROI analysis showed that PD patients had significant volume loss in
the right amygdala and bilateral OFC in comparison with HC (sce
Table 4 and Fig. 3). Close inspection of GM loss in amygdala shows
that degeneration affects the medial and basal aspect of this structure.
OFC shows a gradient of degeneration that is worse in the left
ventrolateral area; in the right part the differences are more dorsally
and medially located. We also performed a comparison between
groups using a ROI of the primary olfactory cortex (piriform and
entorhinal cortex) because, according to the Braak stages, these arcas
are believed to be affected earlier than OFC. However, we did not find
significant results at P < 0,05 corrected for multiple comparisons.

blockl block2 block3 block4 blocks
Order of Card Selection from the 1st to the 100th Trial in Blocks of 20 Cards
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FiG. 1. Gambling task performance in PD and HC across blocks: PD
performance on gambling task was significantly worse than HC. Values are
expressed as total number of cards (mean £ SEM) selected from advantageous
minus disadvantageous decks from the st to the 100th trial in five blocks of 20
cards.
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FiG. 2. Mean £ SEM of recognition of facial expressions for each of the six
basic emotions in PD and HC. HA, happiness: SU, surprise: FE, fear: AN,
anger: DI, disgust; SA, sadness.

TasLE 3. Correlation matrix between decision-making and recognition of emotions and other neuropsychological tasks, clinical and sociodemographical variables

Age Education Vocabulary NPI Digit span BDI CPT (d") HitRT H&Y UPDRS LEED
IGT -0.27 0.25 0.26 -0.12 0.48%=* -0.19 0.07 -0.22 0.29 .19 =0.09
Ekman -(.28 0.26 0.22 =0.10 -0.29* -0.20 0.19 -(0.13 -0.34 -(.24 -0.17

Values correspond to Spearman rank order correlation coefficients. *P < 0.05; **P < 0.01. IGT, lowa Gambling Task (total score); Ekman, Ekman 60 faces test
(total score); CPT, Continuous Performance Test: (d’), detectability: Hit RT. Hit reaction time in the CPT: BDI, Beck’s Depression Inventory: NPL Neuropsychiatric
Inventory; UPDRS [II, Unified Parkinson’s Discase Rating Scale (motor section); H&Y, Hoehn and Yahr staging: LEDD, levodopa equivalent daily dose.
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2

FiG. 3. ROI analysis on amygdala and OFC contrasting HC = PD showed significant loss in the right amygdala and bilateral OFC. Close inspection of GM loss in
amygdala shows that degeneration occurs in the medial and basal aspect of this structure. OFC shows a gradient of degeneration that is worse in the left ventrolateral
arca and in the right part is dorsomedially located. The threshold was set at P < 0.05, Family Wise Error (FEW) corrected for multiple comparisons using small
volume correction (sve).

) The Authors (2009). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd
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TasLE 5. Correlations between OFC volume and neuropsychological tests in
PD after adjusting for total gray matter volume

Cluster Cluster
Structure MNI size (mm’)  threshold P
Correlation with Ekman
Bilateral OFC =30, 52,22 36192 0.001 0.58  0.003
Correlation with 1GT
Left OFC (BA47) —48,22,12 GO0 0.021 0.49  0.011

Cluster size denotes the extent of the cluster of significant voxels in cubic mil-
limetres. MNI coordinates refer to the location of the maxima and the r values are
not calculated from this maxima but from the mean GM of an anatomically
defined OFC ROI to avoid the non independence emor. Cluster threshold
corrected for P values are corrected for multiple comparisons using FWE.

lesions of the OFC to support this theory (Bechara, 2004). However,
there is an alternative interpretation of the failure of OFC patients to
perform well on the IGT: the fact that decks A and B, which turn out

Neuroanatomical correlates of orbitofrontal dysfunctions in PD 7

to be bad in the longer term, initially appear very good raises the
possibility that the poor performance of these patients on the IGT is
based on a reversal leamning deficit (Maia & McClelland, 2004;
Fellows & Farah, 2005; Dunn er al., 2006). In our study, PD and HC
groups presented similar performance on the IGT until trial 40 (block
3). but the control group continued to improve afterwards, whereas the
PD group did not. PD patients failed to shift their choices to decks C
and D when the initially high-gain decks A and B began to lose large
sums of money. IGT total scores in our PD sample correlated with GM
volume in OFC. However, the correlation was observed in the lateral
part of the orbitofrontal cortex - not in the ventromedial region, as the
previous findings of Bechara ef al. would lead us to expect. Our
correlational results partially agree with functional MRI studies in
healthy subjects that showed that activation in lateral OFC (BA47)
was positively associated with gambling task performance (Lawrence
et al., 2009). In addition, lateral OFC is related to the evaluation of
punishers (O'Doherty er al., 2001) which may lead to a change in
ongoing behavior (Kringelbach & Rolls, 2004).

FiaG. 4. Lefi lateral OFC GM volume is correlated with performance on the IGT (lower calibration bar, see blue in on-line graphic) and widespread bilateral OFC
GM volume with Ekman total score (upper bar, yellow in on-line graphic) in PD patients. The threshold was set at P < 0,05, Family Wise Error (FEW) corrected for

multiple comparisons within the ROI of the OFC,

© The Authors (2009). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 1-10



8 N. Ibarretxe-Bilbao ef al.

700

650 o o o

600

550

OFC GM (BA47)

500

450 4 o

400 T T T
-80 -60 -40 -20 0 20 40 60

540

520 o
500
480 4
460
440

420 A

OFC GM

400
380 4
360 4

340 A

320 T T T T T
20 35 40 45 50 55 60

EKMAN

F1G. 5. In the top par, scatterplot showing the relationship between lateral
OFC (BA47) mean GM and IGT total scores in PD patients. In the bottom, the
scatterplot of the relationship between the bilateral OFC mean GM and Ekman
total scores in PD,

TABLE 6. Volumetric measures in native space of OFC, amygdala and primary
olfactory arcas (entorhinal cortex and piriform cortex) in PD and HC

Structure HC (n = 24) PD (n = 24)
OFC R 24858.5 £ 3813 .4 24660.7 + 4301.1
L 25517.9 + 3815.7 24483.3 + 4974.3
Primary R 5015.0 £ 641.7 4948.5 4+ 673.5
olfactory L 4450.6 £ 521.7 43828 £ 619.7
cortex
Amygdala R 846.5 + 437.2 831.2 = 385.7
L 790.3 £ 383.5 763.9 £ 362.2
TIV 16450162 = 119628.7 1644593.4 + 149701.1

Values are volumes (mean + SD) in mm. HC, Healthy controls; PD, Parkin-
son's disease; OFC, orbitofrontal cortex; TIV, total intracraneal volume; R,
right; L, left.

Patients with amygdala lesions have also been reported to be
impaired in IGT (Bechara er al, 1999). However, we found no
correlation between gambling score and GM loss in amygdala in PD

patients. This lack of correlation is in line with recent work in non-
human primates, suggesting that OFC and amygdala make distinct
contributions to the decision-making process based on the findings
that monkeys with amygdala lesions are able to flexibly change
stimulus-reward associations (Rudebeck & Murray, 2008).

We found impairment of recognition of facial expressions of
emotions in early PD patients. The existing neuropsychological
literature on facial emotion recognition in PD is quite mixed. Some
studies did not find emotion recognition deficits (Adolphs et al., 1998;
Pell & Leonard, 2005) whereas the studies that reported impairment in
this ability are divided into those that reported emotion-specific
impairment (Kan er al.. 2002; Sprengelmeyer ef al., 2003: Suzuki
et al., 2006; Lawrence ef al., 2007; Aratti et al., 2008; Clark et al.,
2008) and those that claimed a broad impaired recognition of facial
expressions of emotions in PD (Yip et al., 2003: Dujardin et al.,
2004). Our PD patients scored significantly lower in the recognition of
all six basic emotions except in happiness. These findings are in line
with studies reporting a broad impairment of facial emotion recog-
nition, even though those studies were carried out in patients at a more
advanced stage of the discase (Yip ef al., 2003; Dujardin er al., 2004).

The inconsistency of the results across studies in recognition of
facial emotion expression in PD has been attributed to factors such
as emotion assessment, perception deficit, cognitive impairment,
behavioral symptoms. illness severity and anti-Parkinsonian therapy
(Assogna er al.. 2008). However, we did not find any correlation
between Ekman recognition scores and clinical or demographical
variables. Another problem that has been reported relates to the
conventional methods (that is, forced-choice labeling task of proto-
typical facial expressions) that have been used to assess recognition of
emotions because of the differential difficulty levels across emotions
(Suzuki er al., 2006). Indeed, we found a ceiling effect in the case of
recognition of happiness and the greatest differences were found in the
recognition of fear, which is known to be the most difficult emotion to
recognize. In the light of all these results, we are not in a position to
claim that carly PD impairs the recognition of one specific emotion
above others, but the disease definitely influences the general
recognition of emotions. Actually, total scores on the Ekman test
correlated with bilateral OFC GM volume in PD patients but not in
HC. The lack of correlation in the control group could be driven by a
ceiling effect on the task. The OFC is a crucial structure in the
recognition of facial expressions of emotions (Adolphs, 2002a,b). PET
studies have reported activation in orbital regions when recognizing
facial expressions of emotions (Dolan er al., 1996; Blair et al., 1999;
Nakamura ef al., 1999) and lesions in the OFC can impair emotional
face expression identification (Hornak er al., 2003; Heberlein ef al.,
2008). Right rather than left hemisphere lesions are related to impaired
recognition of emotions (Adolphs ef al., 1996). In our study, the
maxima of the correlation between OFC GM volume and Ekman test
corresponded to the left hemisphere. However, there was an extensive
correlation with both hemispheres including both lateral and medial
aspects of the OFC. Evidence from behavioral and lesion studies do
suggest that different structures are activated by different emotions
(Posamentier & Abdi, 2003). The best established role is that of the
amygdala in the recognition of fear. supported by lesion (Calder er al..
1996: Adolphs, 2002a.b: Sato er al., 2002) and functional studies
(Morris et al., 1996; Whalen et al., 1998) but we did not find a
correlation between amygdalar volume and recognition of fear.

In our sample, performance on decision-making and recognition of
emotions was independent of sustained attention and vocabulary
scores, but not independent of reverse digit span. A role of working
memory in the performance of the IGT has been suggested previously
(Dunn ef al., 2006) but these two functions are known to depend on

@ The Authors (2009). Journal Compilation @ Federation of European Neuroscience Societies and Blackwell Publishing Ltd
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different structures: the gambling task is related more to the
orbitofrontal cortex and working memory to the dorsolateral prefrontal
cortex (Bechara er al., 1998).

VBM identified regional differences between HC and PD. However,
volumetric analysis did not yield significant differences between the
two groups. The discrepancy between the two techniques may reflect a
greater sensitivity of VBM to subtle changes in carly stages of the
discase. On the other hand, the normalization stage within the VBM
analysis, which is required to ensure that the same brain regions can be
compared between subjects, transforms the shape of the brain image
and may distort the abnormal tissue and artificially inflate the
atrophied arcas (Mechelli et al., 2005). The volumetric approach does
not present this problem and takes into consideration the anatomical
brain variability across subjects. In this study, the VBM analysis was
performed using a non-linear registration method that estimates an
exact match between brain structures. In addition, an exhaustive and
careful visual inspection was carricd out after normalization and
segmentation, ensuring that the arcas of atrophy we found are unlikely
to be systematic shape differences attributable to misregistration from
the spatial normalization step.

In conclusion, we found evidence of OFC structural and functional
deficits in the carly stages of PD. Structurally, patients have bilateral
gray matter reductions in this region. Functionally, we found
impairments in the recognition of facial emotions and in leaming
the rules of a cognitive task according to the contingency of reward.
We also found correlations between structure and function, suggesting
that the neuropsychological deficits reflect the underlying gray matter
loss. These results are in agreement with recent literature suggesting
that cognitive deficits in PD have a structural basis in addition to the
neurochemical ones.
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Supplemental material, paper I11

Whole Brain Analysis VBM results

There were not differences between HC and PD when correction for multiple comparisons was applied.
However, when uncorrected P values were taken into account the areas that showed GM volume loss in
PD patients in comparison with HC were: bilateral occipital (cuneus), parietal (precuneus), temporal
(right middle temporal gyrus) bilateral occipitotemporal regions (fusiform gyrus), bilateral OFC, right
amygdala, and cerebellum. The size of the significant clusters ranged from 200 to 3431 mm’ (Figure A).
In addition, we also tested association between IGT and Ekman total score with GM volume in these
areas that yielded significant differences between HC and PD patients in the whole-brain analysis and did

not find any significant result.

Figure A. Group comparison of whole brain GM contrasting HC > PD showed areas of changes in
occipital, occipito-temporal, amygdala and prefrontal cortex. Colour coding relates to the uncorrected p
value (P = 0.001) with smallest P being brightest.
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Olfactory impairment in early Parkinson’s disease is related to fractional anisotropy reduction in

central olfactory areas. A voxel-based diffusion tensor imaging (DTI) study

ABSTRACT

Objective: Olfactory dysfunction is known to be previous to motor signs in Parkinson disease (PD).
Diffusion tensor imaging (DTI) studies in PD have reported fractional anisotropy (FA) reductions even at
the early stages of the disease. We aimed to investigate the relationship between olfactory dysfunction

and white matter (WM) FA in a group of early PD patients.

Methods: Forty-eight subjects (24 with early stage PD and 24 healthy controls matched by age, gender
and years of education) participated in this study. DTI was acquired at a 3 Tesla scanner and odor
identification was assessed using the University of Pennsylvania Smell Identification Test (UPSIT).
Whole brain and central olfactory ROI voxelwise group comparisons were performed using tract-based

spatial statistics (TBSS). In addition, correlation analyses with UPSIT scores were carried out.

Results: PD patients presented lower scores in the UPSIT in comparison with healthy controls and
presented FA reduction in the corpus callosum, WM adjacent to right posterior cingulated and parieto-
occipital cortex, left WM adjacent to fusiform gyrus, bilateral superior longitudinal fasciculus, left WM
adjacent to temporal pole, right WM adjacent to gyrus rectus, left thalamus and fornix, and brainstem.
Only FA reductions in the right gyrus rectus showed significant correlation with olfactory dysfunction.
When focusing on central olfactory areas and dividing the groups according to different degrees of
olfactory dysfunction, PD patients (both hyposmic and anosmic groups) had lower FA values than
controls in the WM adjacent to gyrus rectus. In addition, patients with anosmia had reduced FA in WM

surrounding primary olfactory areas, specifically in the WM adjacent to the enthorrinal cortex.

Conclusions: PD patients at early stages of the disease have micostructural changes in the central

olfactory system associated with olfactory dysfunction.
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1. Introduction

Patients with PD present marked deficits in odor identification (Doty, et al. 1988, Doty, et al.
1992b, Hawkes, et al. 1997, Stern, et al. 1994, Tissingh, et al. 2001) and these deficits appear
early in the disease course (Doty, et al. 1992b, Tissingh, et al. 2001). Olfactory dysfunction
precedes classic motor symptoms in PD serving as a preclinical marker and predictor of PD
(Berendse, et al. 2001, Ponsen, et al. 2004, Ross, et al. 2008) and is independent of the
magnitude of motor impairment, cognitive status, medication, disease duration, and disease
severity (Doty, et al. 1988); however, it is not a concomitant element of all parkinsonian
syndromes. For example, patients with vascular parkinsonism (Katzenschlager, et al. 2004),
progressive supranuclear paralisis PSP (Doty, et al. 1993) or MPTP-induced parkinsonism (Doty,

et al. 1992a) do not show olfactory dysfunction.

Olfactory information 1is transmitted from peripheral olfactory structures (the olfactory
epithelium) to more central structures including olfactory bulb that through olfactory tracts and
without thalamic relay connects with primary olfactory cortex which involves the piriform
cortex, the anterior cortical nucleus of the amygdala, and the rostral enthorrinal cortex. The
orbitofrontal cortex (OFC) which represents the main neocortical target of primary olfactory
cortex is also involved in odor identification (Price, 2004). Deficits in odor detection may be the
consequence of peripheral defects in the olfactory pathway, whereas deficits in “higher order”
olfactory functions, such as odor recognition memory and identification may result from

involvement of more central olfactory structures (Doty, 2009).
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Neuropathological studies have found synuclein pathology across the central olfactory system
(Silveira-Moriyama, et al. 2009) and olfaction related structures (i.e., olfactory bulb) are known
to be the first sites to get affected in the course of the disease by Lewy pathology (Braak, et al.
2003). It was proposed that a toxic agent that enters the brain via nasal, with anterograde
progression into the temporal lobe may cause the disorder (Hawkes, et al. 2007). The normal
sense of smell in intravenously administered MPTP-parkinsonism induced patients and the
identification of pesticide exposure as a risk factor for PD provoking and almost 80% greater risk
of parkinsonism (Tanner, et al. 2009) gives further evidence of an environmental agent entering
the brain via olfactory pathways as responsible for the smell dysfunction observed in idiopathic

PD.

However, neuroimaging studies have failed to relate consistently olfactory deficits to cerebral
changes in PD. One SPECT study reported no correlation between dopamine uptake and the
olfactory measures (Lehrner, et al. 1995). However, another study found significant correlation
between dopamine transporter uptake in the striatum, mostly putamen, and UPSIT scores in early
PD patients (Siderowf, et al. 2005). A functional MRI study suggested that neuronal activity in
the hippocampus and amygdala was reduced in PD when receiving olfactory stimulation inside
the scanner (Westermann, et al. 2008). Using voxel-wise analysis of diffusion weighted imaging
(DW]) increased diffusivity in the olfactory tract of early PD patients was reported (Scherfler, et
al. 2006) and a recent study using DTI reported a correlation between diffusion indices in the

cerebellum and thresholds of olfactory identification (Zhang, et al. 2009).

DTI allows for in vivo measure of macroscopic axonal organization in nervous system tissues

(Mori et al., 2006) and it has been shown to be sensitive to white matter (WM) damage in
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neurodegenerative diseases even in normal appearing white matter (Roosendaal, et al. 2009).
DTI allows obtaining fractional anisotropy (FA) values which provide information on the degree
of diffusion directionality of the fibers and ranges from 0 (isotropic diffusion) to 1 (anisotropic
diffusion) being sensitive to the presence and integrity of WM fibers (Assaf and Pasternak.

2008).

In our study, we obtained diffusion tensor imaging (DTI) and olfactory identification scores in a
group of early PD patients and healthy controls to assess if there is a relationship between

anisotropy measures in central olfactory system and odor identification.

2. Materials and methods

2.1. Participants

The sample of this study was composed of 48 subjects: Twenty-four early PD and 24 healthy
controls. Patients were recruited from the Parkinson’s disecase Movement Disorders Unit,
Neurology Service, Hospital Clinic, Barcelona. Healthy controls were recruited from friends and
spouses of patients and matched by age, gender and years of education. This study was approved
by the institutional ethics committee. All subjects provided written informed consent specifically

to participate in this study.

All patients fulfilled the UK PD Society Brain Bank (PDSBB) diagnostic criteria for PD (Daniel
and Lees. 1993). The inclusion criteria for early PD group were: 1) age 40-65 years; ii) Hoehn
and Yahr stage < II; ii1) disease duration £5 years; and iv) absence of motor fluctuations.

Exclusion criteria for all subjects were 1) the presence of dementia that was diagnosed by a
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neurologist according to the Movement Disorder Society diagnostic criteria for Parkinson
disease dementia (Dubois, et al. 2007) ii) the presence of other neurological or psychiatric
disorders such as depression that was evaluated by means of the Beck’s Depression Inventory II
ii1) presence of visual hallucinations assessed by the Neuropsychiatric Inventory Questionnaire
(NPI-Q) iv) history of: head trauma, nasal fracture or diagnosis of rhinitis and/or nasal polyps v)
a cold two weeks prior and at the moment of the evaluation. Three patients were taking no
medication and 21 were on anti-parkinsonian treatment at the time of investigation: MAO-B
inhibitor (n=7), L-dopa monotherapy (n=5), dopamine agonist monotherapy (n=3) or

combination of L-dopa and dopamine agonist (n=6).

2.2 Assessment of olfactory function

Odor identification was assessed using the University of Pennsylvania Smell Identification Test
(UPSIT) (Doty, et al. 1984). The UPSIT is a standardized multiple-choice scratch-and-sniff test
consisting of four test booklets with 10 items each. Subjects scratched the impregnated area and
were asked to make a selection from one of four possible answers for each item. If the patient
could not identify an odor, and the examiner observed that the area was not sufficiently
scratched, the examiner either re-scratched the area or suggested that the patient do so until an
odor was selected. Related to olfactory function subjects were also asked for: 1) history of

smoking habit; i1) awareness of smell disorder iii) presence of a cold in the last two weeks.

Following UPSIT manual, scores greater to 33 were considered to reflect normosmia and scores

lower or equal to 18 reflected anosmia. Scores between 19 and 32 reflected hyposmia (from 19
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to 25: severe microsmia; from 26 to 29: moderate miscrosmia and from 30 to 33: mild

microsmia).

2.3. Imaging data acquisition, processing and statistical analysis

DTI was obtained in a sagittal orientation in an anterior-posterior phase direction using a single-
shot EPI sequence (TR= 5533 and TE= 88) with diffusion encoding in 30 directions (b values 0
and 1000 s/mm?). The reconstructed voxel size was 1x1x1 mm® and 44 slices were acquired. The
acquisition time for the DTI scan was 3 min and 10 s. Immediately after the DTI, a T2-weighted
scan was acquired in the same geometry to assess WM lesions due to small vessel ischemic

changes.

Voxelwise statistical analysis of the FA data was carried out using TBSS (Tract-Based Spatial
Statistics (Smith, et al. 2006), part of FSL (Smith, et al. 2004). First, FA images were created by
fitting a tensor model to the raw diffusion data using FDT, and then brain-extracted using BET.
All subjects' FA data were then aligned into a common space using the nonlinear registration tool
FNIRT, which uses a b-spline representation of the registration warp field. Next, the mean FA
image was created and thinned to create a mean FA skeleton which represents the centres of all
tracts common to the group. Each subject's aligned FA data was then projected onto this skeleton
and the resulting data fed into voxelwise cross-subject statistics. TBSS method improves the
analysis by means of 1) carefully tuned non-linear registration, 2) projection onto an alignment —

invariant tract representation (the ‘mean FA skeleton”)
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A whole brain comparison without any priori was performed in a voxelwise fashion using FSL’s
randomise (which combines General Linear Model testing with permutation inference statistics)
to identify potential regional areas of FA reduction in PD patients when compared with healthy
controls with TBSS (t > 3, p < 0.001 uncorrected). Mean FA values from each of the clusters
with significant differences between groups were calculated and correlation analyses were

performed with UPSIT scores.

In addition, we selected areas of white matter surrounding the central olfactory system as
region-of-interests (ROI) for TBSS analysis. The selected areas were: 1) white matter adjacent to
the OFC that corresponds to superficial white matter structures, specifically to inferior frontal
blade, ii) the medial temporal lobe white matter including white matter adjacent to amygadala,
piriform cortex, enthorrinal cortex (primary olfactory system) iii) the uncinate fasciculus
(conexion between frontal and temporal areas) that was obtained from the JHU white matter
tractography atlas. ROIs were defined in the MNI standard template of 1x1x1 mm where images
were previously aligned to and then were introduced as masks in the statistical analysis of FA
comparison between groups. Two WM atlases within the FSL (ICBM-DTI-81 parcellation map
and JHU WM tractography atlas) guided the placement of the ROIS and they were further
verified using a DTI color map human atlas (Oishi, et al. 2008). Masks were multiplied by white
matter’s mean FA skeleton to get sure that only areas corresponding to this skeleton were
introduced in the analyses. Differences in FA between patients and controls in those ROIs which
were related to olfactory function were also analyzed using FSL’s randomise and a corrected
cluster size significance level of p > 0.05 was used to correct for multiple comparisons

controlling for FWE.
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3. Results

3.1. Olfactory function

UPSIT score (mean = SD) for PD patients was 21.79 £+ 6.31 and for healthy controls 31.17 +
6.31. PD patients’ UPSIT scores were significantly lower compared to healthy controls (t= 6.22;

p <0.001) and all participants except 5 were unaware of a smell disorder before testing.

From PD group there were 2 patients with normosmia (UPSIT score > 33); 1 patient with mild
microsmia (UPSIT score between 30 and 33); 3 patients with moderate microsmia (UPSIT score
between 26 and 29); 9 patients with severe microsmia (UPSIT score between 19 and 25); and 9
patients with anosmia (UPSIT score <= 18). In healthy controls the proportion was as follows: 9
with normosmia; 9 with mild microsmia; 5 with moderate microsmia and 1 with severe
microsmia. None of the healthy controls presented criteria for anosmia. Because the scores of
patients with normosmia (n=2), mild (n=1) and moderate microsmia (n= 3) overlapped with
those from healthy controls and they were not a number big enough to make subgroups we
exclude d them from the analyses. There were 4 patients and 4 healthy controls with smoking
history but since they were an equal number in both groups we did not exclude them from the
analyses. Therefore, the analyses were performed in a group of 23 healthy controls and 18 PD,
that were latter subdivided for ROI analyses, based on their score in the UPSIT, into PD patients
with severe microsmia what we will consider PD patients with hyposmia (UPSIT score between
19 and 25) (n= 9) or PD patients with anosmia (UPSIT score <= 18) (n= 9). Clinical and

sociodemographic aspects of the sample are summarized in table 1.
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UPSIT scores did not show a significant correlations with clinical variables such as UPDRS-III
(r=0.21; p= 0.39), years of disease evolution (r=-0.21; p= 0.41) or Hoehn and Yahr stage (r= -

0.31; p=0.22) in PD group.

3.2. Whole brain voxel-based FA group comparisons

In table 2 and figure 1 we can see the areas that showed FA reduction in PD patients in
comparison with HC as a results of a voxel-based whole brain FA analysis with TBSS (t > 3;
0.001 uncorrected). PD patients presented FA reductions in the caudal and middle corpus
callosum, WM adjacent to right posterior cingulated and parieto-occipital cortex, left WM
adjacent to fusiform gyrus, bilateral superior longitudinal fasciculus (frontal and temporal part),
left WM adjacent to temporal pole, right WM adjacent to gyrus rectus, left thalamus and fornix,
and brainstem. There were not differences between groups when correction for multiple
comparisons was applied. Control group did not show any corrected or 0.001 uncorrected areas
of FA reduction in comparison with PD patients

3.3. FA group comparison using a ROI of the central olfactory areas

Table 3 shows the voxel-based maps reflecting areas with statistically significant FA differences
between groups. Both hyposmic and anosmic groups differed from controls in the white matter
adjacent to gyrus rectus (BA 14) bilaterally and, in addition, anosmic PD patients differed from
controls in the POC bilaterally, specifically in WM adjacent to enthorrinal cortex. In figure 2, we
can see the areas of reduced FA in anosmic patients compared to healthy controls. There were
not areas showing significant FA differences between PD patients with anosmia and hyposmia.

There were not differences in between groups in the uncinate fasciculus.
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3.4. Correlation between FA values and olfactory function

We extracted the mean FA value of each of the clusters that showed significant reductions in the
PD group when comparing with control group and performed correlation analysis to investigate
if there was a significant correlation with UPSIT scores (see table 4). To examine the influence
of FA reduction on odor identification we performed a multiple regression analysis (stepwise
method) including the mean FA values of each of the clusters that showed significant differences
between groups, which indicated the reduction of FA in WM adjacent to gyrus rectus to be the
most important variable in determining olfactory function of PD patients (F = 5.762, p < 0.029).
In figure 3 we can see the plot of correlations between FA values in WM adjacent to right gyrus

rectus and UPSIT scores for PD patients.

4. Discussion

Our work aimed to investigate the olfactory dysfunction in early PD and its association with WM
microstrucutural changes in central olfactory areas. Our early PD patients presented reduced
anisotropy assessed by a voxel-wise analysis of FA maps in several brain regions including
cortical and subcortical areas. However, only reduction of mean FA value of the WM of the
central olfactory areas, specifically the WM adjacent to gyrus rectus, was associated with the

olfactory dysfunction in PD patients.

Previous studies have reported impaired odor identification (Doty, et al. 1988, Hawkes, et al.
1997, Stern, et al. 1994, Tissingh, et al. 2001). The PD patients of the present study showed
lower UPSIT scores in comparison with sex, age and gender matched healthy controls. Nineteen

patients showed anosmia or severe microsmia and only 6 of the patients showed UPSIT scores
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ranging from normosmia to mild-moderate microsmia. As previously reported (Doty, et al.
1988), UPSIT scores in PD patients were independent of years of disease evolution, UPDRS

motor section and Hoehn and Yahr stage.

Voxel-based analysis of the whole brain showed that PD patients presented reduced FA in the
caudal and middle corpus callosum, WM adjacent to right posterior cingulated and parieto-
occipital cortex, left WM adjacent to fusiform gyrus, bilateral superior longitudinal fasciculus
(frontal and temporal part), left WM adjacent to temporal pole, right WM adjacent to gyrus
rectus, left thalamus and fornix, and brainstem. Previous studies using DTI have reported
reductions of FA values in the substantia nigra and its proyections in PD (Chan, et al. 2007,
Yoshikawa, et al. 2004) even in de novo PD patients (Vaillancourt, et al. 2009). Other areas that
have shown decreased FA values in early PD compared to controls are motor areas and the
cingulum (Karagulle Kendi, et al. 2008). Recent studies also reported decreased FA or increased
MD, localized bilaterally in the cerebellar and orbitofrontal cortex of PD patients (Zhang, et al.
2009); and in the genu of the corpus callosum and superior longitudinal fasciculus (Gattellaro, et
al. 2009). PD patients with cognitive deficits, specifically executive dysfunctions, showed
reduced FA in the right frontal and left parietal white matter (Matsui, et al. 2007b); and in PD
patients with dementia reductions have been reported in bilateral posterior cingulated bundles

compared to PD without dementia (Matsui, et al. 2007a).

From all the areas which showed reduced FA in PD patients in comparison with healthy controls
the WM adjacent to gyrus rectus was the only area that showed a significant correlation with
UPSIT scores in PD patients. When analyzing the differences in FA just focusing on the ROIs

from central olfactory areas (primary olfactory cortex and orbitofrontal cortex) and dividing the

120



PD group into those who presented hyposmia and those with anosmia we demonstrated that both
hyposmic and anosmic groups differed from controls in the white matter adjacent to gyrus rectus
(BA 14) bilaterally and, in addition, anosmic PD patients differed from controls in the POC

bilaterally, specifically in WM adjacent to enthorrinal cortex.

The basis of olfactory dysfunction in PD is unknown, although it could reflect a PD-related
vulnerability of the olfactory system to destruction by environmental factors (Hawkes, et al.
2007) or PD-related retrograde degenerative process (Braak, et al., 2003). The olfaction is the
only sensory modality that is directly connected into the cerebral hemisphere. Olfactory sensory
activity is transferred directly from the olfactory bulb to the primary olfactory cortex without a
thalamic relay, and then orbitofrontal cortex receives neocortical olfactory projections form the
POC (Price, 2004). It has been proposed that PD and the associated olfactory dysfunction may be
caused by the entry of environmental agents or toxins from the nasal cavity into the brain.
Indeed, pesticide exposure was reported to be a risk factor for PD provoking and almost 80%
greater risk of parkinsonism (Tanner, et al. 2009). In addition, the association of impaired
olfaction with incidental LBs suggests that the cause of the deficits maybe linked to the process
leading to LB formation (Ponsen, et al. 2004). Olfaction related structures (i.e., olfactory bulb)
are known to be the first sites to get affected in the course of the disease by Lewy pathology
(Braak, et al. 2003) and neuropathological studies have found synuclein pathology across the

central olfactory system (Silveira-Moriyama, et al. 2009).

A decrease in FA value of WM areas may be a sensitive indicator of histological abnormality,
even if the values are derived from normal-appearnig tissue by conventional MRI. At present, the

pathological interpretation of FA reduction in the brain with neurodegenerative disease is not
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clear and can be attributed to a number of physiological factors (Assaf and Pasternak. 2008).
However, the murine model of PD have demonstrated that cell loss caused by neurodegenerative
disorders is likely to be accompanied by FA decreases in the deteriorated brain regions (Boska,
et al. 2007).Therefore, the reduced FA values found in early PD anosmic PD patients could be
reflecting a degeneration of the olfactory bulb an in consequence a loss of axonal connections
with olfactory related primary central cerebral structures, and also a loss of connections with
neocortical structures such as the OFC, which are known to be involved in olfactory
identification and therefore can be contributing to the odor identification problem reported in PD.
Another possible explanation for FA reduction in our early PD patients could refer to a
demyelinating process as a consequence of over expression of synuclein proteins which has been

previously associated with demyelinating changes in PD (Galvin, et al. 1999).

In conclusion, we give evidences of abnormal cortical and subcortical structural connectivity in

early PD patients and a relationship between olfactory dysfunction and reduced FA anisotropy in

central olfactory system.
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Table 1. Demographic and clinical characteristics of the sample

PD with hyposmia

PD with anosmia

Controls (23) F/X* P
(&) (&)

UPSIT total 31.6+3.2 22.7+2.1 155+24 111473 | <0.001*
Age 57.3+8.9 58.0+5.8 579+79 0.036 0.965
Gender
(male/female) 4/2 6/3 8/1 1.479 0.477
[Education (years) 13.1+3.9 11.3+64 9.2+5.5 2.048 0.143
MMSE 29.8+0.3 29.6+0.5 29.7+0.5 2.031 0.145
Disease  evolution 27+1.6 3316 0332 | 0721
(years)
Predominance
(left/right) 5/4 7/2 1.000 0.317
UPDRSIII 16.4+3.5 13.8+3.5 2.030 0.156
Hoehn and Yahr 1.8+0.2 1.8+0.3 3.029 0.70
Total LEDD 214.4 + 3475 319.4 +£312.8 0.591 0.563

Group differences in demographical and clinical variables were analyzed with ANOVA for normally
distributed variables and the X” test for categorical variables.

Values are mean = SD, HC=Healthy controls; PD=Parkinson’s disease, MMSE = Mini-Mental State
Examination; BDI-II = Beck’s Depression Inventory; NPI = Neuropsychiatric Inventory; UPDRS III=Unified
Parkinson’s Disease Rating Scale (motor section); LEDD=levodopa equivalent daily dose.
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Table 2. Areas of FA reduction in early PD patients in comparison with healthy controls with

TBSS analysis.
Region Cluster size MNI t value*
(voxels) coordinates
(X, Y, 2)

Caudal corpus callosum and WM adjacent to right posterior

cingulate 153 21,-28, 33 3.79
Middle corpus callosum 91 -13, -18, -30 3.31
Right WM adjacent to parieto-occipital cortex 72 27,-73, 24 3.79
Left WM adjacent to fusiform gyrus 39 -38, -49, -13 3.71
Right superior longitudinal fasciculus (frontal) 65 38, -4, 35 3.38
Left superior longitudinal fasciculus (frontal) 31 -39,7,17 3.07
Right superior longitudinal fasciculus (temporal) 45 39, -38, 15 342
Left superior longitudinal fasciculus (temporal) 30 -42,-35,3 4.77
Left WM adjacent to temporal pole 64 -44, -2, -24 4.51
Right WM adjacent to gyrus rectus 54 7,25, -18 3.89
Left thalamus 36 -14,-29, -4 4.18
Left fornix 30 -19,-32,2 4.77
Brainstem 20 10, -28, -6 3.33

*results are uncorrected at p <0.001

Only clusters bigger or equal to 20 voxels were included in the table.

MNI= Montreal Neurological Institute; WM= white matter
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Table 3. Voxel-based differences between groups in WM FA values from DTI images.

Cluster size | MNI Coordinate t*
|Differences in the white matter adjacent to gyrus rectus
lAnosmic PD < Controls 101 1131-17 (R) 2.32
Hyposmic PD < Controls 100 836-21 (R) 1.95
[Differences in primary olfactory cortex
lAnosmic PD < Controls 143 -43,-9,-32 (L) 2.99

Cluster size denotes the extent of the cluster of significant voxels.

MNI coordinates refer to the location of the most statistically significant voxel in the cluster.

*Differences are significant at p < 0.05 corrected for multiple comparisons by FWE.
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Table 4. Mean FA value of regions with reduced FA and correlation with UPSIT in PD

FA value
Region r value P
(Mean + SD)

Caudal corpus callosum and WM adjacent to

) o 0.5030 + 0.0297 0.240 0.337
right posterior cingulate
Middle corpus callosum 0.6464 + 0.0384 0.060 0.812
Right WM adjacent to parieto-occipital cortex 0.5068 + 0.0301 0.049 0.848
Left WM adjacent to fusiform gyrus 0.3820 +0.0338 0.200 0.427
Right superior longitudinal fasciculus (frontal) 0.4635 +0.0277 -0.020 0.936
Left superior longitudinal fasciculus (frontal) 0.4358 £0.0283 0.055 0.827
Right superior longitudinal fasciculus

0.5025 £ 0.0285 0.437 0.070

(temporal)
Left superior longitudinal fasciculus (temporal) 0.5286 +0.0217 0.432 0.074
Left WM adjacent to temporal pole 0.3806 + 0.0263 0.101 0.689
Right WM adjacent to gyrus rectus 0.2349 + 0.0394 0.515 0.029*
Left thalamus 0.4206 + 0.0222 0.215 0.391
Left fornix 0.4229 £ 0.0225 0.202 0.421
Brainstem 0.4687 + 0.0295 0.042 0.870

*significant results at p <0.05

The r value refers to the spearman rank correlation between mean FA value of each of the clusters and

UPSIT scores in PD patients.
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Figure 1. Voxelwise group differences as a result of the exploratory whole brain comparison between early PD patients and
healthy controls overlaid on mean FA skeleton (in green). Differences are considered significant at t > 3; p < 0.001

uncorrected.

Figure 2. PD patients with anosmia demonstrated significantly lower fractional anisotropy in the WM adjacent to gyrus

rectus and to the primary olfactory cortex (p < 0.05 corrected by FWE) in comparison with healthy controls. The significant
differences correspond to the red-yellow regions overlaid on mean FA skeleton (in green). All images are in radiological

convention, i.e.the left hemisphere of the brain corresponds to the right side of the image.
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Figure 3. Regression plot between FA values in white matter adjacent to gyrus rectus and UPSIT

scores in PD patients.
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Early alterations in brain functional networks during memory retrieval task in Parkinson’s
disease

ABSTRACT

In this study we used the Multivariate Exploratory Linear Optimized Decomposition into Independent
Components (MELODIC) from FSL software to assess brain networks during an episodic memory
retrieval task in a group of 24 healthy controls and 24 early stage PD patients. There were not
differences in the amount of words correctly recognized between PD patients and controls but fMRI
analyses revealed a reduced activation of specific memory-related networks including frontal pole,
lateral OFC, paracingulate, visual and angular gyrus in PD patients. The substantia nigra also showed
a reduced activation in PD, but the supramarginal region showed increased activation in PD compared
to controls what could be considered a compensatory mechanism to perform the memory task
properly. In addition, PD patients showed reduced deactivation of default network areas including
temporo-occipital, ventromedial OFC and medial temporal areas while performing the memory task.
These data provide functional evidence of the malfunctioning of networks involved in memory and

default mode in early PD.

Key words: Parkinson’s disease; fMRI; ICA, default mode network, memory.
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INTRODUCTION

Understanding the interactions among different brain regions is fundamental to our understanding of
brain function (Toro, et al. 2008). The functional connectivity is determined by the coordinated
functional activation of different brain regions. fMRI studies in healthy subjects have revealed the
existence of functional brain networks. The most established brain networks refer to attention (fronto-
parietal) (Fox, et al. 2005), motor (cortico-diencephalo-cerebelar) (Postuma and Dagher. 2006) and
default mode (cingulo-parietal) (Greicius, et al. 2003). Specifically, default mode network participates
in episodic memory and became known for its task-related deactivations across fMRI studies (Fox, et
al. 2005, Fransson. 2005, Greicius, et al. 2003); and a recent study using fMRI found malfunctioning
of the default mode network while performing an executive task in PD (van Eimeren, et al. 2009).

PD is a neurodegenerative disease and early stages of neurodegeneration may cause dysfunctions in
complex neuronal networks (Palop, et al. 2006). Unfortunately, most functional neuroimaging studies
focus on motor symptoms and few on cognitive functions, and so relatively little is known about the
brain basis of high-level cognitive dysfunction in PD (Tinaz, et al. 2008). There is extensive evidence
of declarative memory deficits in PD (Troster. 2008, Whittington, et al. 2000) and structural MRI
studies have related memory dysfunctions to hippocampal gray matter loss (Bouchard, et al. 2008,
Camicioli, et al. 2003, Ibarretxe-Bilbao, et al. 2008, Junque, et al. 2005).

Functional magnetic resonance imaging (fMRI) research of cognitive functions in Parkinson’s disease
has been typically aimed at determining regional differences between patients and controls in discrete
and isolate brain regions, commonly by creating a model of the expected BOLD-response and
estimating its magnitude using a General Linear Model (GLM) analysis. However in studies of aging
and disease, it is better not assuming such simple temporal response model because the measured
blood-oxygen-level dependent (BOLD) response within such populations does not necessarily
correspond to the standard hemodynamic response function (HRF), where the temporal signal
variation may differ substantially between groups (D'Esposito, et al. 2003). Exploratory data analysis
techniques such as independent component analysis (ICA) do not depend on these assumptions and

are able to detect unknown, yet structured spatiotemporal processes in neuroimaging data (Rombouts,
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et al. 2009). Tensorial probabilistic ICA (T-PICA) is a model free technique that can be used for
analyzing multiple subjects and groups, extracting signals of interest (components) in the spatial,
temporal, and also subject domain of fMRI data (Beckmann and Smith. 2005). The model-free
approach has been proved more sensitive to detect group differences than the commonly used model-
based analysis (Rombouts, et al. 2009).

In this study we used a typical recognition fMRI paradigm, in which studied and nonstudied items are
presented in a mixed sequence and the subject’s task is to decide which items are old (studied) and
which are new (nonstudied) (Cabeza and Nyberg. 2000), to characterise dynamic brain activity

changes in early PD using a model free-technique.

Methods

Subjects

We assessed 24 patients with idiopathic PD and 24 healthy controls (HC). All of them were right-
handed. Patients were recruited from the Parkinson’s disease Movement Disorders Unit, Neurology
Service, Hospital Clinic, Barcelona. HC were recruited from friends and spouses of patients and were
matched for age, gender and years of education. The study was approved by the institutional ethics
committee. Written informed consent was obtained from the subjects after having fully explained the
procedures involved in the study.

All patients fulfilled the UK PD Society Brain Bank (PDSBB) diagnostic criteria for PD (Daniel and
Lees. 1993). Other inclusion criteria for patients were: 1) age 40-65 years; ii) Hoehn and Yahr stage <
II; ii1) disease duration <5 years; and iv) absence of motor fluctuations. Exclusion criteria for all
subjects were: i) the presence of dementia that was diagnosed by a neurologist according to the
Movement Disorder Society diagnostic criteria for Parkinson disease dementia (Dubois, et al. 2007);
i1) the presence of other neurological or psychiatric disorders such as depression that was evaluated by
means of the Beck’s Depression Inventory (BDI- II); and iii) the presence of visual hallucinations

assessed by the Neuropsychiatric Inventory Questionnaire (NPI-Q).
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Three patients were taking no medication and 21 were on anti-Parkinsonian treatment at the time of
investigation: MAO-B inhibitor (n=7), L-dopa monotherapy (n=5), dopamine agonist monotherapy
(n=3) or a combination of L-dopa and dopamine agonist (n=6). All patients were symptomatically
stable and no patient was asked to change her/his medication for this study. None of the patients were
receiving psychoactive medication at the moment of the study because all psychotic characteristics
such as depression and the presence of visual hallucinations were considered exclusion criteria.
Clinical and sociodemographical aspects of the sample are summarized in table 1.

-Insert table 1-

SMRI acquisition

Data acquisition was performed on a 3 Tesla TIM TRIO 3T scanner (Siemens, Germany), using
multi-slice gradient-echo EPI sequence [repetition time (TR): 2000 ms; echo time (TE): 30 ms; 36 x 3
mm axial slices providing whole brain coverage.

A Tl-weighted structural image was also acquired for each subject images with a notational
resolution of 1 x 1 x I mm’ [MPRAGE 3D, TR: 2300 ms, TE: 2.98 ms, inversion time (TI): 900 ms;

FOV: 256x256, Imm isotropic voxel).

Experimental setup and episodic verbal memory retrieval paradigm

Subjects studied a list of words before scanning, and during fMRI scanning the performed a cue-
specific episodic memory retrieval operation. Specifically, participants first viewed 35 items (duration
2 sec; intertribal interval (ITI), 1 sec) outside the scanner with instructions to remember the words for
a subsequent memory test. The stimuli were words in capital letters from the Lexesp-Corco database
(Sebastian-Galles et al., 2000) presented with VisuaStim Digital MRI Compatible High Resolution
Stereo 3D glasses (Resonance Technology, Inc.) and Presentation ® version 10.1 (Neurobehavioral
Systems) running in Windows XP. The words were 4 to 6 letters in length and of moderate frequency.

Half of the words referred to living things and half to nonliving things.
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Once the subject was placed in the scan, the task started with an activation block which consisted of
the presentation of 7 words of which 3 had been previously memorized outside the scan and 4 were
not. We used a 20-block design task with alternating activation and control conditions (10 blocks
each). The whole experiment had duration of 400 s (20s per block). In figure 1 there is a schematic
representation of the task.

In the activation blocks, using their right hands, participants pressed one button on a response box to
indicate that the item was studied (target) and none to indicate that it was not previously studied (foil).
In total, 70 items (35 studied targets and 35 nonstudied foils) were presented. Responses were
recorded using a 2 button MR-compatible response box. They were encouraged to response while the
word was on the screen (2 s), and responses beyond this interval were not computed. Subjects
responded by indicating whether they remembered having read the word in the list before scanning. In
the contrast blocks, participants were presented 7 concatenations of letters (simulating the length of a
word) of which 3 were the letter “AAAAAA” and the other 4 were random letters. Again, using their
right hands, participants pressed one button on a response box to indicate that the item was

“AAAAAA” and none when other concatenations of letters appeared.

SfMRI data analysis with MELODIC
Analysis was carried out using Tensorial Independent Component Analysis [Beckmann 2005] as
implemented in MELODIC (Multivariate Exploratory Linear Decomposition into Independent

Components) Version 3.05, part of FSL (FMRIB's Software Library, http://www.fmrib.ox.ac.uk/fsl/).

Specifically, the Multi-subject Tensor-ICA option was selected to obtain a 3D Tensor-ICA
decomposition of the data. Tensor-ICA decomposes the data into triplets of time courses, spatial
maps and subject modes, which - for each component - characterize the signal variation across the
temporal, spatial and subject domain. MELODIC attempts to find components which are highly non-

Gaussian relative to the full mixed-effects variance of the residuals.
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Estimated components typically fall into 2 classes: components which describe effects common to all
or most subjects, and components which describe effects only contained in a small number of
subjects. The former will have a non-zero estimated effect size while the latter will have an effect size
around O for most subjects and only few high non-zero values. These different types of components
were identified by looking at the boxplots provided. When using Tensor-ICA the components are

ordered in order of decreasing amount of median response amplitude.

The following data pre-processing was applied to the input data: masking of non-brain voxels; voxel-
wise de-meaning of the data; normalisation of the voxel-wise variance. Pre-processed data were
whitened and projected into a 53-dimensional subspace using probabilistic Principal Component
Analysis where the number of dimensions was estimated using the Laplace approximation to the
Bayesian evidence of the model order (Beckmann and Smith. 2004, Cox, et al. 2000).

The whitened observations were decomposed into sets of vectors which describe signal variation
across the temporal domain (time-courses), the subject domain (PD or control) and across the spatial
domain (maps) by optimising for non-Gaussian spatial source distributions using a fixed-point
iteration technique (Hyvarinen. 1999).

Estimated Component maps were divided by the standard deviation of the residual noise and
thresholded by fitting a mixture model to the histogram of intensity values [Beckmann 2004]. Z
(Gaussaniased T/F) statistic images were thresholded using clusters determined by Z > 4 and a

corrected cluster significance threshold of p < 0.05 corrected by multiple comparisons.

RESULTS

Behavioral data

The mean number of correct responses and percentage (words correctly recognized or true
recognition), incorrect responses (false recognition), omissions (forgotten words) and mean reactions
times for PD patients and healthy controls are summarized in table 2. PD patients and controls did not

differ in any of these measures.
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TICA results

BOLD fMRI data acquired during task performance were analyzed using MELODIC, a novel model-
free multivariate analysis approach. Of 53 independent components (IC) defined by MELODIC, 12
components showed a consistent effect across the group in that their standardized subject scores were
not driven by outliers and the mean subject score was significantly different from zero. Components
representing patterns with known artifacts such as motion and high frequency noise (Beckmann and
Smith. 2005) were identified by visual inspection and excluded from further analysis. These 12
components were divided in those that were common to all the subjects (task related activations and
deactivations) (6 components) and those that significantly differed between PD and control groups

(another 6 components).

Task related activations and deactivations

Activations are defined as increases in signal during the task as compared with baseline; and
deactivations are defined as decreases in signal during the task as compared with baseline. In table 3
we summarized the task-related activations and in table 4 the task-related deactivations. It should be
noted that the same component may be composed of task-related activations and deactivations.

Below, a detailed description of each of the components is provided

Component 1

In component 1, task-related activations were observed in bilateral paracingulate gyrus, bilateral
dorsolateral OFC (BA47/12), bilateral frontal pole (lateral part BA10), bilateral angular gyrus, left
precentral gyrus (BA6) and occipital pole; whereas task-related deactivations occurred in precuneus
cortex and middle temporal gyrus (temporooccipital cortex).

Component 2

In components 2 when task-related activations occurred in bilateral frontal pole (lateral part); bilateral

dorsolateral OFC (BA47/12), and bilateral paracingulate gyrus, bilateral angular gyrus; task-related
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deactivations were observed in the right middle temporal cortex (parietooccipital cortex) and bilateral
ventromedial cortex including gyrus rectus (BA14).

Component 3

Mainly bilateral visual cortex (V1 and V2) task-related activations were observed. There were no
task-related deactivations.

Component 4

In this component, similarly to component 2, task related-activations occurred in bilateral
paracingulate gyrus, bilateral dorsolateral OFC (BA47/12), bilateral frontal pole (lateral part BA10)
However, task related-deactivations involved bilateral ventromedial cortex bilateral temporal pole and
medial temporal areas including left hippocampus and hippocampus, and right precuneus.

Component 5

Only left temporal pole task-related deactivations were observed and no areas of activation.
Component 6

Bilateral paracingulate gyrus and right superior frontal gyrus task-related activations were found but

no areas of deactivation.

In summary, bilateral paracingulate cortex, bilateral dorsolateral OFC (BA 47/12), bilateral frontal
pole (lateral part of BA10), bilateral angular gyrus, bilateral visual cortex (V1 and V2) and precentral
gyrus (BA6) showed time courses that were task-correlated. The areas that showed predominantly
deactivating task-related signal change for both groups were bilateral ventromedial prefrontal cortex,
precuneus, supramarginal gyrus, temporo-occipital cortex, left hippocampus and left parahippocampal
gyrus, and left temporal pole. In figure 2 we can see all the task-related activations and deactivations

common to both PD and control groups.
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Significantly different components between PD and HC

From those 53 components here we will explain those that fit properly to the task and showed
statistically significant differences between PD patients and control group. All the differences
between PD and NC have a p value < 0.05 corrected for multiple comparisons. In table 5 we
summarized the regions that showed an increased activation in healthy controls compared to PD
patients; and in table 6 the areas that showed increased activation in PD patients compared to healthy

controls.

Component 7

During task, control group showed more activity in bilateral paracingulate gyrus, dorsolateral OFC
(BA 47/12), bilateral frontal pole (lateral part of BA10), bilateral angular gyrus, occipital pole in
comparison with PD patients; and PD patients showed increased activity in the precuneus bilaterally,
temprooccipital cortex, left supramarginal gyrus in comparison with control group (p < 0.02).
Component 8

During task, control group showed increased activity in bilateral paracingulate gyrus and right lateral
frontal pole; and PD patients had increased activity in bilateral supramarginal gyrus in comparison
with controls (p < 0.007).

Component 9

During task, controls showed an increased activity in the inferior frontal gyrus pars triangularis and
right frontal pole comparing to PD (p < 0.04).

Component 10

During task, PD patients had increased activity in the motor cortices bilaterally including BA4 and
BAG6, and left precuneus compared to controls (p < 0.035).

Component 11

During task, PD patients showed increased activity in the frontal pole and ventromedial prefrontal
cortex (BA14) compared to PD (p < 0.01).

Component 12
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During task, controls showed increased activity in the left substantia nigra (see figure 4) comparing to

PD patients (p < 0.04) and cerebellum. 15 out of 24 PD patients have a left predominance disease.

In summary, there were areas that showed increased activity in control group in comparison with PD
patients, or what it is the same areas that showed a significant signal reduction in PD patients in
comparison with normal controls. Those areas are depicted in yellow in figure 3 and involve: bilateral
paracingulate gyrus, dorsolateral OFC, lateral frontal pole, occipital pole, angular gyrus, inferior
frontal gyrus, substantia nigra and cerebelum. On the other hand, PD patients showed areas of
increased activity in comparison with control group, or what is the same control group showed
reduced activity in these areas in comparison with PD group. Those areas are depicted in blue in
figure 3 and involve bilateral supramarginal gyrus, motor cortex (BA4 and BAG6), temporooccipital

cortex, precunesus and ventromedial prefrontal cortex (BA14).

DISCUSSION

PD patients perform similar to controls in the recognition verbal memory task but fMRI analyses
revealed a reduced activation of specific memory-related networks including frontal pole, lateral
OFC, paracingulate, visual and angular gyrus in PD patients. The substantia nigra also showed a
reduced activation in PD, but supramarginal areas showed more activation in PD compared to controls
what could be considered a compensatory mechanism to perform the memory task properly. In
addition, PD patients showed reduced deactivation of default network areas including temporo-
occipital, ventromedial OFC and medial temporal areas while performing the memory task.

Regarding the recognition memory task, there were not significant differences between PD patients
and healthy controls in the amount of words correctly recognized, number of false recognitions,
omissions and mean reaction time in answering. It should be noted that although the differences
between groups were not statistically significant, the performance of PD patients was lower. There are

discrepancies in the literature concerning the existence of deficits in recognition memory among PD
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patients. A recent study suggests that non-demented PD patients suffer from deficits in recognition
memory but found no recognition deficits in early-stage PD participants at an easier level of the task
suggesting that recognition memory deficits depend on task difficulty and disease severity
(Whittington, et al. 2006). Our PD group is at the early stage of the disease (Hoehn and Yahr: I, II)
and the task was not difficult what could explain the lack of deficits in these sample.

The episodic memory retrieval task was associated with an activation of the bilateral paracingulate
cortex, bilateral dorsolateral OFC (BA 47/12), bilateral frontal pole (lateral part of BA10), bilateral
angular gyrus, bilateral visual cortex (V1 and V2) and precentral gyrus (BA6) in comparison with the
control task in the whole sample. Functional studies have shown that the most strongly associated
regions to retrieval memory are anterior prefrontal cortex (BA10), that has been attributed to the
production and maintenance of the mental set of episodic retrieval (Lepage, et al. 2000), and lateral
OFC (BA47) (Cabeza and Nyberg. 2000). Other areas that have been consistently related to retrieval
memory involve medial temporal areas and parietooccipital areas, anterior cingulate, occipital and
cerebelar regions (Cabeza and Nyberg. 2000). In our study occipital and cerebelar areas showed task-
related activations. Anterior cingulate did not show activation but the anterior paracingulate did.
There are several individual morphological differences in this region that may preclude and exact
localization in MRI group studies (Yucel, et al. 2001).

The areas that showed predominantly deactivating task-related signal change for both groups were
bilateral ventromedial prefrontal cortex, precuneus, temporo-occipital cortex, left hippocampus and
left parahippocampal gyrus, left temporal pole. This set of regions has been described previously as
being involved in the default-network (Greicius, et al. 2003, Raichle, et al. 2001). Default mode
network activity has been shown to be increased during resting fMRI but it is decreased during task
requiring attention (Fox, et al. 2005, Raichle, et al. 2001). An intriguing functional property of the
default network is that operates in opposition to other brain systems that are used for focused external
attention and sensory processing. When the default network is most active, the external attention

system is attenuated and vice versa (Buckner, et al. 2008, Greicius, et al. 2003, Raichle, et al. 2001).
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Most of the components presented bilateral activations of the involved structures. A meta-analysis of
functional studies in healthy subjects showed that the strength of symmetric interhemispheric
coactivations is impressively high. Symmetric coactivations are among the strongest functional
correlations that we can observe in the brain and these coactivations are likely mediated by
interhemispheric callosal fibers (Toro, et al. 2008).

In most of the areas that showed task-related activations PD patients showed hypoactivation in
comparison with healthy controls. PD patients showed hypoactivation in bilateral paracingulate gyrus,
dorsolateral OFC, lateral frontal pole, occipital pole, angular gyrus and inferior frontal gyrus. In
addition, they showed a hyperactivation of areas that were supposed to be deactivated during the
fMRI task. Those areas that showed more activation in the PD group involve the ventromedial
prefrontal cortex and temporal areas. PD patients showed less deactivation of these areas in
comparison with healthy controls. Recent findings suggest that for the successful performance of a
memory or executive task the integrity of a network showing task-related deactivations might be just
as relevant as a network of other structures showing activations (Buckner, et al. 2008). A recent study
in PD reported that patients with PD showed less deactivation of the posterior areas involved in the
default mode network but the comparable deactivation of the medial prefrontal cortex (van Eimeren,
et al. 2009). In our work PD patients not only showed less deactivation in posterior temporooccipital
areas and medial temporal areas but also in the ventromedial prefrontal cortex. In other
neurodegenratives diseases such as AD disruption of the default network has been also reported
(Celone, et al. 2006, Rombouts, et al. 2009).

Interestingly, it has been recently demonstrated that in healthy controls functionally correlated brain
regions involved in the default network feature defined axonal connections (Greicius, et al. 2009) and
functional networks also correlate with the gray matter volumes form the involved structures (Seeley,
et al. 2009). Therefore, when talking about disruption of the default network in PD patients we are not
just talking about functional changes but about a disruption of the anatomical connections of the

underlying structures.
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However, even if PD patients did not show an efficient activation of areas related to episodic memory
retrieval and did not deactivate the default network areas properly, they were able to perform the task
as well as control group and showed hiperactivation of the supramarginal gyrus when performing the
task. We think that the activation of these areas is a compensating mechanism for frontal dysfunction
early in the course of the disease. Indeed, though episodic memory has long been known to depend on
the medial temporal lobe memory system and on prefrontal contributions to retrieval, an emerging
body of functional imaging evidence suggests that parietal activations might also contribute to
episodic memory retrieval (Wagner, et al. 2005). It could be that PD patients are using this network
for compensating for the disruption of the OFC network (Alexander, et al. 1986). Those patients whit
unaffected compensatory systems may prove more resilient to functional decline. Even with degraded
metabolic pathways the cerebral cortex still works before cerebral functions eventually collapse in
patients with dementia (Ferrer. 2009)

Lateral motor cortex (BA4 y BA6) also showed a hyperactivation in patients compared to controls.
fMRI studies in PD assessing learning of sequential movements or automatic movements (Sabatini, et
al. 2000, Wu and Hallett. 2005) have pointed that PD patients have a cortical reorganization to do the
task at the same level than healthy controls. Indeed PET and fMRI studies reported that PD patients
recruited parallel motor circuits including lateral and primary motor cortex in order to overcome the
functional deficit of the striatocortical motor loops (Sabatini, et al. 2000).

Finally, it is of great interest the hypoactivation in PD of the left substantia nigra. With PET it was
found that early parkinsonian patients showed significantly reduced F-dopa uptake or reduction in
dopaminergic metabolism in the substantia nigra (Ito, et al. 1999), but with fMRI there are not studies
to date showing a reduction of BOLD signal in the substantia nigra.

In conclusion, we give evidences of disruption of the memory networks involving the limbic loop that
involves the substantia negra and the OFC; and disruption of the default mode network; but
recruitment of other circuits such as circuits involving the primary motor and lateral cortex and

supramarginal gyrus in early PD.
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Table 2. Behavioral data from the cued episodic memory retrieval fMRI task.

PD (n=24) Controls (n= 24) t p
Words correctly

53.42+9.97 55.12 £5.77 0.726 | 0471
recognized
Incorrect responses 11.25+8.70 721+ 741 1.732 | 0.090
Omissions 16.58 +9.97 14.88 +5.77 0.726 | 0471
Mean reaction time (msec) | 682.53 +210.64 627.05 + 81.41 1.204 | 0.235
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Table 5. Areas of reduced activation in PD patients compared to controls.

Cluster
size
(Voxels)

Component 7
Bilateral paracingulate gyrus 140
Right frontal pole (lateral BA10) 119
Left occipital pole 114
Left dorsolateral OFC (BA 47/12) 57
Right dorsolateral OFC (BA 47/12) 44
Left frontal pole (lateral BA10) 29
Right angular gyrus 28
Right middle frontal gyrus 17
Inferior frontal gyrus, pars opercularis 12
Right occipital pole 12
Component 8
Bilateral paracingulate gyrus 38
Right frontal pole (lateral BA10) 13
Component 9
Right frontal pole (lateral) and inferior frontal i
gyrus pars triangularis
Component 12
Bilateral cerebelum 528
Left substantia nigra 8

MNI

coordinates

2,22, 44
38,54, 4
-14,-102, 4
34,22, -4
34,26, -4
42,54, 4
46, -54, 44
46, 34, 28
-50, 18, 24
18,-102, 8

2,18, 48
38,54, -4

50, 46, 12

26, -86, 36
-6,-22,-12

8.62
6.81
6.6
8.51
7.09
6.04
5.23
5.08
4.64
4.7

4.69

6.93

10.7
5.06

Only clusters bigger than 10 contiguous voxels.

All results are significant at z > 4; p < 0.05 corrected by multiple comparisons FWE.

Coordenates refer to the voxel with the maximum significance.
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Table 6. Areas of increased activations in PD patients compared to controls.

Component 7

Right middle temporal gyrus,
temporooccipital cortex

Left supramarginal gyrus
Bilateral precuneus
Component 8

Left supramarginal gyrus
Right supramarginal gyrus

Component 10

Right precentral gyrus, motor cortices

BA4 and BA6

Left precentral gyrus, motor cortices

BA4 and BA6
Left precuneus (BA7)

Component 11

Bilateral ventromedial preforntal cortex

Cluster size

(voxels)

373

147
75

269

2538

306

26

494

MNIxX, vy, z

62,-54,0

-62, -38, 32
2,-58,44

-50, -30, 56
66, -38, -28

62,2, 28

-58, -10, 16

-2, -58, 36

-10,70,0

Max Z

7.23

5.84
5.88

6.78
4.46

7.98

6.37

422

8.39

Only clusters bigger than 10 contiguous voxels.
All results are significant at z > 4; p < 0.05 corrected by multiple comparisons FWE.

Coordenates refer to the voxel with the maximum significance.
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Figure 1. An schematic representation of the recognition memory task.
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Dorsal Left Lateral Right Lateral

Figure 2. In yellow, task-related activations and, in blue, task-related deactivations.
Maps were thresholded at z > 4; p < 0.05. The statistical results were projected onto the

cortical surface of the average.
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Lelt Lateral Right Lateral

Figure 3. In yellow, areas with increased activation in control group in comparison with
PD patients. In blue, areas were PD patients showed increased activation in comparison
with healthy controls. Maps were thresholded at z > 4; p < 0.05. The statistical results

were projected onto the cortical surface of the average.

*We would like to thank to Dr.Zarei for the design of figure 1 and 2.
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5. Discussion

The present thesis aimed to investigate the neuroanatomical and neurofunctional correlates of
declarative memory, decision-making, recognition of emotions and olfactory dysfunctions in PD. We
hypothesized that all these dysfunctions are due to the limbic degenerative changes associated with
PD.

The results from the cross-sectional VBM study (paper I) showed that hippocampal atrophy is present
in PD. PD patients with dementia have gray matter loss involving all the hippocampus while patients
who have visual hallucinations (VH) but are not demented have hippocampal gray matter loss only in
the anterior regions. Focusing on the regional distribution of the atrophy in the hippocampus, we
observed that changes in demented patients involved the entire hippocampal axis, but with prominent
involvement of both anterior and posterior regions and relative sparing of the central region. The
highest statistical significance of gray matter loss between PD patients with dementia and controls
was seen in the anterior regions, mainly corresponding to the CA1l sector of the hippocampus. This
pattern of hippocampal atrophy is similar to that described in the hippocampus of patients with
Alzheimer’s disease (Frisoni, et al. 2002, Laakso, et al. 2000). In the non-demented group of PD
patients with VH, we observed gray matter loss only in the anterior part of the hippocampus. Since
some studies have pointed out that PD patients with dementia have higher densities of LBs and LNs in
middle parts of the hippocampus (CA2-3), and that patients with VH are at risk of developing
dementia, we expected to find hippocampal atrophy in these regions in the VH group. However, in PD
patients with VH we found atrophy of the head of the hippocampus, which mainly corresponds to the
CA1 field. This finding agrees with a study that was published a few months before ours which
showed head atrophy predominance in demented and aged PD patients (Bouchard, et al. 2008). In
addition, the hippocampal head has been shown to be especially vulnerable to AD-type degenerative
changes which are observed even at the early stages of the disease (Frisoni, et al. 2002, Wang, et al.
2003). Furthermore, it has been reported that smaller hippocampal volumes and specifically CAl and

subicular involvement are associated with an increased risk for converting from MCI to AD
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(Apostolova, et al. 2006). In addition, individual analyses of cases showed the highest number of
patients with hippocampal atrophy in the demented group (78%), followed by the PD with VH group
(31%) and finally the non-VH group (26%). The regional pattern of atrophy was of anterior
predominance, suggesting that the atrophy starts in the anterior region and later extends to the
posterior part.

As previously reported (Grossi, et al. 2005, Ramirez-Ruiz, et al. 2006) the declarative verbal memory
impairment was more pronounced in PD patients with VH than in patients without VH and this
memory impairment correlated with gray matter loss in the anterior part of the hippocampus. In non-
demented elderly a correlation between verbal memory and the head of the hippocampus was also
found but not with the body or tail (Hackert, et al. 2002), and in PD patients a correlation of the head
of hippocampus with recognition has been reported, but not with learning scores (Bouchard, et al.
2008). On the other hand, the fact that hippocampal atrophy did not correlate with motor section
UPDRS scores indicated that hippocampal head atrophy is related only to verbal memory and not to
the overall disease severity. We can therefore state that memory dysfunction in PD is hippocampus-
dependent and that it is a storage problem, rather than a problem in retrieving the stored information
as a consequence of dopamine depletion provoking a fronto-striatal dysfunction, which was the
classical explanation of memory dysfunctions in PD (Cooper, et al. 1991).

After a follow-up period of 30 months (paper II), 75% of patients with VH developed dementia, but
none of the patients without visual hallucinations. In addition to the decline in verbal memory, a
significant cognitive decline was also observed in semantic fluency, language comprehension and
visuoperceptive functions. PD patients with VH at follow-up showed the same pattern of atrophy
previously reported in demented patients in the cross-sectional study, with a diffuse atrophy involving
mainly the head and the tail of the hippocampus. In addition to the hippocampal atrophy, PD patients
with VH showed widespread limbic, paralimbic and neocortical gray matter loss when comparing
MRI images at base-line versus images at follow-up using VBM. Therefore, the significant cognitive
decline and evolution to dementia of patients with VH is not only the consequence of a progressive

limbic atrophy; other neocortical areas, including associative areas, are involved in the degenerative
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process. In contrast, patients without VH showed progressive atrophy only in motor related areas
including the primary motor cortex and the cerebellum. In addition, we found that progressive atrophy
in specific brain areas was associated with a decline in several cognitive domains in patients with VH:
specifically, decline in verbal learning was related to hippocampal head atrophy, and worsening in
free delayed recall performance was related to progressive prefrontal cortex atrophy. The decline in
other cognitive functions apart from memory was also related to progressive atrophy in other areas of
the brain. Changes in semantic fluency showed a correlation with progressive thalamic atrophy, and
language comprehension, which also showed a great decline over time, was related to the progressive
atrophy of medial temporal structures, specifically, the amygdala. These results support the evidence
that not only the dopamine deficiency affecting cortico-striatal-cortico information exchange in PD
has an impact on cognitive dysfunction, but that structural gray matter changes may also play a role.

The findings in the two previous studies were related to limbic dysfunction in advanced stages of the
disease and in patients who already presented a risk factor such as visual hallucinations. However,
limbic dysfunctions are known to appear early in the disease course, and, in addition to verbal
memory deficits, other neuropsychological dysfunctions related to the integrity of the limbic system,
such as the recognition of emotions and decision-making, occur in early PD patients. Therefore, we
aimed to explore deficits in these functions and looked for their neuroanatomical correlates in a
sample of early PD patients with no more than 5 years of disease evolution, Hoehn and Yahr stage 11
or lower, and absence of other confounding factors such as dementia, VH or depression. PD patients
in this study were assumed to be in Braak stage III or IV, characterized by the involvement of the
mesencephalon and limbic areas, but in which neocortical regions are relatively spared (Braak, et al.
2003). However, whole brain VBM analysis showed that early PD patients presented gray matter loss
not only in limbic regions (amygdala and OFC) but also in neocortical associative areas such as
parieto-temporo-occipital areas. In addition, not all the limbic areas showed atrophy: for example,
volumetric analysis showed that volume of entorhinal and pirifrom cortex did not show atrophy in
comparison with healthy controls, which are believed to be affected earlier than prefrontal orbital

areas. Reduced volume of the entorhinal cortex has been reported in PD patients with dementia but
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not in PD patients without dementia and shorter disease duration (Kenny, et al. 2008). In addition, no
atrophy in nucleus accumbens and paracingulate gyrus were found. It must be taken into account that
the neuropathological staging proposed by Braak and Braak has recently been questioned (Jeelinger.
2008) and has not been tested by neuroimaging techniques. Braak’s LB classification correlates with
neurological deficits in the majority of patients with early onset and long duration of the disease
(Braak, et al. 2005) but retrospective clinico-pathologic studies have shown that there is no
relationship between the staging and the clinical severity of PD, or, more specifically, cognitive
impairment (Jellinger. 2008).

In our study, the GM reduction in left OFC was ventrally located, but in the lateral part, and the
changes in the right OFC were located in the dorsomedial region. Atrophy affecting the amygdala
involved mainly the anterior nucleus and the right hemisphere only. Recent neuroimaging data point
to impairments in the limbic circuitry (prefrontal orbital and amygdala) in PD. Our previous structural
volumetric studies reported atrophy of amygdala in demented PD patients (Junque, et al. 2005,
Ramirez-Ruiz, et al. 2005, Summerfield, et al. 2005). Nagano-Saito et al. (2005) found that, compared
with advanced PD without dementia, PD patients with dementia have reductions in the medial
prefrontal region (BA 10, 24 and 32). The same authors also found that BA 10 correlated with
visuospatial reasoning. Reductions in the right middle frontal gyrus (BA 10) were found by Burton et
al. (2004) and by Feldmann et al. (2007) when comparing depressed and non-depressed PD
subgroups. PET studies have shown a significant decrease in the metabolism of the medial frontal
lobe (BA 9/10) in a 2-year follow-up study of 15 patients with early PD (Huang, et al. 2007). All
these studies report changes in the ventromedial OFC.

Early PD patients were impaired in decision-making and recognition of emotions, but not in other
functions such as sustained attention; and we found that the gray matter loss in the OFC (but not in
other areas which showed reduced gray matter loss such as the amygdala and the temporo-parieto-
occipital areas) was related to these neuropsychological deficits in early PD patients. The OFC has
been identified as a crucial structure in decision-making (Denburg, et al. 2007, Fellows and Farah.

2005; Wallis. 2007). Lesion studies in the OFC have reported impaired performance on the lowa
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Gambling task (Bechara. 2004). The OFC is also a crucial structure in the recognition of facial
expressions of emotions (Adolphs, 2002a, Adolphs, 2002b). PET studies have reported activation in
orbital regions when recognizing facial expressions of emotions (Blair, et al. 1999, Dolan, et al. 1996,
Nakamura, et al. 1999), and bilateral or unilateral lesions in the OFC may impair emotional face
expression identification (Heberlein, et al. 2008, Hornak, et al. 2003); however, lesions elsewhere in
the frontal cortex (dorsal or lateral) do not impair this function (Heberlein, et al. 2008).

In addition to the relationship between the reduction in the OFC and the dysfunction in decision-
making and recognition of emotions, we expected to find a relationship between gray matter loss in
the amygdala and these functions because patients with amygdala lesions have also been reported to
be impaired in IGT (Bechara, et al. 1999) and because the role of the amygdala in the recognition of
fear is well supported by lesion studies (Adolphs. 2002a, Adolphs. 2002b, Calder, et al. 1996, Sato, et
al, 2002) and functional studies (Morris, et al. 1996, Whalen, et al. 1998). However, we did not find a
correlation between amygdalar volume and the impairment in these neuropsychological functions.
The lack of correlation between the amygdala and the performance in the gambling task may
corroborate recent work in non-human primates, which suggests that OFC and amygdala make
distinct contributions to the decision-making process based on the findings that monkeys with lesions
in the amygdala are able to flexibly change stimulus-reward associations (Rudebeck and Murray.

2008).

In addition to cognitive deficits, early PD patients are known to present olfactory dysfunction early in
the disease course. Odor identification deficits appear even earlier than motor symptoms and represent
a characteristic dysfunction which is known as the pre-motor phase (Tolosa, et al. 2009). Olfactory
information is transmitted from peripheral olfactory structures (the olfactory epithelium) to more
central structures including the olfactory bulb which, through the olfactory tracts and without thalamic
relay, connects with the primary olfactory cortex which involves the piriform cortex, the anterior

cortical nucleus of the amygdala, and the rostral entorhinal cortex. The OFC, the main target of the
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primary olfactory cortex, is also involved in odor identification (Price, 2004). It has been proposed
that PD and the associated olfactory dysfunction may be caused by the entry of environmental agents
or toxins from the nasal cavity into the brain. Indeed, pesticide exposure was reported to be a risk
factor for PD, increasing the risk of parkinsonism by 80% (Tanner, et al. 2009). In addition, the
association of impaired olfaction with incidental LBs suggests that the cause of the deficits may be
linked to the process leading to LB formation (Ponsen, et al. 2006). Olfaction-related structures (e.g.,
the olfactory bulb) are known to be the first sites to be affected in the course of the disecase by Lewy
pathology (Braak, et al. 2003) and neuropathological studies have found synuclein pathology across
the central olfactory system (Silveira-Moriyama, et al. 2009). Taking into account this background, in
paper IV we aimed to investigate the olfactory dysfunction in a sample of early PD patients and its
association with WM microstructural changes in central olfactory areas by means of DTI. PD patients
presented reduced anisotropy assessed by a voxel-wise analysis of FA maps in several brain regions
including cortical and subcortical areas. However, only the reduction of the mean FA value of the
WM in the central olfactory areas, specifically the WM adjacent to the gyrus rectus, was associated
with olfactory dysfunction in PD patients. Voxel-based analysis of the whole brain showed that PD
patients presented reduced FA in the caudal and middle corpus callosum, WM adjacent to the right
posterior cingulate and parieto-occipital cortex, left WM adjacent to the fusiform gyrus, bilateral
superior longitudinal fasciculus (frontal and temporal part), left WM adjacent to the temporal pole,
right WM adjacent to the gyrus rectus, left thalamus and fornix, and brainstem. Previous studies using
DTI have reported reductions of FA values in the substantia nigra and its projections in PD
(Yoshikawa, et al. 2008, Chan, et al. 2009) even in de novo PD patients (Vaillancourt, et al. 2009).
Other areas that have shown decreased FA values in early PD compared to controls are motor areas
and the cingulum (Karagulle Kendi, et al. 2008). Recent studies also reported decreased FA or
increased MD, localized bilaterally in the cerebellar and orbitofrontal cortex of PD patients (Zhang, et
al. 2009), and in the genu of the corpus callosum and superior longitudinal fasciculus (Gattellaro, et
al. 2009). PD patients with cognitive deficits, specifically executive dysfunctions, showed reduced FA

in the right frontal and left parietal white matter (Matsui, et al. 2007b); in PD patients with dementia,
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reductions have been reported in bilateral posterior cingulate bundles compared to PD without
dementia (Matsui, et al. 2007a). From all the areas which showed reduced FA in PD patients in
comparison with healthy controls, the WM adjacent to the gyrus rectus was the only area that showed
a significant correlation with UPSIT scores in PD patients. When analyzing the differences in FA,
focusing only on the ROIs from central olfactory areas (the primary olfactory cortex and orbitofrontal
cortex) and dividing the PD group into those with hyposmia and those with anosmia, we demonstrated
that both hyposmic and anosmic groups differed from controls in the white matter adjacent to gyrus
rectus (BA 14) bilaterally and, in addition, anosmic PD patients differed from controls in the POC

bilaterally, specifically in WM adjacent to entorhinal cortex.

A decrease in FA value of WM areas may be a sensitive indicator of histological abnormality, even if
the values are derived from normal-appearing tissue by conventional MRI (Assaf and Paternak. 2008).
At present, the pathological interpretation of FA reduction in the brain with neurodegenerative disease
is not clear and may be due to a number of physiological factors. However, murine models of PD
have demonstrated that cell loss caused by neurodegenerative disorders is likely to be accompanied by
FA decreases in the deteriorated brain regions (Boska, et al. 2007). Therefore, the reduced FA values
found in early PD anosmic PD patients may reflect a degeneration of the olfactory bulb and in
consequence a loss of axonal connections with olfactory-related primary central cerebral structures,
and also a loss of connections with the OFC, which is known to be involved in olfactory identification
and therefore may contribute to the odor identification problem reported in PD. Another possible
explanation for FA reduction in our early PD patients may be a demyelinating process in central
olfactory areas as a consequence of the overexpression of synuclein proteins which has been

previously associated with demyelinating changes in PD (Galvin, et al. 1999).

Finally, in the last study we used a typical recognition fMRI paradigm, in which studied and
nonstudied items are presented in a mixed sequence and the subject’s task is to decide which items are

old (studied) and which are new (nonstudied) (Cabeza and Nyberg. 2000), to characterise dynamic
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brain activity changes in early PD using a model free-technique. Specifically, we used tensorial
probabilistic ICA (T-PICA) that is a model free technique that can be used for analyzing multiple
subjects and groups, extracting signals of interest (components) in the spatial, temporal, and also
subject domain of fMRI data (Beckmann and Smith. 2005). The model-free approach has been proved
more sensitive to detect group differences than the commonly used model-based analysis (Rombouts,
et al. 2009).

There were not significant differences between PD patients and healthy controls in the performance of
the recognition memory task, but PD patients showed a decreased activation in brain regions related
to the performance of the task and an increased activation in areas of the default network.

There are discrepancies in the literature concerning the existence of deficits in recognition memory
among PD patients. A recent study suggests that non-demented PD patients suffer from deficits in
recognition memory but found no recognition deficits in early-stage PD participants at an easier level
of the task suggesting that recognition memory deficits depend on task difficulty and disease severity
(Whittington, et al. 2006). Our PD group is at the early stage of the disease (Hoehn and Yabhr: I, II)
and the task was not difficult what could explain the lack of deficits in this sample.

The episodic memory retrieval task was associated with an activation of the bilateral paracingulate
cortex, bilateral dorsolateral OFC (BA 47/12), bilateral frontal pole (lateral part of BA10), bilateral
angular gyrus, bilateral visual cortex (V1 and V2) and precentral gyrus (BA6) in comparison with the
control task in the whole sample. Functional studies have shown that the most strongly associated
regions to retrieval memory are anterior prefrontal cortex (BA10), that has been attributed to the
production and maintenance of the mental set of episodic retrieval (Lepage, et al. 2000), and lateral
OFC (BA47) (Cabeza and Nyberg. 2000). Other areas that have been consistently related to retrieval
memory involve medial temporal areas and parietooccipital areas, anterior cingulate, occipital and
cerebelar regions (Cabeza and Nyberg. 2000). In our study occipital and cerebelar areas showed task-
related activations. Anterior cingulate did not show activation but the anterior paracingulate did.
There are several individual morphological differences in this region that may preclude and exact

localization in MRI group studies (Yucel, et al. 2001).
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The areas that showed predominantly deactivating task-related signal change for both groups were
bilateral ventromedial prefrontal cortex, precuneus, temporo-occipital cortex, left hippocampus and
left parahippocampal gyrus, left temporal pole. This set of regions has been described previously as
being involved in the default-network (Greicius, et al. 2003, Raichle, et al. 2001). Default mode
network activity has been shown to be increased during resting fMRI but it is decreased during task
requiring attention (Fox, et al. 2005, Raichle, et al. 2001). An intriguing functional property of the
default network is that operates in opposition to other brain systems that are used for focused external
attention and sensory processing. When the default network is most active, the external attention
system is attenuated and vice versa (Buckner, et al. 2008, Greicius, et al. 2003, Raichle, et al. 2001).
In most of the areas that showed task-related activations PD patients showed hypoactivation in
comparison with healthy controls. PD patients showed hypoactivation in bilateral paracingulate gyrus,
dorsolateral OFC, lateral frontal pole, occipital pole, angular gyrus and inferior frontal gyrus. In
addition, they showed a hyperactivation of areas that were supposed to be deactivated during the
fMRI task. Those areas that showed more activation in the PD group involve the ventromedial
prefrontal cortex and temporal areas. PD patients showed less deactivation of these areas in
comparison with healthy controls. Recent findings suggest that for the successful performance of a
memory or executive task the integrity of a network showing task-related deactivations might be just
as relevant as a network of other structures showing activations (Buckner, et al. 2008). A recent study
in PD reported that patients with PD showed less deactivation of the posterior areas involved in the
default mode network but the comparable deactivation of the medial prefrontal cortex (van Eimeren,
et al. 2009). In our work PD patients not only showed less deactivation in posterior temporooccipital
areas and medial temporal areas but also in the ventromedial prefrontal cortex. In other
neurodegenratives diseases such as AD disruption of the default network has been also reported
(Celone, et al. 2006, Rombouts, et al. 2009).

However, even if PD patients did not show an efficient activation of areas related to episodic memory
retrieval and did not deactivate the default network areas properly, they were able to perform the task

as well as control group and showed hiperactivation of the supramarginal gyrus when performing the
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task. We think that the activation of these areas is a compensating mechanism for frontal dysfunction
early in the course of the disease. Indeed, though episodic memory has long been known to depend on
the medial temporal lobe memory system and on prefrontal contributions to retrieval, an emerging
body of functional imaging evidence suggests that parietal activations might also contribute to
episodic memory retrieval (Wagner, et al. 2005). It could be that PD patients are using this network
for compensating for the disruption of the OFC network (Alexander, et al. 1986). Those patients whit
unaffected compensatory systems may prove more resilient to functional decline. Even with degraded
metabolic pathways the cerebral cortex still works before cerebral functions eventually collapse in
patients with dementia (Ferrer. 2009)

Lateral motor cortex (BA4 y BAG6) also showed a hyperactivation in patients compared to controls.
fMRI studies in PD assessing learning of sequential movements or automatic movements (Sabatini, et
al. 2000, Wu and Hallett. 2005) have pointed that PD patients have a cortical reorganization to do the
task at the same level than healthy controls. Indeed PET and fMRI studies reported that PD patients
recruited parallel motor circuits including lateral and primary motor cortex in order to overcome the
functional deficit of the striatocortical motor loops (Sabatini, et al. 2000). In addition, it is also of
great interest the hypoactivation in PD of the left substantia nigra. With PET it was found that early
parkinsonian patients showed significantly reduced F-dopa uptake or reduction in dopaminergic
metabolism in the substantia nigra (Ito, et al. 1999), but with fMRI there are not studies to date

showing a reduction of BOLD signal in the substantia nigra.
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6. Conclusions

The main conclusions of this thesis, derived from the five studies, can be summarized as follows:

II.

II1.

Iv.

The pattern of atrophy in non-demented PD patients affects the anterior region of the
hippocampus and progresses to the posterior part in demented patients but preserves the middle
part of this structure. This pattern and evolution is similar to that seen in Mild Cognitive

Impairment of amnestic type and Alzheimer’s disease.

Declarative memory dysfunctions in PD depend on the atrophy of the head of the hippocampus.

Patients with visual hallucinations present progressive hippocampal atrophy and also show
widespread atrophy involving the limbic, paralimbic and neocortical areas in agreement with the
evolution towards dementia. In contrast, patients without VH only show gray matter loss in the

motor regions and their cognitive functions remain spared.

Early PD patients present gray matter loss in some limbic regions. We observed gray matter loss
in the amygdala and orbitofrontal cortex but not in the anterior cingulate, enthorrinal cortex and

accumbes nuclei. These results only partially support the stages proposed by Braak.

Impairment in decision-making and recognition of facial expressions of emotions occurs at early
stages of PD. These neuropsychological deficits are accompanied by degeneration of orbitofrontal
cortex (OFC) and amygdala. Bilateral OFC reductions are associated with impaired recognition
of emotions, and gray matter volume loss in left lateral OFC is related to decision-making

impairment in PD.
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VI. PD patients presented abnormal white matter microstructural changes in several brain regions
including cortical and subcortical areas early in the disease course. However, only reduction of
fractional anisotropy in the white matter of the central olfactory areas, specifically the white

matter adjacent to the gyrus rectus, is associated with olfactory dysfunction in PD patients.

VII. There is a disruption of functional networks involved in memory and default mode in early PD.
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7. Summary of the Thesis Resumen de la Tesis

Alteraciones limbicas detectadas por resonancia magnética implicadas en las disfunciones de

memoria, emocion y olfato en la enfermedad de Parkinson.

1. Introduccion

La enfermedad de Parkinson (EP) ha sido tradicionalmente considerada como un trastorno
exclusivamente motor caracterizado por temblor, rigidez, bradicinesia e inestabilidad postural. Sin
embargo, estudios recientes concluyen que la EP afecta a multiples sistemas y diferentes areas del
cerebro. Ello explica las diversas manifestaciones no motoras presentes en la enfermedad incluso en fases
previas al diagnéstico. La disfuncion cognitiva y evolucidon a demencia, la presencia de alucinaciones
visuales, la reduccion de la capacidad olfativa, y las alteraciones del suefio forman parte de las
denominadas alteraciones no motoras en la EP (Tolosa, et al. 2009). Los sintomas que preceden a la
manifestacion de los sintomas motores conforman lo que se conoce como la fase pre-motora del
Parkinson. El creciente interés de la EP como una enfermedad neurodegenerativa que afecta a multiples
sistemas nace de la investigacion que demuestra la existencia de patologia extensa ademas de la

afectacion de la sustancia negra (Lang y Obeso. 2004, Ferrer. 2009).

1.1. Neuropatologia de la EP

A nivel neuropatologico, la EP se caracteriza por una pérdida masiva de neuronas dopaminérgicas y
aparicion supuestamente secuenciada de cuerpos y neuritas de Lewy en las células que sobreviven. Braak
y colaboradores propusieron un estadiaje de progreso de la enfermedad por el cual se supone que la
patologia, en concreto la aparicion de cuerpos de Lewy, comenzaria en la medulla oblongata y bulbo
olfatorio, de ahi ascenderia a areas del cerebro medio y limbicas y finalmente en los ultimos estadios se

afectaria el neocortex (Braak et al., 2003). Sin embargo, si bien los cuerpos de Lewy han sido
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tradicionalmente asociados a la EP todavia no queda claro su papel en el proceso neuropatologico, siendo
hoy dia una de las teorias mas extensas el hecho de que la patologia de cuerpos de Lewy que ocurre en la
EP es un evento relativamente tardio y que constituye una agregacion de proteinas dafiadas con poca
repercusion en las manifestaciones corticales y que los multiples déficit metabdlicos ya presentes en la
corteza cerebral en las fases iniciales de la enfermedad pueden tener mayor repercusion en el proceso
neurodegenerativo (Ferrer. 2009). De hecho, la clasificacion propuesta por Braak et al. correlaciona con
los déficit neurologicos en la mayoria de pacientes con un comienzo temprano y larga duracion de la
enfermedad pero estudios retrospectivos clinico-patologicos demuestran que no hay relacion entre el
estadiaje propuesto y la gravedad de la enfermedad, o mas especificamente con el deterioro cognitivo
asociado a ella (Jellinger, 2008). De hecho, se han descrito casos con una considerable carga de alpha-
synucleina en pacientes manifiestamente no dementes (Parkinnen, et al. 2005). Es importante tener en
cuenta que la demencia en la EP también es dependiente de cambios patologicos tipo Alzheimer
habiéndose descrito la presencia de ovillos neurofibrilares y places de beta-mailoide en pacientes con EP

y demencia (Halliday, et al. 2008).

1.2. Disfuncion cognitva y demencia en la EP

Si bien el estudio de las funciones cognitivas en la EP ha sido de alguna manera ignorado durante tiempo
en favor del estudio de los sintomas motores, hoy dia sabemos que el deterioro cognitivo en la EP
comienza desde los estados iniciales y que es uno de los factores que mas alteran la calidad de vida de los
pacientes y sus familiares. En concreto se han descrito porcentajes de deterioro cognitivo que van desde el
19% hasta el 36 % de pacientes recién diagnosticados, siendo las funciones cognitivas mas alteradas la
memoria, funciones ejecutivas o de tipo frontal y funciones visuoperceptivas (Foltynie, et al. 2004,
Muslimovic, et al. 2005, Aarsland, et al. 2009; Elgh, et al. 2009).

A medida que avanza la enfermedad un gran numero de pacientes desarrollara demencia siendo incluso el
83% de los supervivientes a 20 afios los que cumplan criterios para el diagnostico de demencia (Hely, et
al. 2008). Entre los factores de riesgo o predictores de demencia se encuentran la edad (Mahieux, et al.
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1998, Hughes, et al. 2000, Aarsland, et al. 2001), la gravedad de los sintomas motores (Levy, et al. 2000,
Aarsland, et al. 2001), el trastorno de suefio REM (Sinforiani, et al. 2008, Gagnon, et al. 2009), las
alucinaciones visuales (Aarsland, et al. 2003, Galvin, et al. 2006) y las disfunciones cognitivas iniciales
(Aarsland, et al. 2001, Janvin, et al. 2005) incluyendo la alteracion de la fluencia verbal (Jacobs, et al.
1995, Mahieux, et al. 1998), de la memoria (Levy, et al. 2002) y de la funcién ejecutiva (Mahieux, et al.
1998, Levy, et al. 2002, Janvin, et al. 2005). En concreto, la presencia de alucinaciones visuales es un
fenomeno frecuente en la enfermedad de Parkinson. Un estudio reciente situa la prevalencia alrededor del
50% (Williams and Lees. 2005). Generalmente aparecen en la segunda mitad del curso de la enfermedad
y son de naturaleza persistente y progresiva. Tradicionalmente, las alucinaciones visuales habian sido
descritas como una complicacion secundaria a la medicacion antiparkinsoniana dopaminérgica. No
obstante, cada vez son mas los datos que sefialan que otros factores, como la extension del proceso
neuropatoldgico a zonas supramesencefalicas con afectacion de areas temporales mediales del cerebro,
podrian ser las desencadenantes (Williams and Lees. 2005). Los pacientes con alucinaciones visuales, en
comparacion con los pacientes sin ellas, manifiestan mayor déficit neuropsicologico en determinadas
funciones temporo-parietales tales como, como memoria verbal y visual, lenguaje, fluencia semantica y
visuopercepcion (Ramirez-Ruiz, et al. 2006) y estudios de neuroimagen estructural muestran reduccion de
sustancia gris las zonas visuales asociativas temporales y parietales en estos pacientes (Ramirez-Ruiz, et

al. 2007).

1.3. Disfuncion olfatoria

Los pacientes con EP presentan déficits en la identificacion de olores (Doty, et al. 1988, Doty, et al. 1992,
Mesholam, et al. 1998, Tissingh, et al. 2001) y estos déficits son patentes desde fases iniciales de la
enfermedad (Doty, et al. 1992, Tissingh, et al. 2001). La disfuncién olfatoria es independiente de la
magnitud de los sintomas motores de la enfermedad, estatus cognitivo, medicacion, duracion y gravedad

de la enfermedad (Doty, et al. 1988, Doty. 2007). La disfuncion olfatoria esta asociada a un mayor riesgo
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de desarrollo de EP (Ponsen, et al. 2004) y se ha descrito que dicha disfuncion aparece 4 afios antes del
comienzo de los sintomas motores (Ross, et al. 2008). Estos hallazgos indican que la disfuncion olfatoria
es un marcador preclinico y predictivo de la EP (Tolosa, et al. 2009, Berendse, et al. 2001, Ross, et al.
2008). Sin embargo, no todos los sindromes parkinsonianos muestran disfuncion olfatoria. Por ejemplo,
los pacientes con parkinsonismo vascular (Katsenschlager, et al. 2006), paralisis supranuclear progresiva
(Doty, et al. 1993) o parkinsonismo inducido por intoxicacion de MPTP (Doty, et al. 1992) presentan

olfaccién normal.

La informacion olfatoria se transmite de las estructuras periféricas (el epitelio olfativo) a estructuras
cerebrales centrales incluyendo el bulbo que a través del tracto olfatorio conecta directamente con la
corteza olfatoria primaria la cual conforman la corteza piriforme y entorrinal y la amigdala. La corteza
olfatoria primaria conecta con la secundaria, la corteza orbitofrontal, la cual también esta implicada en la
identificacidon de olores (Price, 2004). Diversas teorias proponen que la EP y la consecuente disfuncion
olfatoria pueden estar causadas por la entrada de toxinas ambientales a través de la cavidad nasal (Del
tredici, et al. 2002, Hawkes, et al. 2007). De hecho, la exposicion a pesticidas incrementa hasta en un 80%
el riesgo de padecer EP (Tanner, et al. 2009). Por otro lado, existe una asociacion del deterioro de la
capacidad olfativa con la presencia de cuerpos de Lewy (Ponsen, et al. 2006); y las estructuras cerebrales
relacionadas con la olfaccion, en concreto el bulbo olfatorio, son unas de las primeras areas en presentar
cambios patologicos (Braak, et al. 2003). Los estudios neuropatologicos también muestran mayor carga

de alpha-sinucleina en la corteza olfatoria primaria y secundaria (Silveira-Moriyama, et al. 2009).

Existen varios estudios de neuroimagen funcional que han identificado anormalidades en el sistema
nervioso central asociadas al déficits de identificacion de olores en la EP. Se ha descrito una correlacion
significativa entre la hipocaptacion del transportador de dopamina en el estriado y la puntuacién en el test
de olfaccion UPSIT (University of Pennsylvania Smell Identification Test) en pacientes en fases inciales

de la EP (Sideworf, et al. 2005). Un estudio de RM funcional con estimulacién olfatoria dentro del

176



escaner demostré que la actividad neuronal del hipocampo y la amigdala estaban reducidas en los

pacientes con EP respecto a los sujetos control (Westermann, et al. 2008).

Por otro lado, los estudios de RM estructural dan soporte a la presencia de anormalidades en estructuras
cerebrales centrales. Utilizando diffusion weighted imaging (DWI) se encontré un decremento de la
difusion en el tracto olfatorio de EP iniciales; y un estudio reciente con diffusion tensor imaging (DTI) ha
descrito la correlacion entre indices de anisotropia fraccional en el cerebelo y los umbrales de

identificacion de olores (Zhang, et al. 2009).

1.4. Estudios mediante resonancia magnética en la EP

Los estudios de volumetria de regién de interés delimitada manualmente en la EP se han centrado
principalmente en estructuras temporales mediales porque estas estructuras presentan atrofia en otras
enfermedades neurodegenerativas tales como el Alzheimer y la demencia por cuerpos de Lewy. En los
pacientes con EP y demencia ha sido descrita atrofia en el hipocampo (Laakso, et al. 1996, Camicioli, et
al. 2003, Junque, et al. 2005, Bouchard, et al. 2008), la amigdala (Junque, et al. 2005, Bouchard, et al.
2008) y la corteza entorrinal (Kenny, et al. 2008). Estos hallazgos sugieren que aunque la atrofia de
estructuras temporales mediales sea caracteristica principal de la enfermedad de Alzheimer (Scheltens, et
al. 2002), puede que también subyazca a la presencia de demencia en la EP. Los estudios de voxel-based
morphometry (VBM) también han descrito atrofia de regiones temporales mediales en la demencia en la
EP; pero también en regiones subcorticales, paralimbicas y neocorticales (Burton, et al. 2004,
Summerfield, et al. 2005, Beyer, et al. 2007). El grado de atrofia en los pacientes dementes varia en
funcion de un comienzo precoz o tardio del desarrollo de demencia. El comienzo precoz esta asociado a

una mayor degeneracion de estructuras subcorticales y corticales (Beyer, et al. 2008).

En los enfermos de Parkinson sin demencia también se ha descrito una atrofia del hipocampo (Laakso, et

al. 1995, Camicioli, et al. 2003, Junque, et al. 2005, Bouchard, et al. 2008) y de la amigdala (Junque, et al.
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2005, Bouchard, et al. 2008) que se puede objetivar mediante volumetria manual y mediante escalas del
grado de atrofia a nivel visual (Bruck, et al. 2004). Los estudios de neuroimagen estructural en los que se
usado la técnica de la voxel-based morphometry en pacientes no dementes han demostrado reducciones en
multiples estructuras cerebrales. En estos pacientes se ha descrito atrofia del nucleo caudado (Brenneis, et
al. 2003), regiones frontales e insula (Burton, et al. 2004), corteza orbitofrontal y parahipocampo
(Nagano-Saito, et al. 2005), hipocampo y cingulado anterior (Summerfield, et al. 2005), surco
intraparietal (Cordato, et al. 2005), giro superior temporal y frontal (Beyer, et al. 2006, Ramirez-Ruiz, et
al. 2007) y cerebelo (Camicioli, et al. 2009). Una posible explicacion para la gran variabilidad entre
resultados radica en la heterogeneidad de las muestras de EP examinadas. En general, los enfermos de
Parkinson en estos estudios se consideran como un grupo uniforme pero sin diferenciar aquellos que
presentan algin déficit cognitivo o factores de riesgo de desarrollo de demencia. De hecho, un estudio
encontro que los pacientes con EP y diagndstico de deterioro cognitivo leve presentaban reducciones de
sustancia gris en regiones frontales y temporales en comparacion con pacientes cognitivamente intactos

(Beyer, et al. 2006).

Tanto la técnica de volumetria manual como la VBM permiten la investigacion de los correlatos
neuroanatémicos de las disfunciones neuropsicoldgicas. El volumen del hipocampo ha sido previamente
relacionado con medidas de memoria verbal en la EP (Camicioli, et al. 2003, Junque, et al. 2005,
Bouchard, et al. 2008) Recientemente, también se ha descrito una correlacion significativa entre la
fluencia semantica y la reduccion de sustancia gris en regiones temporales, frontales y cerebelo (Pereira,
et al. 2009a) y la correlacion entre déficits visuo-espaciales y reduccion de sustancia gris en el 1obulo
parietal superior y giro occipital (Pereira, et al. 2009b).

Los estudios de diffusion tensor imaging (DTI) han descrito reduccién de la anisotropia fraccional (FA)
en la sustancia negra y en las proyecciones nigroestriatales (Yoshikawa, et al. 2008, Chan, et al. 2009)
incluso en pacientes de novo (Vaillancourt, et al. 2009). Otras areas que han mostrado decrementos de FA

en la EP son regiones motoras y el cingulado (Karagulle Kendi, et al. 2008); cerebelo y corteza
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orbitofrontal (Zhang, et al. 2009); cuerpo calloso y fasciculo longitudinal superior (Gattellaro, et al.
2009). Pacientes con disfunciones ejecutivas muestran FA reducida en sustancia blanca de la corteza
prefrontal y parietal (Matsui, et al. 2007a); y en pacientes con demencia la reduccion de FA afecta al
cingulado posterior bilateralmente en comparacion con los pacientes no dementes (Matsui, et al. 2007b).

Finalmente, estudios de resonancia magnética funcional, si bien aiin muy escasos en la EP se han
utilizados para evaluar la actividad neuronal durante la realizacion de tareas motoras (Sabatini, et al.
2000), memoria (Mattay, et al. 2002, Lewis, et al. 2003), procesamiento de recompensa (Schott, et al.
2007), percepcion de expresiones de miedo (Tessitore, et al. 2002), memoria implicita (Moody, et al.

2004) y funciones ejecutivas (Van Eimeren, et al. 2009).
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2. Objetivos e hipotesis de la tesis

El interés general de esta tesis radica en estudiar las bases cerebrales subyacentes algunas de las
manifestaciones no-motoras de la enfermedad de Parkinson. En concreto, el estudio de las disfunciones
limbicas y sus correlatos neuroanatomicos y funcionales incluyendo los déficits de memoria declarativa,

reconocimiento de emociones y toma de decisiones, y las disfunciones olfatorias.

Objetivos especificos

Estudios I y Il

Antecedentes

La memoria declarativa se ve afectada en la EP, pero la base de los déficits de memoria en la EP es
controvertida. Los estudios iniciales clasicos proponian que la causa del déficit de memoria en la EP era
el mal funcionamiento de la circuiteria fronto-estriatal a causa de la deplecion dopaminérgica (Cooper, et
al., 1991). Sin embargo, son cada vez mas los trabajos que apuntan hacia una disfuncién y atrofia de
estructuras temporales mediales que podrian justificar las alteraciones de memoria observadas. El estudio
de los déficits de memoria en la EP es fundamental porque se aprecia desde los comienzos de la
enfermedad (Muslimovic, et al. 2005), progresan con el tiempo (Muslimovic, et al. 2007), es mas
acentuado en los pacientes con alucinaciones visuales (Grossi, et al. 2005, Ramirez-Ruiz, et al. 2006), y
predice evolucion a demencia (Lewy, et al. 2002). Los pacientes con EP y demencia presentan mayores
densidades de cuerpos y neuritas de Lewy en el sector CA 2-3 del hipocampo. Por otro lado, la presencia
de alucinaciones visuales también predice evolucion a demencia y estd asociada con cambios en

estructuras temporales mediales (Williams and Lees. 2005).
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Objetivos

El estudio I es transversal y fue disefiado con los siguientes objetivos:
1. Examinar los diferentes grados de atrofia del hipocampo por medio de la técnica voxel-based
morphometry en pacientes con EP y demencia y en pacientes no dementes con y sin alucinaciones
visuales en comparacion con una muestra de controles sanos.
2. Determinar el patron de atrofia del hipocampo en cada uno de los casos individualmente.

3. Investigar los correlatos neuroanatomicos de la disfuncion de la memoria verbal en la EP.

El estudio II es un estudio longitudinal de la muestra anterior con los siguientes objetivos:

4. Estudiar la evolucion de los déficits de memoria y la progresion a demencia
5. [Establecer la progresiva atrofia del hipocampo como un marcador de evolucion a demencia,

ademas de investigar si esta progresion se extiende a otras areas cerebrales.

Hipdtesis
En el primer estudio hipotetizamos que:

1. Dado que los pacientes con alucinaciones visuales estd en mayor riesgo de desarrollar demencia su

paron de atrofia sera similar al presentado por los pacientes con demencia.

2. La frecuencia de atrofia hippocampal serda mayor en los pacientes con alucinaciones en
comparacion con aquellos que no presentan alucinaciones, y dicha atrofia deberia afectar a la seccion

CA2 del hipocampo y en consecuencia observarse mas en regiones hipocampales medias en las IRM.

3. La disfuncidon de memoria en la EP es hipocampo-dependiente. La atrofia del hipocampo estara

relacionada con una peor ejecucion de pruebas de memoria verbal declarativa.

181



En el estudio longitudinal (estudio II) hipotetizamos lo siguiente:
4. Los pacientes con EP y alucinaciones visuales presentaran desarrollo de demencia y un marcado

deterioro en las funciones de memoria verbal.

5. La atrofia cerebral en los pacientes con VH que han evolucionado a demencia abarcara el
hipocampo de una manera y con un patréon similar a lo encontrado en los pacientes con demencia en

el estudio anterior.

6. Ademas del hipocampo, otras areas cercbrales incluyendo regiones limbicas, paralimbicas y

neocorticales se veran progresivamente afectadas en estos pacientes.

Estudios I y IV

Antecedentes

Las disfunciones limbicas ocurren en fases iniciales de la EP. Estudios previos han hallado deterioro de la
toma de decisiones, el reconocimiento de expresiones faciales y disfunciones olfatorias en pacientes con
EP en estado inicial. Estudios funcionales y de lesion sefialan la corteza orbitofrontal y la amigdala como
estructuras clave para la toma de decisiones y el reconocimiento de emociones. Por otro lado, la
informacion olfatoria se transmite de estructuras periféricas a estructura cerebrales centrales incluyendo el
bulbo olfatorio que a través del tracto olfatorio conecta con la corteza olfatoria primaria la cual incluye la
corteza piriforme y entorrinal y la amigdala. La corteza orbitofrontal también esta implicada en la

identificacion de olores ya que es la principal estructura diana de la corteza olfatoria primaria.

182



Objetivos
1. El objetivo del estudio III radica en investigar los correlatos neuroanatomicos de las disfunciones
en reconocimiento de expresiones emocionales y toma de decisiones de los pacientes en estado
inicial de la EP mediante voxel-based morphometry.
2. En el estudio IV investigamos los correlatos neuroanatomicos de la disfuncidon olfatoria en
enfermos iniciales de EP pero con diffusion tensor imaging para observar cambios
microestructurales en las conexiones entre estructuras relacionadas con la identificacién de

olores.

Hipdtesis
En el estudio III las hipotesis eran las siguientes:
5. Los pacientes en fases iniciales de la EP mostraran atrofia en areas limbicas y paralimbicas y en

consiguiente déficits asociados en la toma de decisiones y reconocimiento de emociones.

6. Habra una correlacion entre el volumen de la corteza orbitofrontal y la amigdala y la disfuncion

en la toma de decisiones y reconocimiento de expresiones emocionales.

En el estudio IV hipotetizamos que:
7. Los pacientes en estado inicial de la EP mostraran déficits en la identificacion de olores y ademas

mostraran una conectividad estructural anormal entre areas limbicas y neocorticales.

8. La disfuncion olfatoria se vera asociada a una reducciéon de la anisotropia fraccional de las

conexiones entre la corteza olfatoria primaria y la corteza orbitofrontal.
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Estudio V

Antecedentes

Las funciones cognitivas se porcesan por medio de redes funcionales cerebrales distribuidas que
interactuan entre si. La conectividad functional esta determinada por la activacion coordinada de dichas
areas. Desde las fases iniciales de la enfermedad de Parkinson ocurren cambios metabolicos que podrian

afectar a estas conexiones funcionales.

Objetivos
1. Investigar los patrones diferenciales de conectividad functional mediante RMf durante una tarea
de memoria de reconocimiento en pacientes en fases inciales de EP y controles sanos.
Hipotesis
1. Habra una activacion y deactivacion sincronica de regions cerebrales involucradas en la relaizacion

de la tarea de memoria .

2. Los pacientes con EP mostraran conectividad functional diferente a los controles. Hipotetizamos
que mostraran una hiperactivacion de regiones preservadas para poder desempefiar la tarea al mismo

nivel que los controles.
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3. Metodologia

La presente tesis consiste en cinco estudios que examinan las bases neuroanatomicas y neurofuncionales
de las disfunciones de memoria, emocidn y olfato en la enfermedad de Parkinson. Para la realizacion de
los estudios se han utilizado diversas muestras y diversas aproximaciones neuropsicologicas y de
resonancia magnética. Todos los estudios fueron aprobados por el Comité Etico de la Universidad de
Barcelona (UB) y todos los participantes firmaron el consentimiento informado previamente.

Cada uno de los estudios cuenta con una descripcion detallada de las caracteristicas de las muestras, la
metodologia de andlisis de las imagenes obtenidas por RM vy las evaluaciones cognitivas y conductuales

llevadas a cabo.

Las muestras del estudio I y II forman parte de un proyecto dedicado al estudio de pacientes de
Parkinson con factores de riesgo de demencia, en concreto pacientes con alucinaciones visuales, llevado a
cabo por el grupo de Neuropsicologia del Departamento de Psiquiatria y Psicobiologia Clinica de la
Universidad de Barcelona, en colaboracion con la Unidad de Parkinson y Trastornos del Movimiento del
Hospital Clinic de Barcelona. La muestra el primer estudio estd compuesta por un total de cien
participantes divididos en subgrupos de la siguiente manera: 9 pacientes con EP y demencia, 16 pacientes
con EP y alucinaciones visuales, 19 pacientes con EP sin alucinaciones visuales y 56 controles. El
segundo estudio consiste en un seguimiento de esta muestra inicial y estd compuesto por 12 pacientes con
EP y alucinaciones visuales, 14 pacientes con EP y sin alucinaciones visuales y 12 controles. El tercer y
cuarto estudio se centran en una muestra de 24 enfermos de Parkinson en fases iniciales de la enfermedad.
Las caracteristicas de estos pacientes considerados iniciales son las siguientes: i) EP menor a 5 afios de
evolucion; ii) estadio de Hoehn y Yahr menor a II; iii) ausencia de fluctuaciones motoras. El grupo
control de esta muestra comprendia 24 sujetos sanos apareados a la muestra de enfermos por diferentes

variables demograficas tales como la edad, el género y los afios de escolaridad.

185



La evaluacion neuropsicélogica consistia en las siguientes pruebas: i) subtests de Vocabulario,
Informacion y Semejanzas de la escala Wechsler de Inteligencia para adultos (WAIS-III) para estimar el
cociente intelectual premorbido; ii) Test Auditivo Verbal de Rey para evaluar la memoria verbal
(aprendizaje, recuerdo demorado y reconocimiento); iii) test de memoria de caras de Warrington para la
memoria visual; iv) test de discriminacion de formas de Benton para examinar las funciones
visuoperceptivas; v) evaluacion de las fluencias verbales (semantica y fonética); vi) el test de Token para
la comprension del lenguaje; vii) el test de Boston para la denominacion; viii) el lowa Gambling Task
para la toma de decisiones; ix) el test de reconocimiento de expresiones emocionales de Ekman; x) el test

de la Universidad de Pennsylvania para la identificacion de olores.

Las imagenes de RM de los cinco estudios se adquirieron en el Centre de Diagnostic per la Imatge
(CDIC), del Hospital Clinic de Barcelona. Para el primer y segundo estudio se adquirieron imagenes de
resonancia magnética estructural potenciadas en t1 en una RM de 1.5 tesla. Para los estudios I, IV y V las
imagenes fueron obtenidas en una resonancia de 3 tesla y no sé6lo imagenes potenciadas en tl sino que
también imagenes de DTI y de resonancia magnética funcional aplicando un paradigma de memoria

verbal.

Las técnicas de neuroimagen empleadas en cada uno de los estudios fueron las siguientes:

i) técnica de “voxel-based morphometry” (VBM) para evaluar las diferencias grupales volumétricas y/o
de densidad de la sustancia gris. El procesamiento de las imagenes se realizé mediante los software SPM2
y SPMS (Statistical Parametric Mapping, Wellcome Department of Cognitive Neurology, University

College London, UK, http://www.fil.ion.ucl.ac.uk/spm) con Matlab 6.5 y Matlab 7.0 (MathWorks,

Natick, MA), respectivamente; ii) técnica de “Tract-Based Spatial Statistics” (TBSS) para analizar las
imagenes de DTI y evaluar las diferencias de anisotropia de la sustancia blanca mediante el software FSL

(FMRIB's Software Library, http:/www.fmrib.ox.ac.uk/fsl/); iii) para el estudio de las imagenes

obtenidas por resonancia magnética funcional utilizamos una herramienta basada en el analisis de
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componentes independientes parate del FSL que se conoce como “Multivariate Exploratory Linear
Optimized Decomposition into Independent Components” (MELODIC) con la cual se consigue una
descomposicion de los datos en variaciones dependientes del tiempo, del espacio, y de los sujetos;
proporcionando mas datos que aquellos que se puedan extraer mediante el analisis clasico de RM

funcional mediante analisis de modelo lineal general.
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4. Resultados

Estudio I: Predominio de atrofia de la cabeza del hipocampo en enfermos de Parkinson con

alucinaciones visuales y con demencia

El primer estudio es un estudio de voxel-based morphometry pero delimitando una region de interés
concreta, el hipocampo.

Los analisis grupales mostraron que la atrofia del hipocampo en los pacientes con EP y demencia es
generalizada, afectando sobre todo a regiones anteriores y posteriores de dicha estructura y quedando las
areas centrales relativamente preservadas. Los pacientes no dementes pero con alucinaciones visuales
también presentan atrofia del hipocampo pero limitada a la cabeza del hipocampo; mientras que los
pacientes no dementes sin alucinaciones visuales no presentaban atrofia del hipocampo en el analisis
grupal.

El andlisis individual de cada uno de los sujetos demostrd que el 78% de los pacientes con demencia, 31%
de los pacientes no dementes con alucinaciones visuales y el 26% de los pacientes sin demencia y sin
alucinaciones presentaban atrofia del hipocampo.

La pérdida de sustancia gris en la cabeza del hipocampo correlaciond con los déficits de memoria (= 0.54
en el hipocampo izquierdo; r= 0.65 en el hipocampo derecho) pero no con otras variables clinicas en los
pacientes con EP, lo que sugiere que estos déficits estan relacionados con la atrofia de esta estructura y no

son secundarios a alteraciones en los circuitos fronto-estriatales.
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Estudio II: Progresion diferencial de la atrofia cerebral en enfermos de Parkinson con y sin

alucinaciones visuales

El segundo trabajo es un estudio longitudinal de la muestra anterior. Tras un periodo de 2 afios y medio de
seguimiento el porcentaje de conversion a demencia en los pacientes con EP y alucinaciones visuales
ascendia a un 75%, y el hipocampo de estos pacientes mostraba el mismo patrén de atrofia descrito en los
pacientes con demencia en el estudio previo. El estudio comparativo de las imagenes de resonancia
magnética adquiridas en el inicio con las imagenes obtenidas en el seguimiento reveld que los pacientes
con alucinaciones visuales presentaban una no solo una atrofia progresiva de las areas limbicas, sino
también paralimbicas y neocorticales, mientras que los enfermos sin alucinaciones visuales, de los cuales
ninguno habia desarrollado demencia, s6lo mostraron pequefios decrementos de sustancia gris en regiones

motoras.

La progresiva pérdida de sustancia gris en determinadas areas cerebrales correlaciond con el progresivo
deterioro de funciones cognitivas concretas. El declive en aprendizaje verbal estaba asociado con una
mayor atrofia de la cabeza del hipocampo (r= 0.88), y la memoria verbal demorada con una mayor atrofia
de areas frontales mediales (r= 0.95). El declive en fluencia semantica estaba asociado a atrofia
progresiva del talamo (r= 0.95) y por ultimo el progresivo deterioro en la comprension del lenguaje

correlaciono con la pérdida progresiva de sustancia gris en la amigdala (r= 0.89).
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Estudio III: Correlatos neuroanatomicos de las disfunciones en el reconocimiento de expresiones

faciales emocionales y toma de decisiones en las fases iniciales de la EP

Los pacientes en fases iniciales de la EP obtuvieron perores puntuaciones en el test de Ekman de
reconocimiento de expresiones faciales emocionales (F=,2.48 p= 0.042) y en el lowa Gambling Test (F=
7.55, p=0.001) en comparacidn con los controles sanos apareados por género, edad y afios de educacion.
Sin embargo, otras medidas tales como el desempefio en una prueba de atencion sostenida no mostraron
diferencias entre grupos.

Analizamos las diferencias cerebrales entre grupos utilizando regiones de interés definidas a priori de la
corteza orbitofrontal y amigdala. Los pacientes con EP mostraron pérdida de volumen de sustancia gris en
la amigdala derecha y en la corteza orbitofrontal bilateralmente en comparacidén con los controles (p <
0.05 corregido por multiples comparaciones).

El analisis exploratorio de diferencias cerebrales en todo el cerebro mostrd que ademas de la amigdala y
la corteza orbitofrontal los pacientes con EP mostraban areas de reduccion de sustancia gris en regiones
temporo-parieto-occipitales, parahipocampo y cerebelo (p < 0.001 sin corregir).

La puntuacion en el reconocimiento de emociones faciales de Ekman en los pacientes con EP
correlaciond con la corteza orbitofrontal bilatealmente (r=0.58). Las puntuaciones en el lowa Gambling
test también mostraron una correlacion significativa con la corteza orbitofrontal, pero sélo en el
hemisferio izquierdo y un cluster reducido a la parte lateral (= 0.49). Ninguna de estas pruebas
neuropsicoldgicas mostrd correlacion con la amigdala o con otras estructuras que mostraron diferencias

entre pacientes y controles en la comparacion grupal.
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Estudio 1V: Relacion entre la disfuncion olfatoria y reduccion de la anisotropia fraccional de regiones

centrales olfatorias en fases iniciales de la enfermedad de Parkinson.

Los pacientes con EP mostraron puntuaciones menores a los controles en el test de identificacion de
olores UPSIT (t= 6.22; p < 0.001). Las puntuaciones del UPSIT no correlacionaron con escalas clinicas
tales como el UPDRS-III (r= 0.21; p= 0.39), los afios de evolucion de la enfermedad (r=-0.21; p=0.41) o
el estadio de Hoehn y Yahr (r=-0.31; p= 0.22) en el grupo de pacientes.

La comparacion grupal de las imagenes de DTI mostrd que los pacientes presentaban una anisotropia
fraccional (FA) reducida en el cuerpo calloso, la sustancia blanca adyacente al cingulado posterior y
regiones parieto-occcipitales, el fasciculo longitudinal superior, parte anterior del lobulo temporal,
sustancia blanca adyacente al gyrus rectus, talamo, fornix y tronco cerebral (t > 3; 0.001 sin corregir).
Introdujimos la media de FA de todas estas areas en un andlisis de regresion lineal unicamente la FA
media de la sustancia blanca adyacente al gyrus rectus explicaba las disfunciones olfatorias (F = 5.762, p

<0.029).

Al analizar las diferencias de FA centrandonos solamente en regiones de interés relacionadas con la
capacidad olfativa tales como, la corteza olfatoria primaria y orbitofrontal y el fasciculo uncinado y
dividiendo el grupo de pacientes de acuerdo al grado de deterioro de la capacidad olfativa, demostramos
que tanto los pacientes con anosmia (puntuaciones menores a 18 en el UPSIT) como hiposmia
(puntuaciones entre 18 y 25) presentaban reduccion de FA en la sustancia blanca subyacente al gyrus
rectus y que ademas, los pacientes con anosmia diferian de los controles en la FA de la corteza olfatoria
primaria, en concreto de la sustancia blanca adyacente a la corteza entorrinal (p < 0.05 corregido por

multiples comparaciones).
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Estudio V: Alteaciones de redes funcionales cerebrales durante la realizacion de una tarea de memoria
episodica en la enfermedad de Parkinson

Los pacientes no mostraron diferencias con los controles en la ejecucion de la tarea. El nimero de
palabras correctamente reconocidas, de falsos reconocimientos, omisiones y el tiempo medio de respuesta
no mostraron diferencias significativas entre grupos; si bien las puntuaciones en el grupo de pacientes
eran algo menores.

El andlisis de componentes de las imagenes de RMf mostr6 que la tarea de memoria de reconocimiento
estaba asociada con una serie de activaciones y deactivaciones de regiones cercbrales. La activacion
correspondia al paracingulado, la corteza orbiofrontal lateral (BA 47/12), la corteza prefrontal anterior, el
giro angular, la corteza visual y el cerebelo.

La tarea también estaba relacionada con la deactivacion de ciertas regiones cerebrales, especificamente, la
corteza prefrontal ventromedial, precuneus, la encrucijada temporo-occipital y areas temporales mediales.
Estas regiones son las implicadas en la red conocida como default network

Los pacientes con EP mostraron hipoactivacion de todas las areas implicadas en la tarea de memoria en
comparacion con los controles, ademas de una hipoactivacion en la sustancia negra, y mostraron una
deactivacion reducida de las areas implicadas en la default network.

Sin embargo, aunque los pacientes presentaban hipoactivacion de redes funcionales implicadas en la tarea
y reducida deactivacion de la red que se supone deberia permanecer suspendida durante la ejecucion de la
tarea, mostraron un desempefio parecido al de los controles; y una hiperactivacion en areas

supramarginales.
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5. Discusion

La presente tesis estd dirigida a investigar los correlatos neuroanatomicos y neurofuncionales de las
disfunciones de memoria declarativa, reconocimiento de emociones y toma de decisiones y los déficits de
identificacion de olores en la enfermedad de Parkinson. Hipotetizamos que estas disfunciones se veran
asociadas a la degeneracion del sistema limbico desde las fases iniciales de la enfermedad.

Los resultados de las comparaciones grupales del primer estudio mostraron que la atrofia del hipocampo
detectada por analisis de voxel-based morphometry esta presente en la EP. Los pacientes con demencia
tienen pérdida de sustancia gris que implica la parte anterior y posterior de dicha estructura quedando la
parte media relativamente preservada, mientras que los pacientes sin demencia pero con alucinaciones
visuales muestran atrofia solo en la cabeza del hipocampo. Por otro lado, los analisis individuales de cada
uno de los pacientes pusieron en evidencia que un 78% de los pacientes con EP y demencia y un 31% y
26% de los pacientes no dementes con y sin alucinaciones visuales respectivamente mostraban atrofia
predominante en la cabeza del hipocampo. Estos hallazgos coincidian con los llevados a cabo por otro
grupo independiente en el mismo periodo en el que hallaron los pacientes no dementes de avanzada edad
con EP mostraron atrofia predominante también en la cabeza del hipocampo (Bouchard, et al. 2008). La
cabeza del hipocampo se corresponde basicamente con la region CAl y esta regidon es especialmente
vulnerable a cambios de tipo Alzheimer incluso en las fases iniciales de la enfermedad (Frisoni, et al.
2002, Wang, et al. 2003). Ademads, se ha descrito que la reduccion del volumen del hipocampo y
especialmente la implicacion del sector CAl estan asociados a un mayor riesgo de conversion de
deterioro cognitivo leve a demencia de tipo Alzheimer (Apostolova, et al. 2006b).

Los déficits de memoria, en concreto en la medida de aprendizaje verbal, correlacionaron con la pérdida
de sustancia gris en la parte anterior del hipocampo. En ancianos no dementes también se ha descrito una
correlacion de la atrofia del hipocampo con medidas de memoria verbal (Hackert, et al. 2002). En la EP,
se han hallado correlaciones con medidas de memoria de reconocimiento pero no con medidas de

aprendizaje (Bouchard, et al. 2008). Por otro lado, el hecho de que la atrofia el hipocampo correlacionase
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con la ejecucion en pruebas de memoria verbal, pero no con escalas de tipo clinico sugiere que esta
atrofia esta especificamente relacionada con el deterioro en memoria, pero no con la evolucion general de
la enfermedad. Los hallazgos de este estudio nos llevan a cuestionar la asuncién clasica de los déficits de
memoria en la EP como consecuencia de la deplecion dopaminérgica afectando a los circuitos fronto-
estriatales (Cooper, et al. 1991); y sugerimos que la causa de la disfuncién radica en la integridad de
estructuras temporales mediales, en concreto en una estructura clave dentro del sistema limbico, el

hipocampo.

En el estudio II, después de un seguimiento de 30 meses, el 75% de los pacientes con alucinaciones
visuales inicialmente no dementes mostraban criterios de demencia en la exploracion final. Ademas de un
declive exacerbado en memoria verbal, los pacientes mostraron un deterioro cognitivo significativo en
fluencia semantica, comprension del lenguaje y funciones visuoperceptivas. Los pacientes con EP y
alucinaciones visuales mostraban exactamente el mismo patron de atrofia descrito en los pacientes con
demencia en el estudio transversal inicial con una mayor afectacion de la cola y la cabeza del hipocampo.
Ademas de la atrofia del hipocampo los pacientes mostraron un patrén de atrofia progresiva en otras areas
limbicas y regiones paralimbicas y neocorticales. Por lo tanto, la evolucion a demencia en la EP no es
solo consecuencia de la degeneracion de areas limbicas pero también de la progresiva afectacion de areas
neocorticales, sobre todo areas terciarias o de asociacién. En contraste con la evolucion de los pacientes
con alucinaciones, los pacientes sin alucinaciones visuales no mostraron evolucion a demencia y la
progresiva pérdida de sustancia gris solo afecto a areas motoras. La progresiva pérdida de sustancia gris
en determinadas areas cercbrales de los pacientes que evolucionaron a demencia correlaciono con el
progresivo deterioro de funciones cognitivas concretas. El declive en aprendizaje verbal mostro
correlacion con la pérdida de sustancia gris en del hipocampo, y la memoria verbal demorada con una
mayor atrofia de areas frontales mediales. El declive en fluencia semantica estaba asociado a atrofia
progresiva del talamo, y por tltimo el progresivo deterioro en la comprension del lenguaje correlaciono
con la pérdida progresiva de sustancia gris en la amigdala. Los dos primeros patrones de correlacion son
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esperables por los correlatos neurofuncionales conocidos. La relacion entre lenguaje y amigdala es de

dificil explicacion y es probablemente casual.

Los hallazgos de los dos estudios previos abordan las disfunciones limbicas en etapas avanzadas de la
enfermedad y en pacientes con factores de riesgo de evolucion a demencia tales como la presencia de
alucinaciones visuales. Sin embargo, las disfunciones limbicas estan presentes en las fases iniciales de la
enfermedad, y otros funciones cognitivas dependientes de la integridad del sistema limbico, al margen de
la memoria, tales como el reconocimiento de expresiones emocionales y la toma de decisiones se ven
afectadas. Por lo tanto, los siguientes estudios se centraron en una muestra de pacientes en fases iniciales
de la enfermedad con no mas de 5 afios de evolucion, Hoehn y Yahr igual o menor a II, y ningun factor de
riesgo conocido. Estos pacientes, se corresponderian con un estadios III o IV de la clasificacion propuesta
por Braak (Braak, et al. 2003) por la cual se supone que habria una afectacion de areas limbicas y del
mesencéfalo pero relativa preservacion de areas neocorticales. Sin embargo, el analisis de voxel-based
morphometry mostro que los pacientes en fases iniciales no s6lo mostraban atrofia de areas limbicas,
incluyendo la amigdala y la corteza orbitofrontal, sino que también habia reduccion de sustancia gris en
areas de la encrucijada parieto-temporo-occipital. Ademas, no todas las areas limbicas mostraron atrofia,
por ejemplo, no habia diferencias en el volumen de la corteza entorrinal entre pacientes y controles; y
este area se supone que tendria que mostrar una afectacion previa a la corteza orbitofrontal. El estadiaje
propuesto por Braak ha sido recientemente cuestionado y se ha demostrado que el estadio no se
corresponde generalmente con el grado de deterioro cognitivo en la EP (Jellinger. 2008).

En nuestro estudio la reduccion de sustancia gris afectaba a la parte ventrolateral y dorsomedial de la
corteza orbitofrontal y la atrofia de la amigdala implicaba la amigdala derecha y mayormente el nucleo
anterior. Los estudios previos de neuroimagen estructural (Junque, et al. 2005, Ramirez-Ruiz, et al. 2005,
Summerfield, et al. 2005, Nagano-Saito, et al. 2005) y funcional (Huang, et al. 2007) también apuntan a

una degeneracién de la circuiteria limbica incluyendo la amigdala y la corteza orbitofrontal en la EP.
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Los pacientes con EP mostraron peor ejecucion que lo controles en la pruebas de reconocimiento de
emociones y toma de decisiones, pero no en otras pruebas neuropsicologicas tales como medidas de
atencion sostenida, y los déficits neuropsicologicos correlacionaron con la perdida de sustancia gris en la
corteza orbitofrontal, pero no con la atrofia de la amigdala y de otras estructuras que mostraron atrofia en
la comparacion grupal. La corteza orbitofrontal, considerada corteza de asociacion limbica, ha
demostrado tanto en estudios funcionales como en estudios de lesidon ser una estructura critica para el
desempefio adecuado del reconocimiento de emociones (Adolphs. 2002a, Adolphs. 2002b, Blair, et al.
1999, Dolan, et al. 1996, Heberlein, et al. 2008, Hornak, et al. 2003, Nakamura, et al. 1999) y la toma de
decisiones (Bechara. 2004, Denburg, et al. 2007, Fellows and Farah. 2005, Wallis. 2007) y nuestro
estudio sugiere que la pérdida de sustancia gris en esta region es la responsable de los déficits

emocionales en la EP.

Ademas de déficits cognitivos es sabido que los pacientes con EP presentan disfunciones de la capacidad
de identificar olores en las fases iniciales de la enfermedad. Los déficits en la capacidad de olfaccion
aparecen incluso antes que los sintomas motores y son caracteristica esencial de lo que se conoce como la
fase pre-motora del Parkinson (Tolosa, et al. 2009). La informacion olfatoria se transmite de las
estructuras periféricas (el epitelio olfativo) a estructuras cerebrales centrales incluyendo el bulbo que a
través del tracto olfatorio conecta directamente con la corteza olfatoria primaria la cual conforman la
corteza piriforme y entorrinal y la amigdala. La corteza olfatoria primaria conecta con la secundaria, la
corteza orbitofrontal, la cual también esta implicada en la identificacion de olores (Price. 2004). Diversas
teorias proponen que la EP y la consecuente disfuncion olfatoria pueden estar causadas por la entrada de
toxinas ambientales a través de la cavidad nasal (Del tredici, et al. 2002, Hawkes, et al. 2007). De hecho,
la exposicion a pesticidas incrementa el riesgo de padecer EP (Tanner, et al. 2009). Por otro lado, existe
una asociacion del deterioro de la capacidad olfativa con la presencia de cuerpos de Lewy (Ponsen, et al.
20006); vy las estructuras cerebrales relacionadas con la olfaccion, en concreto el bulbo olfatorio, son unas

de las primeras areas en presentar cambios patologicos (Braak, et al. 2003). Otros estudios
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neuropatoldgicos también muestran mayor carga de alpha-sinucleina en la corteza olfatoria primaria y
secundaria (Silveira-Moriyama, et al. 2009). En el estudio IV investigamos la relacion entre los déficits en
la identificacion de olores en una muestra de pacientes con EP en fases iniciales con cambios
microestructurales de la sustancia blanca en regiones centrales olfatorias mediante el analisis de imagenes
por tensor de difusion (DTI). Los pacientes con EP mostraron reduccion de la anisotropia fraccional (FA)
en diversas regiones corticales y subcorticales. Sin embargo, unicamente la reduccidon de la FA de la
sustancia blanca adyacente a areas olfatorias primarias mostrd correlacion con la puntuacion en el test de
identificacion de olores UPSIT. Al analizar las diferencias de FA centrandonos solamente en regiones de
interés relacionadas con la capacidad olfativa tales como, la corteza olfatoria primaria y orbitofrontal y el
fasciculo uncinado y dividiendo el grupo de pacientes de acuerdo al grado de deterioro de la capacidad
olfativa, demostramos que tanto los pacientes con anosmia (puntuaciones menores a 18 en el UPSIT)
como hiposmia (puntuaciones entre 18 y 25) presentaban reduccion de FA en la sustancia blanca
subyacente al gyrus rectus y que ademas, los pacientes con anosmia diferian de los controles en la FA de
la corteza olfatoria primaria, en concreto de la sustancia blanca adyacente a la corteza entorrinal. Un
decremento en FA es un indicador sensible de anormalidad histoldgica, si bien a dia de hoy la
interpretacion de dicha reduccion en las enfermedades neurodegenerativas puede ser atribuida a diferentes
factores fisiologicos (Assaf et al., 2008). Interesantemente, el modelo animal de la EP ha demostrado que
la pérdida neuronal se corresponde con un decremento de FA de las regiones afectadas (Boska, et al.
2007). Por lo tanto, la reduccion de FA encontrada en nuestra muestra de pacientes con EP y capacidad
olfativa disminuida podria estar reflejando una degeneracion de las regiones olfatorias cerebrales
centrales inicialmente en el bulbo olfatorio y a partir de ahi una pérdida de conexiones axonales con la
corteza olfatoria primaria y secundaria. Otra posible explicacion para la reduccion de FA en nuestros
pacientes implicaria un proceso de desmielinizacion de regiones olfatorias a raiz de una sobreexpresion de
proteinas de la familia de las sinucleinas lo cual ya ha sido relacionado con cambios en la mielinizacion

previamente en la EP (Galvin, et al. 1999).
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Por 1ltimo, en el estudio V evaluamos las redes funcionales implicadas en una tarea de memoria de
reconocimiento mediante resonancia magnética funcional (RMf) en pacientes con EP en fase inicial. Si
bien tanto los pacientes como los controles mostraron una ejecucion similar en la tarea, el analisis de
componentes de las imagenes de RMf reveld una activacion cerebral reducida de los pacientes en
comparacién con los controles en redes funcionales implicadas en la memoria, incluyendo la corteza
orbitofrontal lateral y el paracingulado, y en la sustancia negra. Sin embargo, los pacientes con EP
mostraron una mayor activacion en el area supramarginal bilateralmente lo que podria ser considerado
como un mecanismo de compensacion para poder ejecutar la tarea adecuadamente. Por otro lado, los
pacientes mostraron una deactivacion menor a los controles en areas implicadas en la default network.

Los pacientes no mostraron diferencias con los controles en la ejecucion de la tarea. El nimero de
palabras correctamente reconocidas, de falsos reconocimientos, omisiones y el tiempo medio de respuesta
no mostraron diferencias significativas entre grupos; si bien las puntuaciones en el grupo de pacientes
eran algo menores. Hay discrepancias en la literatura respecto al hecho de si los pacientes no dementes
presentan déficits en la memoria de reconocimiento. Un estudio reciente sugiere que los pacientes con EP
aunque no presenten demencia si que muestran una alteracion de la memoria de reconocimiento pero no
encontro diferencias entre controles y pacientes en fases iniciales al hacer una version sencilla de la tarea
deduciendo por tanto que la memoria de reconocimiento depende de la dificultad de la tarea y la
severidad de la enfermedad (Whittington, et al. 2006). Nuestro grupo de pacientes se encuentra en fases
iniciales de la enfermedad y el disefio de la tarea era sencillo lo que puede explicar la adecuada ejecucion
de la tarea en nuestra muestra.

El andlisis de componentes de las imagenes de RMf mostr6 que la tarea de memoria de reconocimiento
estaba asociada con una serie de activaciones y deactivaciones de regiones cercbrales. La activacion
correspondia al paracingulado, la corteza orbiofrontal lateral (BA 47/12), la corteza prefrontal anterior, el
giro angular, la corteza visual y el cerebelo. Estas activaciones se corresponden con lo encontrado en
sujetos sanos en la literatura (Cabeza and Nyberg. 2000, Lepage, et al. 2000). La tarea también estaba
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relacionada con la deactivacion de ciertas regiones cercbrales, especificamente, la corteza prefrontal
ventromedial, precuneus, la encrucijada temporo-occipital y areas temporales mediales. Estas regiones
son las implicadas en la red conocida como default network (Buckner, et al. 2008). La actividad de la
default network se ve incrementada en experimentos que utilizan RMf de reposo, pero su actividad se ve
decrementada en tareas que requieren atencion (Greicius, et al. 2003, Raichle, et al. 2001).

Los pacientes con EP mostraron hipoactivacion de todas las areas implicadas en la tarea de memoria en
comparacion con los controles, ademas de una hipoactivacion en la sustancia negra, y mostraron una
deactivacion reducida de las areas implicadas en la default. Estudios recientes sugieren que una adecuada
deactivacion de la default network durante la ejecucion de una tarea de memoria es tan importante como
una buena activacion de las areas implicadas en la tarea (D'Esposito, et al. 2003). Un estudio reciente en
la EP mostré que los pacientes mostraban menor deactivacion en areas posteriores implicadas en la
default (van Eimeren, et al. 2009). En nuestro trabajo los pacientes no s6lo mostraban una menor
deactivacion de areas posteriores pero también de la corteza prefrontal ventromedial. Otras enfermedades
neurodegenerativas tales como el Alzheimer también muestran disrupcion de esta red neuronal (Celone, et
al. 2006, Rombouts, et al. 2009).

Sin embargo, aunque los pacientes presentaban hipoactivacion de redes funcionales implicadas en la tarea
y reducida deactivacion de la red que se supone deberia permanecer suspendida durante la ejecucion de la
tarea, mostraron un desempefio parecido al de los controles; y una hiperactivacion en areas
supramarginales. Creemos que el reclutamiento de estas areas podria suponer un mecanismo de
compensacion para suplir la disfuncion en el circuito limbico (Alexander, et al. 1986). De hecho, hay cada
vez mas evidencia del rol del lobulo parietal en la memoria episodica (Wagner, et al. 2005).

Por ultimo, es de gran interés la hipoactivacion mostrada en la sustancia negra en los pacientes con EP; ya
que si bien esta hipoactivacion ha sido previamente detectada en estudios de PET (Ito, et al. 1999), hasta

la fecha ningun estudio con fMRI la habia descrito.
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6. Conclusiones

Las principales conclusiones de esta tesis derivadas de los 5 estudios se pueden resumir de la siguiente

manera:

I. La atrofia del hipocampo en la enfermedad de Parkinson afecta a la parte anterior de dicha estructura en
los enfermos sin demencia y en los pacientes con demencia progresa a la parte posterior quedando la parte
media relativamente preservada. Este patrén de atrofia es similar al encontrado en la enfermedad de

Alzheimer.

II. Las disfunciones de memoria correlacionan con la pérdida de sustancia gris en la cabeza del

hipocampo y sugieren un déficit de codificacion de informacion mas que de recuperacion.

ITI. Los pacientes con alucinaciones visuales presentan evolucion a demencia y atrofia progresiva del
hipocampo y de otras areas cerebrales incluyendo regiones limbicas, paralimbicas y neocorticales;

mientras que los pacientes sin alucinaciones solo muestran atrofia progresiva de areas motoras.

IV. Los pacientes en fases iniciales de la enfermedad muestran pérdida de sustancia gris afectando a la
corteza orbitofrontal y amigdala pero quedando preservadas areas paralimbicas. Estos patrones no se

ajustan al estadiaje propuesto por Braak y Braak.

V. El deterioro del reconocimiento de expresiones emocionales y toma de decisiones ocurre en los estados
iniciales de la enfermedad. La reduccidon de sustancia gris en la corteza orbitofrontal bilateralmente esta
asociada al déficit en reconocimiento de emociones y la pérdida de sustancia gris en la corteza

orbitofrontal lateral izquierda esta asociada a la disfuncion en la toma de decisiones.
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VI. Los pacientes con EP presentan cambios microestructurales de la sustancia blanca en regiones
corticales y subcorticales. Sin embargo, solo la anisotropia fraccional reducida de las areas olfativas
centrales, especificamente de la sustancia blanca adyacente al gyrus rectus, muestran relacion con la

disfuncion olfatoria.

VII. Los pacientes con EP muestran una menor activacion de redes funcioanales implicadas en la

memoria de reconociemiento y una reduccién de la deactivacion de areas de la default network.

Los estudios descritos en esta tesis aporten evidencia de que las disfunciones de memoria, reconocimiento

de expresiones emocionales y toma de decisiones y déficits olfativos estan relacionados con cambios

estructurales y funcionales de la sustancia gris y blanca de areas relacionadas con el sistema limbico.
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7. Conclusions

Les principals conclusions d’aquesta tesi derivades dels cinc estudis es poden resumir de la segiient

manera:

I. L atrofia de I’hipocamp en la malaltia de Parkinson (MP) afecta a la part anterior de aquesta estructura
en els malats sense demencia i, en els pacients amb deméncia, progressa a la part posterior, mentre la part
mitja es manté relativament preservada. Aquest patrd d’atrofia és similar al descrit en el deteriorament

cognitiu lleu amnesic i la malaltia d’ Alzheimer.

II. Les disfuncions de memoria declarativa en la MP correlacionen amb la perdua de substancia gris en el

cap de I’hipocamp.

II1. Els pacients amb al-lucinacions visuals presenten una evolucié cap a la demeéncia i atrofia progressiva
de I’hipocamp i d’altres estructures cerebrals que inclouen regions limbiques i neocorticals; mentre que

els pacients sense al-lucinacions sols postren atrofia progressiva de les arees motores.

IV. Els pacients en les fases inicials de la malaltia presenten pérdua de substancia gris en algunes regions
limbiques tals com el 1’escorca orbitofrontal i amigdala, perd no en d’altres com 1’escor¢a entorrinal,
nucli accumbens i el paracingulat. Aquests patrons tan sols s’ajusten en part al estadiatje proposat per

Braak.

V. El deteriorament del reconeixement d’expressions emocionals i presa de decisions apareix en els
estadis inicials de la malaltia. La reduccio de la substancia gris en ’escorg¢a orbitofrontal de forma
bilateral esta associada al deficit en el reconeixement d’emocions. Mentre la pérdua de substancia gris en

I’escorga orbitofrontal lateral esquerra esta associada a la disfuncié en la presa de decisions.
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VI. Els pacients amb MP presenten canvis microestructurals de la substancia blanca en regions corticals 1
subcorticals. Tanmateix, sols 1’anisotropia fraccional reduida de les ares olfactives, especialmente de la

substancia blanca adjacent al gyrus rectus, mostren relacié amb la disfuncién olfactiva.

VII. En fases inicials de la MP existeix una disrupcid de les reds funcionals cerebrals implicades en la

memoria de reconeixement i la default network.

Els estudis descrits en aquesta tesi aporten evidéncia de que les disfuncions de memoria, reconeixement

d’expressions emocionals, presa de decisions i déficits olfactius estan relacionats amb canvis estructurals i

funcionals de la substancia gris i blanca d’arees relacionades amb el sistema limbic.
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8. Ondorioak

Tesi honetatik eta bere bost ikerketetatik ateratako ondoriak horrela laburtu daitezke:

I. Dementzia gabeko Parkinson gaixoetan atrofia hipokampoaren aurreko zatian ikusten da. Dementzia
daukaten Parkinson gaixoetan, hipokampozko atrofia hedatua ikusten da, aurreko eta atzeko zatian baina

erdiko tartea preserbatuta dago. Atrofia patroi hau Alzheimer gaixotasunean gertatzen den bezalakoa da.

II. Hitzezko oroimenaren galerak Parkinsonean hipokampoaren aurreko zatiaren osotasunean dependitzen

dira.

1. Tkusmen haluzinazioak dituzten Parkinson gaixoetan, hipokampozko atrofia progresiboa ta
dementziarako bilakaeraz gain, atrofia hedatua ere ematen da, eremu limbikora, paralimbikora eta gune

neokortikaletara zabaltzen dena.

IV. Parkinson goiztiarreko gaixoek gai griseko galera dute, eremu limbiko batzuetan (amigdala eta
orbitofrontalean) baina ez beste batzuetan (entorrinalean, nucleus accumebens eta paracinguate). Hau ez

dator bat Brakek proposatutako eritasun aroekin.

V. Erabakiak hartzeko eta aurpegi espresioak bereizteko ezintasuna gertatzen da PD goiztiarreko faseetan.
Gabezia neuropsikologiko hauek amigdalaren eta OFC-ren endekapenarekin batera datoz. OFC aldebiko
gutxitzea emozioak bereizteko ezintasunarekin asoziatuta dago, eta gai griseko bolumen galera ezker

aldeko OFC-an erabakiak hartzeko ezintasunarekin asoziatuta dago.
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VI. Parkinson gaixoek ohiz-kanpoko gai txuriko aldaketa mikroestrukturalak ageri zituzten
gaixotasunaren aro goiztiarretatik hainbat garun eremutan, gune kortikalak eta subkortikalak barne.
Alabaina, bakarrik anisotropia frakzionalezko gutxipena dago usaimen area zentraletako gai txurian,

bereziki gyrus rectus aldamenean dagoen gai txurian, asoziatuta PD gaixoetako usaimen disfuntzioarekin.

V1. Parkinson gaixotasuenan garun sare funtzionalen jarduera akatzduna dago oroimenari eta default

modeari eraginez.
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Abstract: Patients with Parkinson’s disease (PD) may present
impairment in cognitive functions even at early stages of the
disease. When compared with the general population, their
risk of dementia is five to six times higher. Recent investiga-
tions using structural MRI have shown that dementia in PD is
related to cortical structural changes and that specific cogni-
tive dysfunctions can be attributed to atrophy in specific struc-
tures. We review the structural MRI studies carried out in PD
using either a manual region of interest (ROI) approach or
voxel-based morphometry (VBM). ROI studies have shown
that hippocampal volume is decreased in patients with PD
with and without dementia: in addition, hippocampal atrophy
correlated with deficits in verbal memory. VBM studies have

demonstrated that dementia in PD involves structural changes
in limbic areas and widespread cortical atrophy. Findings in
nondemented patients with PD are less conclusive, possibly
because cognitively heterogeneous groups of patients have
been studied. Patients with PD with cognitive impairment
and/or visual hallucinations present greater brain atrophy than
patients without these characteristics. These findings suggest
that cortical atrophy is related to cognitive dysfunction in PD
and precedes the development of dementia. Structural MRI
might therefore provide an early marker for dementia in
PD. © 2009 Movement Disorder Society

Key words: Parkinson’s disease: dementia: hallucinations;
MRI: cognitive functions

Parkinson’s disease (PD) has traditionally been con-
sidered as a motor disorder. However, cognitive dys-
functions are known to occur even at early stagesl and
most patients develop dementia over the course of the
disease.” Dementia in PD was initially described as
subcortical, and cognitive dysfunctions in nondemented
patients have been attributed to dopaminergic depletion
affecting the fronto-striatal circuit’ or the dopamine-ac-
etylcholine synaptic imbalance.’ Nevertheless, recent
investigations using MRI suggest that specific cogni-
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tive deficits, such as memory deficits, and dementia in
PD may also be explained by cortical structural
changes. The methods most widely used to assess
structural MRI changes in PD have been region of in-
terest (ROI) and voxel-based morphometry (VBM).
The ROI method consists in measuring manually
delineated and anatomically defined regions within the
brain based on an a priori hypothesis. ROI approach
takes into consideration the variability across subjects,
but as it also depends on the subjective criteria of the
investigator, time-consuming inter and intrarater vali-
dations are mandatory. VBM is a fully automated
whole brain measurement technique that maps the sta-
tistical probability of differences in regional tissue vol-
ume or density between groups.” It provides a non-
biased measure of regions that may be neglected in
hypothesis-based studies using ROI. However, the nor-
malization stage within the VBM analysis, which is
required to ensure that the same brain regions can be



85750 IBARRETXE-BILBAO ET AL.

in the bilateral prefrontal cortex and hippocampus. The
right hippocampus atrophy score was 1.15 in PD ver-
sus 0.45 in controls, and the left hippocampus score
was 1.05 in PD versus 0.64 in controls.”® Another
study from the same group” in a sample of nonde-
mented patients with PD but at a more advanced stage
of the disease and with impairment in several cognitive
domains also reported atrophy in the hippocampus and
the prefrontal cortex when compared with controls.
Rated visually, more severe medial temporal atrophy
has also been reported in patients with PD versus con-
trols, but less than in subjects with DLB and AD.®
Results of VBM studies in patients with PD without
dementia are heterogeneous, but most findings suggest
the involvement of neocortical areas. In these patients,
atrophy has been reported in caudate nucleus,”’ frontal
areas and insula,” prefrontal cortex and parahippocam-
pus.’® hippocampus and anterior cingulate,'” left intra-
parietal sulcus.’® superior temporal and frontal
gyrus.*** and cerebellum.’® A possible explanation
for this high variability might be the heterogeneous
characteristics of patients with PD who are often con-
sidered as one uniform group, without differentiating
between cognitively intact patients and those with neu-
ropsychological deficits or with hallucinations.

MRI IN PATIENTS WITH PD WITH
COGNITIVE IMPAIRMENT AND
HALLUCINATIONS

Cognitive impairment is common even in newly diag-
nosed patients with PD, occurring in 25 to 30% of
cases.! Patients with cognitive deficits have an increased
risk of developing dementia.*’”® One study found that
patients with PD with MCI diagnosis according to the
criteria proposed by Petersen et al.*’ had gray matter
reductions in temporal and frontal areas when compared
with patients without MCL* Another imaging study that
identified MCI subtypes before conversion to various
kinds of dementia found that the subtype most closely
associated with conversion to dementia in PD was char-
acterized by third ventricular enlargement and similar,
though less severe, atrophy of the medial temporal lobe
when compared with patients with MCI who converted
to AD. Corrected hippocampal volumes in patients with
MCI converting to AD were (.084 mm’ (left) and 0.078
mm? (right) when compared with values of 0.109 mm?
(left) and 0.099 mm? (right) in patients with MCI con-
verting to PD.* Unfortunately, MCI criteria for PD are
not well defined and modified criteria used for AD*
have mainly been used for the diagnosis. New criteria
have recently been proposed for the diagnosis of demen-
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tia in PD,*" and similar efforts should be made to create
standardized criteria for MCI diagnosis in this condition.

Patients with visual hallucinations (VHs) present
greater neuropsychological impairment in domains such
as verbal memory, language, semantic fluency, and
visuoperceptive functions than those without.**** Lon-
gitudinal studies have pointed out the presence of VH as
a predictor of dementia in PD.** We found that non-
demented patients with PD with VH had gray matter
loss in occipito-parietal regions when compared with
patients without VH* and also presented hippocampal
atrophy when compared with healthy controls.”™® These
results suggest that pathological changes occurring in
PD with VH are more marked and severe than those
occurring in nonhallucinating patients with PD. As in
AD,’ hippocampal atrophy mainly affected the head of
the structure and correlated with verbal memory.“
Smaller hippocampal volumes and specifically the
involvement of the hippocampal head have been identi-
fied as predictors of conversion to dementia in AD.* The
same may apply to PD: in this initially nondemented
sample of patients with PD with VH, nearly half met the
criteria for dementia after 1 year follow-up.*’

Manual ROI studies also provide evidence that spe-
cific cognitive deficits are related to specific structural
changes in PD. Hippocampus volumes have been
reported to correlate with memory scores' > 142829 and
overall cognitive performance scores,'>'? but not with
frontal functions.’® In addition, amygdalar volumes
have been reported to correlate with scores on these
cognitive tests.'™'* The atrophy of medial temporal
structures probably runs in parallel and may underlie
the memory dysfunctions associated with PD.

LONGITUDINAL MRI STUDIES IN PATIENTS
WITH PD

The progression of regional brain atrophy with
VBM in PD has only been investigated in two stud-
ies.>'2 The first study showed limbic and temporo-
occipital areas of gray matter reduction after a 25-
month t'ollow-up.‘i' but the other study found no areas
of gray matter loss in patients with PD after a follow-
up period of 1.4 years.’® The differences in these
results may be explained by longer disease duration,
increased age of patients, more prolonged follow-up,
and use of uncorrected P values in the study in which
atrophy was documented. In agreement with the first
study. an earlier report by Hu et al.>® found that annual
brain volume loss was greater in patients with PD than
in controls and these changes correlated with cognitive
decline. However, other serial MRI studies using meas-
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ures of global atrophy for monitoring disease progres-
sion reported no differences in atrophy rates between
controls and nondemented patients with PD.>*%% but
found significantly increased atrophy in patients with
PD with dementia when compared with nondemented
patients with PD and controls.™

Longitudinal MRI studies should focus on tracking
regional cortical changes in PD. Neuropathological
studies in PD have proposed a six-stage syslemﬁf‘ of
brain pathology to indicate a predictable sequence of
ascending lesions that correlates with neurological defi-
cits in the majority of patients with early onset and
long duration of the disease, but this classification of-
ten fails to correlate with clinical severity and demen-
tia in PD.”” MRI studies permit assessment of morpho-
logical changes in vivo, allowing us to establish where
morphological changes begin, and for which kind of
patients these changes become more marked and which
ones remain stable over time. Furthermore, if the areas
that suffer the most atrophy over time are related to
cognitive dysfunctions that lead to dementia, we would
be able to determine objective markers for the develop-
ment of dementia and provide evidence of therapeutic
effect when modifying treatments related to the onset
of dementia are available.

CONCLUSIONS

MRI studies have reported cortical atrophy in PD.
ROI imaging studies have shown reduced hippocampal
and amygdala volumes even in nondemented patients,
and atrophy in these structures has been related to
overall cognitive performance and memory deficits in
PD. VBM studies have demonstrated that patients with
PD with dementia present limbic and widespread neo-
cortical gray matter loss, whereas patients with PD
without dementia mainly present atrophy in frontal and
temporal areas. Nondemented patients with PD with a
higher risk of developing dementia, for example those
with cognitive impairment and/or VHs. show greater
atrophy than patients who do not present these risk fac-
tors. The involvement of the hippocampus in patients
with PD with cognitive deficits has been identified in
both ROI and VBM studies. Evidence of neocortical
involvement is currently available only from whole
brain VBM studies because to date no ROI studies
have focused on the relationship between specific neo-
cortical regions and cognitive domains. Overall, these
findings suggest that cortical atrophy is related to cog-
nitive dysfunction in PD and precedes the development
of dementia. Cortical atrophy assessed by MRI may
therefore be a useful early marker for the development

of dementia in PD. The imaging findings reviewed
here suggest that the term “subcortical dementia™ is
not adequate to describe the dementia occurring in PD.
However, it should be borne in mind that the results
from MRI structural studies in PD vary widely. The
main problems are as follows: (1) the heterogeneity of
samples studied: it is not always well defined whether
the patients with PD included present cognitive deficits
and/or psychiatric symptoms, and in fact the criteria
used to diagnose dementia vary from study to study:
(2) the inconsistency in applying correction for global
cerebral volume in whole brain VBM and ROI studies:
and (3) the inconsistency in the protocol used in VBM:
optimized versus classical protocols, use of modulated
versus unmodulated images, and the size of the Gaus-
sian kernel in the smoothing.

To overcome these difficulties, we make the follow-
ing recommendations: (1) cognitive and psychiatric
symptoms in the sample should be defined using the
criteria proposed by the Movement Disorder Task
Force for the diagnosis of dementia in PD; (2) both
raw and corrected volumes of the selected structures
should be reported in ROI studies: (3) the standard
guidelines™ for reporting VBM studies should be fol-
lowed, and a modulation of gray matter volume should
be used based on the warping applied during normal-
ization so as to minimize the danger of distortion. We
also favor the use of the recently developed Diffeo-
morphic Anatomical Registration Through Exponenti-
ated Lie Algebra (DARTEL) algorithm, a nonlinear
warping technique to minimize structural variation
between su!:)jecl:-;.s‘J

Major challenges that remain in the field of MRI
structural studies in PD are the need to establish patterns
of atrophy that can predict different disease outcomes
and to combine their use with other approaches, such as
PET studies. using different tracers (FDG, MPPF, and
FDDNP) to determine the etiopathogenesis of PD.
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