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Abstract
Parkinson’s disease (PD) is next to Alzheimer’s disease (AD) the second
most common neurodegenerative disease. PD has traditionally been
characterised as a motor disorder, but more recent research has revealed that
cognitive impairments are frequent. Cognitive impairments in executive
functions, attention, and working memory with reliance on dopaminergic
transmission, are often described as dominating the cognitive profile in
early-phase PD. However, although knowledge about the neuropathology
that underlies the cognitive impairments in PD has increased, its features are
complex and knowledge remains insufficient. Therefore, the aim of the
current thesis was to improve the understanding of how task-evoked brain
responses relate to cognitive status in patients with PD, with and without
mild cognitive impairment (MCI), and to evaluate the predictive value of
PD-MCI in respect of prodromal Parkinson’s disease dementia (PDD). This
was conducted within the “new Parkinsonism in Umeå” (NYPUM) project,
which is a prospective cohort study. Patients with idiopathic PD were
included in this thesis, and the patients were examined with a comprehensive
neuropsychological battery and with a functional MRI (fMRI) working
memory protocol. During scanning, patients conducted a verbal two-back
task in which they needed to maintain and actively update relevant
information, and the primary outcome measure was blood-oxygen-leveldependent (BOLD) signal. This thesis shows that patients with PD-MCI had
significantly lower BOLD signal responses than patients without MCI in
frontal (anterior cingulate cortex) and striatal (right caudate) regions (Study
I). The altered BOLD response in the right caudate was associated with
altered presynaptic dopamine binding. The fronto-striatal alterations
persisted across time but without any additional change. However, decreased
posterior cortical (right fusiform gyrus) BOLD signal responses were
observed in patients with PD-MCI relative to patients without MCI across
time (Study II). Finally, PD-MCI at baseline examination is highly
predictive for prodromal PDD with a six-fold increased risk. Cognitive tests
with a posterior cortical basis, to a greater extent, are predictive for
prodromal PDD than tests with a fronto-striatal basis. The observed working
memory related alterations in patients with PD-MCI suggest that early
cognitive impairments in PD are linked to fronto-striatal dopaminergic
dysfunction. The longitudinal development of cognitive impairment in PD
reflects additional posterior cortical dysfunction. This might reflect a dual
syndrome, with dopamine-depleted fronto-striatal alterations that
characterise PD-MCI in general, whereas additional posterior cortical
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cognitive alterations with a non-dopaminergic basis to a greater extent
characterise prodromal PDD. If, and how, the two potential syndromes
interact, is still unclear. Thus, this thesis provides information on cognitive
neuropathological changes in PD that might contribute to more relevant
choices of pharmacotherapy and diagnostic accuracy in respect of PDD.
However, additional large-scale longitudinal imaging studies are needed to
further clarify the neuropatholgogical features of PD-MCI in respect of
prodromal PDD.
Keywords: Parkinson’s disease, functional MRI, Mild cognitive
impairment, Working memory, Parkinson’s disease dementia, BOLD.
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Abbreviations
ACC

Anterior cingulate cortex

AD

Alzheimer’s disease

BOLD

Blood oxygen level dependent

CBD

Cortico-Basal Degeneration

DLB

Dementia with Lewy bodies

DLPFC

Dorsolateral prefrontal cortex

EEG

Electroencephalographic

fMRI

Functional magnetic resonance imaging

FWHM

Full width at half maximum

HY

Hoehn and Yahr scale

LB

Lewy Body

L-dopa

Levodopa

MCI

Mild cognitive impairment

MDS

Movement Disorders Society

MNI

Montreal Neurological Institute

MPS

Mild Parkinsonian signs

MRI

Magnetic resonance imaging

MSA

Multiple System Atrophy

NYPUM

New Parkinsonism in Umeå

PD

Parkinson’s disease

PDD

Parkinson’s disease dementia

v

PD-MCI

Parkinson’s disease – Mild cognitive impairment

PET

Positron emission tomography

PFC

Prefrontal cortex

PSP

Progressive Supranuclear Palsy

ROI

Region of interest

SN

Substantia nigra

SNc

Substantia nigra pars compacta

SPECT

Single photon emission computed tomography

SPM

Statistical parametric mapping

TMT

Trail making test

SWEDDs

Scans without evidence of dopaminergic deficits

UK PDSBB

United Kingdom Parkinson’s disease Society Brain Bank
criteria

UPDRS

Unified Parkinson’s disease rating scale
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Sammanfattning på svenska (summary in
Swedish)
Parkinsons sjukdom (PD) är efter Alzheimers sjukdom (AD) den näst
vanligaste neurodegenerativa sjukdomen. Trots att PD historiskt sett har
karaktäriserats som en motorisk problematik så har även många patienter med
PD kognitiv problematik, och mellan 20 och 40% av patienter med PD har
lindrig kognitiv svikt (mild cognitive impairment: MCI) redan i tidiga skeden
av sjukdomsutvecklingen. Även om inte alla patienter med PD-MCI utvecklar
PD demens (PDD), så är risken att utveckla PDD kraftigt förhöjd för patienter
med PD-MCI jämfört med patienter utan MCI. Kognitiva nedsättningar har
regelbundet noterats för exekutiva funktioner, episodiskt minne,
uppmärksamhet, visuospatiala funktioner, och arbetsminne. Även om
kunskapen har ökat om de kognitiva problemens underliggande neurala
korrelat, så är den fortfarande bristfällig. Avhandlingens övergripande syfte
är att öka kunskapsläget om hur kognitivt processande relaterar till neurala
responser för patienter med PD i olika faser av deras kognitiva problematik.
Deltagarna rekryterades inom ramen för NY Parkinsonism i UMeå projektet
(NYPUM), vilket är en longitudinell prospektiv kohortstudie som påbörjades
2004. De inkluderade deltagarna med PD fick utföra en arbetsminnesuppgift
i en magnetkamera (fMRI) där förändringar i hjärnans syresättning
observerades. Detta kompletterades i studie I med att mäta striatala
presynaptiska dopaminnivåer som registrerades med en SPECT-kamera.
Avhandlingen visar att patienter med PD-MCI hade lägre arbetsminnesrelaterad hjärnaktivitet i frontala (anteriora cingulum) och striatala (caudatus)
områden jämfört med patienter utan MCI, redan i samband med deras initiala
PD diagnoser. Lägre nivåer av presynaptiskt dopaminupptag noterades i högra
caudatus för patienter med PD-MCI jämfört med patienter utan MCI, och
dopaminnivåerna korrelerade med fMRI-aktiviteten. Den longitudinella
utvecklingen för patienter med PD-MCI relaterade till nedsatt aktivitet i
temporala cortex (fusiform gyrus) men inte i någon ytterligare omfattning till
fronto-striatala nedsättningar. Patienter som har PD-MCI i samband med sin
initiala diagnos hade drygt sex gånger ökad risk att utveckla PDD, och de
kognitiva test som är mest prediktiva för PDD regleras av posteriora kortikala
regioner är i högre grad än test som regleras av fronto-striatala regioner.
Avhandlingen har visat att aktivitetsnedsättningar i fronto-striatala
hjärnsystem som regleras av dopamin är karaktäristiskt för patienter med PD
inom ramen för tidig kognitiv problematik. Dock tyder avhandlingen på att
posteriora kortikala aktivitetsnedsättningar i högre grad än fronto-striatala
aktivitetsersättningar är en riskfaktor för påföljande PDD. Avhandlingen
ökar därmed kunskapsläget om kognitiv neuropatologi i PD, vilket
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potentiellt har implikationer på medicinska och icke-medicinska
interventioner i relation till kognitiv problematik, samt till PDD diagnostik.
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Introduction
Parkinson’s disease (PD) is the most common form of Parkinsonism (1), and
next to Alzheimer’s disease (AD), PD is the second most common
neurodegenerative disease (2). In the early 19th century Dr James Parkinson
shed light on the characteristic motor symptoms when “An essay of the
shaking palsy” was published (3). However, it was not until the early 20th
century that mental disabilities in PD were reported for the first time, and in
the 1970s dementia was part of the clinical considerations (4). The clinical
knowledge of mental disabilities has thus increased, and cognitive impairment
and depression are more commonly considered in the diagnostic procedure of
PD. The development of cognitive dysfunction due to a neurodegenerative
illness typically proceeds insidiously over several years, and the
neuropathological changes precede the clinical symptoms (5). The therapeutic
approaches in treatment of motor symptoms in PD are relatively successful in
the early stages of the disease, but knowledge of the neuropathology
underlying cognitive impairment remains insufficient with implications for
the therapeutic approaches (6). Brain imaging techniques have proven useful
to increase the knowledge of the specific neurochemical and
neuropathological bases of cognitive impairment in PD. However, prospective
cohort studies that aim to identify patients with PD at risk of severe cognitive
impairment are lacking (7, 8). To distinguish between normal age-related
cognitive decline and early signs of prodromal dementia is a great clinical
challenge. The current thesis intends to present results from a prospective
cohort study that explores how working memory-related neural correlates
associate with cognitive decline in early PD, both cross-sectionally and
longitudinally. The thesis studies were deliberated and conducted within the
settings of a prospective population-based study.

Parkinson’s disease
Epidemiology, aetiology, and neuropathology
Parkinsonism is an umbrella term for disorders with motor symptoms
mimicking those occurring in PD. PD is the most common diagnosis within
the Parkinsonism family. The prevalence of PD is approximately 160/100,000
in Western Europe (9); the crude annual incidence rate is up to 21/100,000
and the incidence increases with increasing age (10). The mean age at onset is
around 70 years, and most studies find a higher frequency of PD in males than
in females. With an ageing population, the neurodegenerative disorders are a
challenging feature for the medical community (11). This is also true for PD
because age is the dominant risk factor for development and progression of
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the disease (12). However, the pathogenic mechanism in PD is not well
understood, and older people without known neurological disease might also
have mild Parkinsonian signs (MPS) (13). The causes of PD are divergent:
mitochondrial dysfunction, oxidative stress, and misfolded (impaired
functionality) proteins are proposed as central players (14). PD is a
multisystem disorder marked by alpha-synuclein pathology that aggregates
into Lewy bodies (LBs) in the somata of involved neurons (1). The
pathological hallmark of PD is neurodegeneration within the substantia nigra
pars compacta (SNc) in the midbrain, affecting the dopaminergic projections
to the basal ganglia structures, especially the striatum (caudate nucleus and
putamen). Dopamine concentrations in the striatum are markedly decreased,
which leads to motor symptoms, and potentially to non-motor symptoms, as
cognitive impairments. In cases of established PD, the cell loss in the SNc is
approximately ten times greater than in normal ageing (15). The characteristic
symptoms in PD have a long pre-symptomatic phase estimated to at least five
years with an expected dopaminergic cell loss of at least 50% in the SNc (5).
However, Braak and colleagues have suggested that the earliest documented
changes in PD are observed in the lower brainstem in the dorsal motor
nucleus, the pontine tegmentum/medulla oblongata, and in the olfactory bulb,
and these changes occur in advance of changes in the nigra pathways and later
in the neocortex (i.e., Braak stage 1-2; Figure 1) (16). First in stage 3-4 when
the pathology evolves upward towards the basal, mid- and forebrain structures
as SNc, Meynert’s nucleus (cholinergic producing nuclei), and amygdala, the
symptomatic phase begins. In the final stages (5-6), the LB lesions appear in
the neocortex. There are currently no treatments that cure the underlying
pathology that causes PD. However, pharmacological treatments in an attempt
to decrease the motor symptoms are used. Most frequent are the dopaminergic
agents, where levodopa (L-dopa) was the first available treatment of PD. Ldopa, the precursor of dopamine, passes through the blood brain barrier and
bindes to dopaminergic neurons. Arvid Carlsson and colleagues were the first
to show the role of dopamine (17), and that achievement rewarded Arvid
Carlsson with the Nobel Prize in 2000. Other common drugs are dopamine
agonists that act directly on dopamine receptors.
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Figure 1. Neuropathological features of PD
According to Braak and colleagues the presymptomatic phase occurs when Lewy
bodies appear in the brain stem (stages 1-2), the degeneration is severe in the
substantia nigra (stages 3-4), and then the symptomatic phase begins. In the later
stages of the disease, the neocortex is affected (stages 5-6).

PD diagnosis
James Parkinson identified six cases of whom he examined three, and the
other three he observed on the streets of London (18). Essentially, the
diagnosis of PD still remains a clinical one that relies on symptom
observations, i.e., there are no biological markers, and the symptoms are
followed during several years to increase certainty. Thus, there are limitations
in the diagnostic procedure, and it has been suggested that a diagnostic
accuracy of 90% might be the highest that can be expected using current
diagnostic criteria (19). A clinical challenge is to differentiate the various
forms of idiopathic (unknown causes) Parkinsonism, e.g. PD and the more
atypical and less common forms: Multiple System Atrophy (MSA),
Progressive Supranuclear Palsy (PSP), Cortico-Basal Degeneration (CBD),
and dementia with Lewy Bodies (DLB) (20). Because of the diverse profiles
and variable expression of those affected with PD, the symptoms should be
evaluated in the context of each patient’s needs and goals (21). The clinical
diagnoses in this thesis are based on the United Kingdom Parkinson’s Disease
Society Brain Bank (UK PDSBB) criteria, which are the most commonly used
criteria for Parkinsonism (22). The criteria are divided into three steps. The
first step is to diagnose the occurrence of the Parkinsonian syndrome where
bradykinesia is required plus at least one of the following: rest tremor,
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muscular rigidity, or postural instability. The additional steps assess exclusion
criteria and supportive prospective positive criteria. Neuroimaging techniques
might serve as supplementary tools. For example, a normal striatal uptake 123IN-(omega)-fluoropropyl-2-beta-carbomethoxy-3-beta-(4-iodophenyl)
nortropane (123I-FP-CIT) single photon emission computed tomography
(SPECT) examination implies another underlying cause, without
dopaminergic degeneration (i.e., SWEDDs = scans without evidence of
dopaminergic deficits). MRI examinations are currently not a part of the
clinical diagnostic procedures. However, some promise has been shown for
detecting pathological changes in PD with diffusion imaging, T2*
relaxometry of iron accumulate in SN, structural MRI, and resting-state fMRI
to access the anatomical and functional connectivity changes in PD (23).

Motor symptoms
There are four cardinal motor symptoms in the early phases of PD. First,
bradykinesia, which implies a slowness of initiation of voluntary movement
with progressive reduction in speed (manifest bradykinesia is necessary for
PD diagnosis (22). This is followed by muscular rigidity (causing stiffness of
the limbs, neck or trunk), rest tremor (shaking or oscillating movement), and
finally postural instability and gait disturbances (impaired balance and
coordination when standing upright). Secondary motor symptoms in PD that
might appear are: micrographia (shrinkage in handwriting), unwanted
accelerations (movements that are too quick), dysarthria (impaired
articulatory ability), flexed posture, etc. (see Table 1 for an overview of
common symptoms).
Several rating scales are used to evaluate motor impairments and disabilities
in patients with PD. The Unified Parkinson’s Disease Rating scale (UPDRS)
and the modified Hoehn and Yahr scale (HY) are two of the most well
established rating scales (24, 25). The HY scale is used to describe and stage
patients in their current level of motor function. The HY scale consists of five
stages in the original form, and seven stages in the modified scale. The first
stage is restricted to unilateral PD symptoms whereas the last stage represents
severe motor dysfunction, e.g., wheelchair- or bed-bound. The UPDRS has a
moderate-to-good reliability and validity (26), and consists of four subscales
aimed at assessing: I: non-motor experiences, II: motor experiences of daily
living, III: motor examination, and IV: motor complications. The UPDRS-III
subscale is used as a covariate in the fMRI analyses to control for interindividual motor variability.
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Non-motor symptoms
Patients with PD have a pre-clinical phase (i.e., before severe SNc
impairment, Braak stage 3) during which non-motor symptoms such as
depression, olfactory impairments, and autonomic dysfunction might precede
the motor symptoms (27) (see Table 1 for an overview of common non-motor
symptoms). Depression and other non-motor symptoms are common in PD,
and a systematic review shows that minor depression frequently occurs in 22%
and major depression in 17% of patients with PD (28). The equivalent level
of depression in a normal healthy population, without differentiating between
minor and major depression, is approximately 10-12% (29). It is important to
consider mood states (e.g., depression) in studies of cognitive status (30), and
groups should be well matched in that respect. Cognitive impairments are one
of the most common non-motor aspects of PD, and cognitive impairments are
frequently present already in the early phases of PD (31). The focus of the
current thesis is on the clinical manifestations of early cognitive impairments
in PD, and their relation to brain responses. In clinical settings the
classifications of cognitive impairments usually ranges from mild cognitive
impairment (MCI) to Parkinson’s disease dementia (PDD).
Table 1. Overview of common PD symptoms
Motor symptoms
Bradykinesia, tremor, rigidity,
postural instability

Non-motor symptoms
Cognitive impairments

Micrographia, dysarthria

Depression, fatigue, behavioural
problems

Difficulty rising from chair, turning
in bed

Sensory symptoms (as pain) and
olfactory impairment

Cutting food, hygiene, feeding

Abnormal sweating, weight loss,
constipation, urinary and sexual
dysfunction

Abnormal postures, scoliosis,
striatal deformity

Sleep disorders
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Clinical considerations of cognitive impairments in PD
Mild cognitive impairment in Parkinson’s disease
The concept of MCI was initially developed as a prodrome for persons at risk
of Alzheimer’s disease (AD) (32), and the concept has shown to be useful both
clinically, and as a research entity. The MCI concept is generally considered
as a transitional zone between those with normal cognitive function and those
with probable dementia (normal distribution; Figure 2). Importantly, when
persons with MCI are followed across time, some progress to dementia, but
some are stable or even recover to their former cognitive status (33), which
implies a heterogeneous aetiology. The prevalence rate for MCI in an elderly
(60 to 76-year old) population (n = 1,150) was 5.3% (34). The equivalent
prevalence rate of MCI in patients diagnosed with early PD ranged from 20 to
40% (mean: 67.5 years) (35), and the risk of developing PDD is greatly
increased for patients with PD-MCI relative to patients without MCI (36).
Thus, many patients with PD exhibit cognitive impairment during the major
part of their disease. Historically, there has been a large heterogeneity in the
definition of MCI in PD (37), and due to the broad spectrum of cognitive
impairments in PD, the Movement Disorder Society commissioned a Task
Force that recently proposed a uniform definition of PD-MCI (37). The aim
was to enable the identification of the earliest stage of cognitive impairments
in PD. These criteria were published just in time for Study I in this thesis, and
they are also assessed in Studies II and III (see Materials and Methods for the
classification procedure). A recent study examined the prevalence and
longitudinal development of newly diagnosed patients with PD-MCI
(assessed with the new consensus criteria). That study revealed that the initial
PD-MCI prevalence of 35% had increased to 50% after five years (38). In
addition, another study revealed that more than 25% of newly diagnosed
patients with PD-MCI developed PDD within three years (39). Importantly,
the predicitive value of PD-MCI in respect of PDD development was fairly
good already at the basline examinaion (27.8%), with a sensitivity of 90.9%
and a specificity of 84.2%. In Study III, the aim was partly to evaluate the
predictive value of PD-MCI (assessed with the new criteria) in respect to
prodromal PDD, and to identiy clinical variables that predict evolving PDD.
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Figure 2. Overview of the translational stage between the cognitive changes of aging
and dementia. MCI = mild cognitive impairment.

Parkinson’s disease dementia
PDD has marked negative effects on patients’ welfare and increases the
burden on care-givers (40). Patients with PD have approximately a six-fold
increased risk of developing dementia compared with healthy age-matched
individuals (36), and as described above, PD-MCI is a strong predictor of
PDD (39). In the mid 80s it was reported that 15 to 20% of patients with PD
developed PDD. Lately, it has been proposed that in the long term, PDD can
occur in up to 80% of the patients with PD (41). Thus, clinicians have to
consider the aetiology and the profile of the cognitive impairments and then
approach several questions. Clinicians have to consider if the cognitive
impairments are age-related decline, PD-MCI, PDD, or other possible factors,
e.g., mood disturbances, which might affect cognition. It is also important to
assess if medication and/or deep brain stimulation (DBS) might have a
negative effect on cognition (42). Furthermore, a clinician must consider the
premorbid level of cognitive functioning, and assess if any change from that
baseline level occurs across time. In addition, it is important to consider if
subjective cognitive complaints are related to objective cognitive measures or
not. A thorough case history is important and contributes significantly in that
respect. Alzheimer’s disease (AD) is the most common dementia
characterised by severe (43) memory loss, and the incidence rate of PDD is
approximately one-tenth that of AD (44). However, neuropathological
similarities between PDD and AD have been reported (45), and global
cognitive decline in PDD has been related to early-phase atrophy in the
temporal cortex (especially in the hippocampus) (43), and β-amyloid (a
hallmark neuropathology of AD) reductions in CSF (46, 47). In addition, PDD
and dementia with Lewy Bodies (DLB) share significant cognitive
symptomatology and alpha-synuclein pathophysiology to a greater extent than
AD. One of the major clinical challenges is to differentiate between the two
7

dementias, and to set reliable diagnoses. The time course of the symptoms is
critical, and PDD should be diagnosed when PD is established (i.e., at least
one year before PDD onset). In contrast, DLB should be diagnosed when
dementia symptoms occur prior to or during the first year following the onset
of motor symptoms (48). It is also important to determine if cerebrovascular
pathology contributes to the observed symptoms. MRI scanning has the
potential to provide additional information in that respect. See Materials and
Methods for the classification procedure for PDD in the current thesis.
Cognitive impairments in PD

Contrary to James Parkinson’s narrative “the senses and intellects being
uninjured”, J-M Charcot emphasised about 50 years later that “the mind
becomes clouded and the memory is lost” in PD (49). Cognitive impairment
is indeed common in PD, and the cognitive problems usually affect quality of
life to a great extent (50). In addition, cognitive impairments in PD also
increase health-related costs (51), caregiver burden, and hospital stays (52).
Despite Charcot’s considerations, PD is still primarily described as a
movement disorder and only approximately 25% of patients with dementia
are recognised by clinicians in routine care (53). In addition, extensive
research on cognitive impairments in PD has only been ongoing for about two
decades (54). PD is a perfect example of an age-related disease, as ageing is
probably the main risk-factor for development and progression of PD (12).
Cognitive decline is a common effect of ageing. Age-related cognitive decline
affects perceptual speed and visuospatial ability (55, 56), although the greatest
degree of age-related decline might be related to episodic memory and
working memory (57, 58). Importantly, there is a substantial heterogeneity in
the aging population, in which some individuals remain stable in their
cognitive status whereas others decline substantially (59). The prevalence of
cognitive impairment (without dementia) in large-scale cohort studies (n >
1,800) is between 10.7 and 16.8% (age > 65 years) (60, 61). The equivalent
number for dementia (including all types of dementia) in a systematic review
is between 5 and 7% for individuals older than 60 years (62). Thus, age-related
cognitive decline is common, but additional development of PD might add to
age-related decline with more severe cognitive decline as a consequence (see
also MCI and PDD sections on this matter). For example, patients just
diagnosed with PD have a twofold increased risk for development of MCI
relative to healthy age-matched individuals (63). The cognitive impairments
in PD are heterogeneous and are commonly reported early in the course of PD
in relation to episodic memory, visuospatial functions, executive functions,
attention, and working memory (48, 64, 65). Patients with early-phase PD
generally have similar cognitive symptoms to those with frontal lobe lesions
8

(66). These alterations probably relate to dopamine depletions that severely
affect the cortico-striatal connectivity (67). The early cognitive impairments
are broadly related to fronto-striatal catecholaminergic dysmodulation
(primarily dopaminergic dysmodulation), and include deficits on tests of
planning (68), response inhibition (69), attentional set-shifting (70), and
working memory (71). Bradyphrenia is also common and refers to impaired
attention and vigilance that results in slowness of thought (72). However,
although cognitive impairments with a fronto-striatal basis have been
proposed as a prodrome to PDD (73), posterior cortical (parietal, temporal
and/or occipital circuitry) AD-like alterations might evolve across time in
parallel and/or in addition (74). The posterior cortical alterations are to a larger
degree associated with tests of visuospatial/visuo-constructive abilities,
semantic word fluency (75), and episodic memory, and are pathologically
associated with the number of cortical LBs (76), cholinergic degeneration
(77), and cortical amyloid-β (45). However, cognitive impairments in
executive functions, attention, and working memory are often described as
dominating the cognitive profile in early-phase PD (78). Thus, working
memory processing provides a perfect model for investigating PD-related
cognitive impairments due to its reliance on dopamine transmission.
Consequently, because the overall aim of the Newly Parkinsonism in Umeå
(NYPUM) project is to assess newly diagnosed patients with PD and increase
knowledge of prognostic information, the main focus of this thesis is to
examine brain responses during a demanding working-memory updating task
(fMRI) in relation to cognitive impairment in PD.

The Working memory concept
Potentially, a memory can be retained for a couple of seconds or throughout a
life-time. In 1890, William James postulated the theory of fractionating
cognitive abilities into separate distinct systems (79). In line with that
postulation, the theoretical distinction between different memory systems has
been a hot topic (see Figure 3). The concept of working memory essentially
refers to brain systems that temporarily store and manipulate information that
is necessary for a complex cognitive task (80). Working memory supports or
aids fulfillment of goal-directed behaviour, in relation to motor systems,
sensory systems, and other cognitive systems. Baddeley proposed a domaingeneral control mechanism in his working-memory model called the central
executive that comprises an attentional controller (81). The enduring and
influential multicomponent working memory model comprises three
temporary holding stores that are regulated by the supervisory central
executive system (i.e., referred to as executive functions; see Figure 3). Lately,
large-scale network models with high levels of interactions between
9

perceptual (posterior mediated) and executive (frontal mediated) cortical
hierarchies have been proposed to regulate working memory (82). In addition,
state-based conceptual models have been developed, which suggest that
working memory relates to different states of activation via attentional
systems for representations of information to be held in the working memory.
Oberauer proposes three states of representations in working memory (83): (I)
An activated part of long-term memory, which includes representations that
are easy to retrieve, but not currently in the central part of working memory,
(II) A region of direct access, which represents a set of items and their
relations, and which has a restricted capacity, and (III) Focus of attention,
which represents one or more items that are held in the direct-access region.
The working memory models and landmarks in cognitive neuroscience have
shown that long-term memory processes also engage similar regions that
previously were thought to be specific for working memory and executive
control (84).

Figure 3. Overview of commonly proposed memory systems
Declarative memory = explicit memories (“knowing what”) such as facts and events.
Non-declarative memories = implicit memories such as skill knowledge (procedural)
and increased sensitivity to certain stimuli due to prior experience (priming). Episodic
memories = memories that relate to personal experiences in time. Semantic memory
= memories that relate to general facts and knowledge. Central executive = a
supervisory system that regulates and allocates information to subsystems.
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Visuospatial sketchpad = a system that processes visual information. Episodic buffer
= a system that temporarily links information from long-term memory and
subsystems. Phonological loop = a system that processes auditory information. The
figure is inspired by Tulving (85), and Baddeley (80).

Executive mechanisms, such as focusing attention, task management,
encoding, monitoring/updating, inhibition, and planning, rely on efficient
working memory processing, and these mechanisms are primarily mediated
by the prefrontal cortex (PFC) (86). However, there have been reflections if
executive functions can be considered as unitary or not (i.e., if they have the
same underlying mechanism or ability) (87). Miyake and colleagues found
evidence that three commonly proposed executive functions (information
updating, mental set shifting, and inhibition of prepotent responses) are
moderately correlated with one another, but are also clearly separable (88).
The authors speculate that the reported commonality between the executive
control functions is related to control processes that keep important taskrelevant material active in the working memory. Thus, cognitive control
seems to be important in regulating information flow and attention in working
memory. Both active maintenance and manipulation of working memory
require cognitive control that regulates a dynamic balance between stability
and flexibility. The physiological basis for working memory is complex and
is a challenge for cognitive neuroscience. High levels of dopamine in the PFC
are important for attention stability (tonic dopamine release) (89), whereas
high levels of dopamine in the striatum seem to be more important for
attention flexibility (phasic dopamine release), as during working-memory
updating (90), and planning of self-generated novel responses (91). Generally,
the PFC interacts with the rest of the brain, and working memory capacity and
active maintenance are related to fronto-parietal neural networks (89, 92–94)
rather than striatal networks. In contrast, more executively demanding
(cognitive control) working-memory updating involves fronto-striatal neural
networks to a larger extent (95, 96). In accordance, computational models
have demonstrated that the basal ganglia regions can perform dynamic
adaptive gating and allow task-relevant information to be maintained in the
PFC. The basal ganglia can also inhibit task-irrelevant information, such as
during updating (96). Potentially, this might happen when Go neurons in the
dorsal striatum fire and inhibit SN pars reticulata and consequently disinhibit
the PFC. This may be the reason for the gating modulation that prompts
representations in PFC and results in onset of working-memory updating (97).
The fronto-striatal dopaminergic depletions are strongly associated with
impairments in working memory function in early phase PD (98), and thus
motivate the chosen in-scanner working-memory updating task. See Figure 4
for an overview on proposed executive control on working-memory updating.
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Figure 4. Overview of executive control on working-memory
maintenance and updating
(A) Three executive control functions that are moderately correlated. However, they
are also clearly separable. (B) During working-memory updating, there is a possibility
for sensory and memory information to rapidly update when the gate is open. (C)
However, when the gate is closed, no interfering sensory information can potentially
interfere with the working-memory maintenance of previously stored information.
The figure is inspired by Miyake et al. (88), and Hazy et al. (97).

Brain imaging of cognitive impairments in PD
Modern imaging techniques that examine anatomical changes or monitor
brain responses during cognitive operations have significantly contributed to
the emergence of the discipline of cognitive neuroscience (see methods for
further information on brain imaging methodology). In PD, neuroimaging has
provided advances in the understanding of cognitive impairment and its neural
correlates. The traditional model of nigro-striatal dopamine depletion has been
extended to also involve other dopaminergic pathways, and also nondopaminergic systems. Broadly, a dual syndrome hypothesis has recently
been proposed that associates cognitive impairments in PD to two main
syndromes (99, 100). First, a dopamine-modulated fronto-striatal syndrome,
and second, a syndrome with a more posterior cortical basis that might relate
to increased LB formation and AD-like pathology. Here, a review of cognitive
impairments in PD and its neural correlates is surveyed. Structural
(anatomical) changes in PD have been related to cognitive impairment to a
large extent. Gray matter atrophy has been reported in early diagnosed patients
with PD-MCI relative to patients without MCI in both anterior and posterior
cortical regions (101). Significant cortical thinning has been observed in
patients with PD-MCI relative to patients without MCI, in regions within
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temporo-occipito-parietal circuits (102, 103), but also in subcortical regions
(103,104), and the PFC (105). Thus, even though gray matter atrophy has been
reported in patients with PD-MCI, it is commonly exhibited to a far lesser
extent than in patients with PDD (106). Atrophy in fronto-temporal cortices
might be greater in patients with PDD than patients with PD, with and without
MCI (105, 107). The aetiology of PDD is related to complex neurochemical
and cognitive dysfunction (108). Indeed, there are similarities in
neuropathology between PDD and AD, and global cognitive decline has been
related to atrophy in the temporo-parietal cortex and the hippocampus (43),
and related to β-amyloid reductions in CSF (46, 47). In addition,
cholinesterase inhibitors are often prescribed to patients with PDD, which
might enhance cognitive functions in PDD (109). However, patients with
PDD might exhibit greater levels of behavioural disturbances, sleep
disturbances, and cognitive fluctuation disturbances than patients with AD
(110). In addition, patients with PDD and DLB commonly have a similar
distribution within subcortical executive and attentional-dominant cognitive
profiles (111). Thus, in that respect, the PDD symptomatology is more in
keeping with LBD pathology. In accordance, no volumetric differences were
observed when patients with PDD were compared with patients with DLB
(112). However, although similarities are evident, another study has shown
that the underlying neuropathology between DLB and PDD might differ with
more severe posterior cortical atrophy in patients with DLB (113). All in all,
a combination of DLB and AD pathologies seems to be a pathological
correlate of PDD (45).
Functional (i.e., physiological changes) brain imaging techniques give an
opportunity to increase the understanding of how the brain produces and
organizes cognition. The core pathology in PD is degeneration of
dopaminergic cells in the midbrain, which severely affects the striatal
depletion due to the high density of D2 receptors (phasic-mediated) in the
striatum (114). Traditionally, the basal ganglia have been viewed as a nucleus
that is primarily involved in control of movements. However, many lines of
evidence have shown that the basal ganglia contribute to non-motor functions,
such as cognition (115). The cognitive dopamine-related impairments in PD
are commonly related to the striatum, and to a larger degree to the caudate
rather than to the putamen (116, 117). The head of the dorsal caudate nucleus
is one of the main output targets of the dopaminergic nigro-striatal
transmission (118), and the dorsal caudate is strongly connected to the dorsal
parts of the PFC. In addition, the ventral tegmental area (VTA) projects its
dopamine directly to several cortical regions (mainly to pre-frontal cortex with
predominantly tonic-mediated D1 receptors) directly via the meso-cortical
pathways, or indirectly via the meso-limbic pathways that project their
dopamine to the ventral striatum (119, 120). However, the ventral striatum is
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proposed to be relatively intact in early-phase PD in respect to dopaminergic
function relative to the dorsal counterpart (121). Cognitive impairment have
been related to striato-thalamo-prefrontal alterations as the basis for executive
dysfunction and working memory failure (73, 122, 123), and hypometabolism in the right DLPFC has been related to altered attentional setshifting in patients with PD (124). Recently, a resting state fMRI study
reported that executive impairments in PD are associated with an imbalance
between cortical (mainly fronto-parietal) and subcortical processing at rest
(125). However, although the nigro-striatal dopaminergic substrate is
important for cognitive performance in PD, the degree of striatal involvement
seems to be critical for corresponding PFC activation (i.e., significant
involvement of the caudate nucleus is associated with reduced responses in
the PFC) (126). In vivo studies of patients with PD support the computational
models described above (Figure 3), by suggesting a profound role of the
striatal dopamine-dependent basal ganglia in working-memory updating
(127). In contrast, functional changes have also been related to increased
frontal cortical working-memory activation during hypo-dopaminergic states
(128). The author’s interpretation was that working memory is primarily
mediated via the meso-cortical pathways, rather than via the nigro-striatalthalamo-cortical pathways. Thus, a complex deficient interplay between the
nigro-striatal and meso-cortical dopaminergic pathways might be related to
executive impairments in PD (126). Previous research have reported that
patients with PD commonly exhibit altered brain responses relative to agematched healthy individuals during working memory processes. Patients with
PD are generally more impaired at manipulation of information that requires
larger executive demands than during maintenance of information relative to
healthy individuals (98). The working-memory related brain alterations in PD
during manipulation of information have been related to updating (71, 128),
inhibition (69), planning and executing set shift (70, 126). However, the
observed differences between patients with PD and healthy individuals could
potentially have been driven by patients with cognitive impairments, because
it is common to exclude MCI individuals in control groups (30). Functional
changes have also been related to evolving glucose metabolism decline within
cognitive networks of prefrontal- and parietal cortices in patients with PD
(129, 130). Those findings are partly in keeping with suggestions that tests
probing posterior cortical function rather than tests probing fronto-striatal
cortical function have been demonstrated to enhance predictions of PDD
(131). In keeping with that postulation, activity in the cholinergic system with
projections from the substantia innominate (SI) correlates with cognitive
status, and the SI is more atrophied in patients with PD with cognitive
impairments than un-impaired patients (132). In addition, decreased fractional
anisotropy in posterior cortical white-matter tracts is associated with cognitive
impairment in PD (133), as well as abnormalities in frontal and inter14

hemispheric white-matter connections (134). Importantly, the number of
studies that examine specific task-evoked brain responses (with fMRI) in
relation to cognitive impairments in PD are limited. Lewis and colleagues
observed fronto-striatal phasic hypo-activity in patients with executive
impairments during working-memory manipulation relative to non-impaired
patients (135). That was the first time that fMRI was used to identify how
executive impairments in PD are related to task-evoked neural correlates. In
addition, Nagano-Saito and colleagues recently showed that PD patients with
MCI during planning of set shift (a computerised Wisconsin Card Sorting
Task) had lower BOLD signal responses than patients without MCI in
cognitive loops of PFC and caudate, but also in motor-related regions during
the execution phase of the task (136). Thus, although studies have considered
how PD-related cognitive status is related to its neural correlates, those studies
mainly assess the brain’s structure or conditions in which direct sensory input
is not considered. Thus, there is a shortage of studies that relate cognitive
impairments in PD (assessed with the Movement Disorder Societies
consensus criteria) with task-evoked brain responses (e.g., working-memory
updating), and the current thesis aims to increase knowledge in that respect.
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Aims
Cognitive impairments in executive functions, attention, and working memory
are often described as dominating the cognitive profile in early-phase PD.
However, the reviewed material (described above) revealed a lack of
population-based studies that assess task-evoked brain responses in
cognitively impaired patients with PD, especially with a longitudinal
perspective. Importantly, working memory processing provides a perfect
model for investigating PD-related cognitive impairments due to its reliance
on dopamine transmission. Therefore, the overall aim of this thesis was to
increase knowledge of the neuropathology underlying cognitive impairment
in patients with PD during working memory processing. The thesis studies
were deliberated and conducted within the settings of a prospective
population-based study – The NYPUM project. The specific aims of the thesis
where:

I.

To examine if working memory related brain responses in patients
with PD, compared with age-matched healthy individuals, showed the
same patterns as previously suggested. In addition, to crosssectionally examine if working-memory related brain responses
(fMRI), and dopamine striatal integrity (SPECT) differs between
newly diagnosed drug-naïve patients with PD, with and without MCI
(Study I).

II.

To longitudinally (at baseline and at a 12-month follow-up) examine
working memory related brain responses (fMRI) in an attempt to
detect brain changes across time between patients with PD, with and
without MCI (Study II).

III.

To prospectively evaluate the frequency of PD-MCI at baseline
examination, and determine the predictive value of PD-MCI in
respect to prodromal PDD. An additional aim was to evaluate if
certain cognitive measures were more sensitive in predicting
prodromal PDD (Study III).
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Materials and methods
Study population
All patients in the current thesis were recruited within the frame of the
NYPUM (New Parkinsonism in Umeå) project, which is a prospective
population-based cohort study of incident patients with idiopathic (unknown
pathogenesis) Parkinsonism (10). The overall aim of the NYPUM project was
to study new cases with idiopathic parkinsonism to increase knowledge about
prognostic information, physiological and cognitive disease mechanisms, and
diagnostic accuracy. Between January 1, 2004, and April 2009, all physicians
in the Umeå catchment area (approximately 142,000 inhabitants) were asked
to refer all patients with suspected parkinsonism to the Department of
Neurology at Umeå University. All referred patients underwent a standardised
clinical examination by a neurologist specialised in movement disorders, and
repeatedly followed-up (up to 96 months). Presynaptic dopamine integrity
was examined (see SPECT section below in the Material and Methods).
Healthy age- and sex-matched control individuals were included (Study I).
Thirty control individuals were recruited via advertisements in the local
newspaper and matched with the first 50 patients included in the NYPUM
study. The included control individuals had no history of neurological
disorders, a normal neurological examination, and a normal dopamine uptake
(123I-FP-CIT; see SPECT section). Flow charts of the study profiles for the
respective studies are presented in the articles. The thesis studies were
approved by the Ethics Committee of the Faculty of Medicine at Umeå
University. Written informed consent was obtained from all participants
before inclusion in the studies.

PD-diagnosis, inclusion, and exclusion
Only patients who fulfilled the UK PDSBB criteria for PD (definite or
probable PD) were included in the current thesis. Patients were classified as
definite PD when they had at least three supportive criteria, and as probable
PD when they had only 1 or 2 supportive criteria. The diagnoses were
reassessed and confirmed at the latest available follow-up in relation to the
specific study. Patients with atypical Parkinsonism (i.e., MSA, PSP, CBD, and
DLB) were not included.
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General inclusion criteria in the NYPUM project
•
•
•

Idiopathic parkinsonism
Resident within the Umeå catchment area
Informed consent for participation in the NYPUM project

General exclusion criteria in the NYPUM project
•
•
•

A Mini Mental state examination (MMSE) score below 24 at the
baseline examination that might indicate dementia
Secondary parkinsonism
Reluctance to participate

Neuropsychological examination and diagnostic criteria
Cognitive status was examined at the time of inclusion (baseline =
approximately 1-2 months after PD-diagnosis), and after 12, 36, and 60
months. The neuropsychological test procedures were conducted by a clinical
psychologist or by a trained research assistant who had a background in
neurosciences and/or psychology, and the research assistant was supervised
by the clinical psychologist. All test leaders were thoroughly trained in
advance of their first testing. The order in which the tests were administered
was similar for all patients and all occasions, and the tests were conducted
according to the test manuals’ standardised protocols. The included cognitive
tests were chosen to minimise the effect of repeated testing, e.g. by using
parallel versions. The complete test procedure took approximately two hours.

Neuropsychological test battery
The neuropsychological tests were chosen to assess aspects of episodic
memory, working memory/attention, executive functions, visuospatial
functions, and language (64). Only test measures with good psychometric
properties and large-scale age-matched norms were included in the assessment
of MCI (see Table 2).
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Table 2. Neuropsychological tests used for classifying MCI.
Cognitive domain
Neuropsychological assessments
Episodic memory
BVMT free recall
BVMT delayed recall
FCSRT free recall
Working memory/attention
TMT B
Digit Span backwards
Executive functions
Animal fluency
WCST total errors
WCST perseverative responses
Language
Boston naming test
Visuospatial functions
The Benton Judgment of Line
orientation. (Pentagon copying from
MMSE in Study III)
BVMT = brief visuospatial memory test. FCSRT = free and cued selective reminding
test. TMT B = trail making test version B. WCST = Wisconsin card sorting test.
MMSE = Mini mental state examination.

Criteria for PD-MCI
The Movement Disorders Society (MDS) Task Force criteria for PD-MCI
were used, and these define the syndrome by clinical, cognitive, and
functional criteria (37). The criteria utilize a two-level operational schema
depending on the comprehensiveness of the neuropsychological testing. In
brief, the diagnosis of PD must be established, and the cognitive impairment
should not interfere significantly with functional independence (for example:
management of finances, and household tasks). Cognitive impairments should
be observed on neuropsychological testing, and cognitive decline may be
reported either by the patient, the informant (for example: partner or
colleague), and/or clinician. Level I and level II criteria differ in respect to
methods of assessment, and level I criteria provide less certainty than level II.
For the classification of PD-MCI by level II criteria the Task Force
recommends at least two cognitive tests within a single cognitive domain, and
at least two test measures should be impaired, either within a single domain
or across different cognitive domains. The cut-off should be 1 to 2 standard
deviations below the age, education, and gender norms, or a significant
decline from estimated premorbid abilities. In the current thesis, patients that
scored ≥ 1.5 SDs (commonly accepted in clinical practice) below the
normative age-matched mean value in at least two cognitive test measures
were classified as having MCI. Because only one cognitive measure was
assessed in the language and visuospatial domains, and no subjective
cognitive measures were used, the level I criteria were applied in Studies I and
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II. This was motivated because there was a great discrepancy between the
objective cognitive measures and the patients’ subjective reports, and the
relatively small sample sizes prevented a more conservative approach (35).
The discrepancy between objective and subjective measures might reflect
different mood states within each diagnosis group or different rates of disease
progression (28). Thus, subjective measures were only used for assessing
PDD in Studies I and II (where the subjective and objective measure
converged to a larger extent). However, subjective complaints were
considered in Study III. Study III had a significantly larger sample size than
those of Studies I and II and allowed for the use of more conservative criteria,
which might have provided a better estimate in respect of prodromal PDD. In
a recent study, the authors eliminated the necessity to have subjective
cognitive impairment which led to a small increase in the frequency of PDMCI (from 33% to 41%) (137). Subjective cognitive complaints were
gathered via a short questionnaire given to the patient and/or relative at study
enrolment, questions on cognitive status at the neuropsychological test
occasions, and the Parkinson’s disease Questionnaire 39 (PDQ 39). In
addition, in time for Study III, the Pentagon coping from Mini Mental State
Examination (MMSE) test was included in the visuospatial domain, and two
cognitive measures were thus included in that domain. Participants were
excluded if they had a major depression that might have affected their
cognitive ability. If the participants had a rating score > 17 on the Montgomery
and Åsberg Depression Rating Scale they were excluded (138).

Criteria for PDD
The MDS-commissioned task force criteria for dementia in PD were used in
the current thesis for exclusions (Studies 1-2) and inclusions (Study 3) (48).
The core features are a manifest PD diagnosis (according to UK PDSBB),
impairments in more than one cognitive domain, a decline from premorbid
level, and deficits severe enough to impair activities of daily life. Furthermore,
a substantial decline on objective measures was required with impairments in
at least two cognitive domains with performances ≥ 2 SDs below normative
age-matched t-values. See criteria for PD-MCI section on how assessment of
subjective cognitive measures were performed. The one-year rule was applied
to exclude dementia of Lewy Body (DLB) type (i.e., the diagnosis of DLB
precedes and coincides within one year of the development of motor
symptoms).

Brain imaging
Brain imaging has become an increasingly important tool both in neuroscience
research and in clinical settings. Brain imaging techniques have provided
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increased understanding of physiological and biochemical processes, but also
of the neural basis involved in cognitive processes. The imaging concept
includes several techniques with different potentials: nuclear medicine
imaging methods such as positron emission tomography (PET), and single
photon emission computed tomography (SPECT) provide information on
molecular functioning (metabolism) that are traced by emitted radiation. Both
techniques have good spatial resolution, however PET has a higher resolution
than SPECT. Two non-invasive techniques that measure voltage changes or
magnetic
fields
are
Electroencephalography
(EEG),
and
magnetoencephalography (MEG), respectively. However, although MEG has
better spatial resolution than EEG, the spatial resolution is generally relatively
poor. In contrast, the temporal resolution is great in both techniques
(milliseconds). Examinations with a magnetic resonance imaging (MRI)
scanner enable examinations of brain structures, but also functional brain
activations (i.e., functional MRI: fMRI). The MRI-technique provides
excellent spatial resolution (down to 1 millimeter), but poorer temporal
resolution (a few seconds). The current thesis relies on functional brain data
collected with fMRI, and in Study 1, there were additional striatal presynaptic
dopamine SPECT data (see below).

MRI
MRI relies on the concept that hydrogen atoms behave like small magnets.
When the participant lies in the strong electromagnetic field many of the
hydrogen nuclei (mostly in water molecules) align with the electromagnetic
field. However, a radio frequency magnetic pulse redirects the alignment.
When the hydrogen atoms return to their former positions (relaxation), they
emit a weak magnetic radiation that the MR scanner can detect. Different
relaxation times are applied, and those times depend on the characteristics of
the tissue; the transverse relaxation (T2) is faster than the longitudinal
relaxation (T1) (139). Both sequences are used in clinical settings where
images are evaluated and contribute to diagnostic considerations (140).
Whereas structural MRI (especially with T1 relaxation) distinguishes between
different types of tissues, fMRI distinguishes between different levels of
metabolic activity, blood perfusion, blood volume, and changes in blood
oxygenation (see below regarding BOLD). fMRI is a neuroimaging method
that is used to relate functional activation in regions/networks to different
cognitive functions (task conditions). In an fMRI experiment, the in-scanner
task shifts between two or more conditions (for example: task condition vs.
baseline rest condition) that the participant solve while images is rapidly
acquired. The observed brain changes are then correlated with the known time
course of the task, which enables interpretations of task-evoked brain
responses (141). The T2* pulse sequence (fast relaxation) is most commonly
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used, and provides a good signal-to-noise ratio (SNR), and covers the whole
brain in about 2 seconds (142).

BOLD signal
Much of the work in the fMRI field uses the blood-oxygen-level-dependent
(BOLD) signal as a dependent measure (143). Whereas structural MRI
distinguishes between different types of tissues, fMRI BOLD distinguishes
between different levels of metabolic activity, changes in blood oxygenation,
and changes in perfusion. When neural tissue becomes active, such as during
cognitive operations, changes in the local blood flow occur to accommodate
the metabolic demands. As a result, an increase of oxygenated blood
indicates that the tissue is active. By using a gradient echo (GE) imaging
sequence, it is possible to detect the paramagnetic state of deoxygenated
hemoglobin (144). Oxygenated hemoglobin and deoxygenated hemoglobin
have different magnetic exposure. Deoxygenated hemoglobin has a higher
magnetic decay rate than oxygenated hemoglobin, and those differences can
be detected by the fMRI scanner. The temporal shape of a BOLD signal
response depends on factors such as blood volume, blood flow, and
oxygenation state. The BOLD signal peaks approximately 4-5 seconds after
task-stimulation, and returns to baseline level after approximately 10
additional seconds, followed by a 10 second undershoot (145). Importantly,
because the causal relationship between BOLD signal and neural activity is
unclear, it is not possible to make conclusions on the neural activity per se,
and this is the main critique against fMRI. However, it is relatively
established that the BOLD signal change is strongly related to neural
activity. The BOLD signal might reflect synaptic activity to a higher degree
than neural spiking (142).

Imaging examination and data management
Scanners and data acquisition
The fMRI acquisition was conducted on two different scanners: A 1.5T
Philips Intera scanner and a 3T Philips Achieva scanner (both scanners from
Philips Medical Systems, the Netherlands). T refers to Tesla, which is the
measure for magnetic induction. Information on scanner acquisition
parameters, preprocessing, and first-level analyses are detailed in the
articles.
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At the initiation of the NYPUM project (2004), the aim was to address
several hypotheses regarding brain function in patients with PD.
Specifically, the long and irregular inter-stimulus interval for the 1.5T
scanner was to enable a separation between transient and sustained brain
activity (71), whereas other issues are addressed with the 3T protocol. In the
current thesis the aim was to maximize the number of patients with MCI,
and therefore data was used from both scanners.
Because data acquisition was conducted on two different scanners, it was
important to determine if confounding effects from scanners would overlap
the effects of interest. Therefore, in all studies, the model estimations from
each individual were input into a second-level group-by-scanner factorial
analysis (146). Motor scores (UPDRS III) from each individual were also
included as a covariate in each model due to group differences. The study
design made it possible to conduct post-hoc F-tests on confounding effects
of scanner and motor scores (146).

Task protocol
During scanning the participants performed a verbal working-memory 2-back
updating task (Figure 5). The task requires the participants to actively
maintain and update information (nouns) that are regularly presented on the
screen. The task was chosen because of its usefulness regarding dopaminergic
fronto-striatal involvement, and because working memory often is described
as the dominating cognitive impairment profile in early-phase PD (78, 147).
The participants received instructions and practiced on the 2-back task prior
to scanning. They were asked to respond “yes” (right index finger) when the
word matched the word presented two items earlier (i.e., 2-back), and “no”
when it was different (left index finger), using MR-compatible keypads
(Lumitouch reply-system, Lightwave Medical Industries, Canada). During the
baseline rest condition participants were instructed to do nothing except
keeping their gaze fixed on a small circle that was displayed at the center of
the screen.
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Figure 5. The fMRI working-memory 2-back task protocol.
The participants received instructions to respond “yes” when the word matched the
word presented two items earlier (i.e., 2-back), and “no” when it was different. The
participants were instructed to keep their gaze fixed on the cross during the baseline
rest condition.

In the 1.5T scanner, the nouns were presented for 2.5 seconds each, and the
inter-stimulus intervals were between 2 and 20 seconds. Four task blocks
(eight trials in each block) were interleaved with baseline blocks. In the 3T
scanner, the nouns were presented for 1.5 seconds each, and the inter-stimulus
intervals were three seconds. Four task blocks (15 trials in each block) were
interleaved with baseline blocks.

fMRI-related exclusions
Participants were excluded if they performed < 55% correct answers on the
in-scanner working memory task. This threshold was used to exclude answers
by chance (i.e., 50%), and to insure that participants actually performed
working-memory updating processing. Some participants were excluded due
to fMRI-related technical issues that affected the image quality. This was
assessed by manual observations of the images. Finally, participants were
excluded if their movements within the scanner induced image artifacts. This
was assessed by manual observations, and correlation analyses between
movements and task performances in doubtful cases.

SPECT
SPECT is an invasive neuroimaging method where gamma camera detectors
register the emitted radiation. The collected projection data are then
reconstructed in a computer to create a three-dimensional image of the
examined activity distribution. The presynaptic dopamine uptake was the
dependent SPECT measure in Study I in the current thesis.
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Participants were examined on a dual-head hybrid gamma camera system
(Infinia Hawkeye, General Electric, Milwaukee, WI, USA). Semi-quantitative
analysis of the SPECT image date was performed using regions of interest
(ROIs) in bilateral caudate and putamen, and a background ROI was applied
to the occipital cortex. Uptake was calculated by dividing the uptake in the
striatal sub-regions by the reference region. A detailed description is provided
in Study I.
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Results
Study I
Findings from functional brain imaging studies have previously shown that
altered fronto-striatal activity often characterises patients with PD as
compared with healthy individuals. However, the neuropathological features
that underlie cognitive impairments in patients with PD-MCI have been
insufficient to form a clear hypothesis.

Figure 6. Correlation between BOLD signal intensity and SPECT
dopamine presynaptic uptake
Correlation (r = 0.44, p < 0.001) pattern in the right caudate nucleus between
BOLD-signal (fMRI) and presynaptic dopamine uptake (SPECT). PD-MCI+ =
patients with PD and MCI. Intermediate PD = patients with PD and intermediate
cognitive impairment. PD-MCI- = patients with PD without MCI. HC = healthy
controls.
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The key finding was that patients with PD-MCI had lower BOLD-signal
intensity in the right dorsal caudate nucleus and bilateral anterior cingulate
cortex (ACC, within the prefrontal cortex) than patients without MCI during
performance of the in-scanner working memory task. In addition, patients
with PD-MCI had lower levels of presynaptic dopamine uptake in the right
caudate nucleus (sub-cortical) than patients without MCI. There was also a
significant correlation between the fMRI beta values and the SPECT
presynaptic uptake in the right caudate nucleus (Figure 6). In addition,
within the large-scale sample, patients with PD under-recruited an extensive
brain network including bilateral striatal and frontal regions as compared
with healthy age-matched individuals.
Study I provided novel information on the association between striatal
dopamine transporter binding and fMRI signal change, and those data support
the notion that fronto-striatal alterations characterise patients with earlydiagnosed PD-MCI. Thus, although nigro-striatal dopaminergic transmission
was associated with cognitive impairments in PD, additional meso-cortical
dopaminergic depletion and/or other neurochemical dysfunction might to
some extent have contributed to the current findings.

Study II
The cross-sectional approach in Study I provided important information on
how task-evoked brain responses are related to PD-MCI. However,
longitudinal approaches might provide more sensitive information on brain
changes, and longitudinal approaches would be much less susceptible to
cohort differences than cross-sectional approaches.
The key findings were that patients with PD-MCI showed persistent underrecruitment (lower BOLD-signal intensity) across time in the fronto-striatal
circuitry compared with patients without MCI. Most importantly, the
longitudinal evolution of PD-MCI translated to task-evoked posterior cortical
decreased BOLD-signal intensity across time within the left fusiform gyrus
(temporal cortex), whereas patients without MCI were stable across time
(Figure 7).
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Figure 7. Group-by-time interaction effect in the right fusiform gyrus
A group-by-time interaction effect (red) was observed in the right fusiform gyrus,
which showed a stable level of BOLD signal responses across time for patients with
PD without MCI, whereas patients with MCI showed decreased BOLD signal
responses at follow-up. The yellow outline illustrates the working memory task
activation area (i.e., contrast between 2-back and resting baseline condition). Mean
beta values are presented as plots for patients with PD with MCI (blue) and without
MCI (green) at baseline examination and at the 12-month follow-up. Z = anatomical
location in the Montreal Neurological Institute transversal space. Error bars are
standard error.

Taken together, the results are in keeping with hypotheses that relate
development of severe cognitive dysfunction in PD to posterior cortical
change (75,131). These evolving posterior cortical changes might characterise
prodromal PDD. It has been proposed that PDD pathology and AD pathology
are closely related, and that the fusiform change might be related to
cholinergic AD-like pathology.

Study III
The PD-MCI-concept was applied in Studies I and II and related to brain
responses. However, the predictive value of PD-MCI in respect of PDD has
been sparsely investigated.
The key findings were that 42.6% of the study’s PD-population had PD-MCI
at the baseline examination, and of those PD-MCI patients, 51% developed
PDD within five years (i.e., a 6.5-fold increased risk; Figure 8). Only 9% of
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the patients with normal age-matched cognitive status progressed to PDD
within five years. PD-MCI at baseline examination predicted PDD with a
sensitivity of 80.6%, and a specificity of 71.7%. Patients with PD-MCI that
later developed PDD performed significantly worse than patients that did not
later develop PDD on tests of episodic memory, visuospatial functions,
cognitive flexibility, and semantic fluency.

Figure 8. Proportion of patients with PD that develop PDD
A Kaplan Meier survival curve (Mantel-Cox) that describe the time until PDpatients with and without MCI develop PDD. Patients with PD-MCI developed
PDD to a greater extent that patients without MCI. X-axis shows number of months.
Y-axis shows the proportion of patients without PDD. p = p-value.

Importantly, PD-MCI is a fairly good predictor of prodromal PDD, and only
a low proportion of patients with PD-MCI reverted to normal cognitive
status. Primarily, cognitive tests with a posterior cortical basis might be
predictive for PDD to a greater extent than tests with a fronto-striatal basis.
These findings might in part reflect a dual-syndrome hypothesis.
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Discussion
The current thesis investigated working-memory related brain responses in
patients with PD, with and without MCI. The overall aim was to increase
knowledge about the neuropathology underlying cognitive impairment in
patients with PD, both cross-sectionaly and longitudinaly, and to evaluate the
predictive value of PD-MCI in respect to PDD. The aims are summarised as
follows:

I.

The first objective was to examine working-memory related brain
responses (fMRI), and dopamine striatal integrity (SPECT) in newly
diagnosed drug-naïve patients with PD, with and without MCI.

II.

A longitudinal objective was to evaluate brain changes across time (at
baseline and after a 12-month follow-up) in patients with PD, with
and without MCI.

III.

Finally, the aim was to prospectively determine the predictive value
of PD-MCI in respect of prodromal PDD, and to examine which
cognitive measures were most clinically relevant.

In the following paragraphs, the results will be discussed in relation to the
aims of the thesis and previous research. Methodological considerations will
be addressed as well as future prospects.

Main findings
This thesis provided novel information on how task-evoked brain responses
relate to PD-MCI (assessed with the recently proposed Movement Disorders
Society’s Task Force Criteria). The findings highlight that fronto-striatal
working-memory related dysfunction characterises early-diagnosed patients
with PD that were classified with MCI. Patients with drug-naïve PD-MCI had
lower presynaptic dopaminergic binding in the right caudate than patients
without MCI, and binding correlated significantly with the caudate BOLD
signal responses (Study I). In addition, the findings confirm (71, 126) that
patients with PD have functional fronto-striatal alterations when compared
with age-matched healthy individuals. Importantly, the evolution of cognitive
impairment in patients with PD-MCI is related to changes in the right fusiform
gyrus (Study II), but not to any additional fronto-striatal changes. In addition,
although a test measuring cognitive flexibility (dopamine sensitive) was
predictive for prodromal PDD, especially tests with a more posterior cortical
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neural basis were predictive in respect to prodromal PDD (Study III). Thus,
this thesis gives some support for a dual syndrome hypothesis (99, 100) with
both fronto-striatal- as well as posterior cortical cognitive dysfunctions in
patients with early phase PD-MCI. The fronto-striatal alterations in PD-MCI,
to a larger extent, seem to be related to PD pathology per se, rather than
evolving PDD. In addition, evolving PDD, to a larger extent, seems to be
related to posterior cortical alterations already at the time for the initial PD
diagnosis. The degree of pathological interactions between the two potential
syndromes is not possible to answer within the framework of this thesis.
However, interactions to some degree, seem to be likely (Study III), especially
when more profound cognitive decline evolves. Potential beneficial effects of
dopaminergic medication (Study II) might also have prevented additional
fronto-striatal changes that were seen in the current thesis.

Striatum
In the current thesis, the striatal alterations show a step-wise pattern with
superior activation for healthy controls, intermediate activation for patients
with PD but without MCI, and poorer activation for patients with PD-MCI
(Study I). Taken together, the findings are in keeping with previous
observations showing that the caudate nucleus is critical to successfully
update information in the working memory (71, 95), and that dopamine D2
receptor binding is elevated during working-memory updating (148).
Functional alterations, such as reduced dopamine integrity in the caudate
nucleus, commonly lead to impaired working-memory related performance
(90, 117, 149), and individuals with low working-memory capacity generally
have low dopamine synthesis capacity in the striatum (150). The right caudate
ROI in this thesis is located in the dorsal head of the structure (see Study I on
how the ROI was defined), and that region is one of the main output targets of
the nigro-striatal tract (118). Therefore, deficits in the nigro-striatal
dopaminergic transmission, at least in part, are associated with the cognitive
impairments that are reported for patients with PD with cognitive impairments
(6, 117, 151). In addition, fronto-striatal alterations have previously been
observed in patients with PD with executive impairments, and also recently
observed in patients with MCI (135, 136). In the longitudinal follow-up (Study
II), patients with MCI showed a (small but non-significantly) increased BOLD
signal response at follow-up, which might have reflected a beneficial
medication effect due to the onset of anti-parkinsonian treatment. Dopamine
depletion has negative effects on the cortico-striatal connectivity, and might
in part explain the frequently observed cognitive impairments in PD with
frontal lobe characteristics (67). The caudate nucleus is involved in numerous
cognitive processes. The ventral striatum mediates functions such as encoding
of stimulus associations, and that area is commonly less dopamine-depleted
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in early-phase PD. The dorsal striatum mediates functions such as
incorporation of various influences on selections, and working-memory
updating, and is commonly more dopamine-depleted in early phase PD (152).
Dopaminergic medication can potentially have contrasting effects due to
cognitive processes and due to basal levels of striatal dopamine (153).
Medicated patients with PD might exhibit deficits when having to ignore
distracting stimuli, whereas non-medicated patients with PD might show
deficits in updating a new set shift (127). Thus, the effects of dopaminergic
medication on brain activation and cognition have previously shown both
positive and negative outcomes (121), and the relation between cognitive
performances and dopamine level is dose-dependent (i.e., inverted-U-shaped
function), where too much or too little dopamine seems to impair different
cognitive performances (90). Generally, high levels of dopamine within the
striatum (but not too high) and low levels in the PFC might optimise phasic
updating (121). However, studies that assess if patients with PD-MCI have
more beneficial effects of dopaminergic medication on cognition than patients
without PD are few. One study showed that Rasagiline (monoamine oxidase
type-B (MAO-B)) inhibitor, by enhancing dopaminergic transmission, had
beneficial effects on aspects of attention and executive functions (154).
Another study showed that dopaminergic agonist supplementation improved
working-memory updating in patients with low performance (below the
median of the sample) (155). The effects of dopaminergic medication in
patients with PDD have been mixed, with beneficial effects on some measures
and negative effects on others (42). Thus, although indications of beneficial
effects of dopaminergic medication on BOLD signal intensity in patients with
PD-MCI was shown (Study II), the relatively small sample in relation to the
in-group differences in dopaminergic agents (7 patients with levodopa, 3 with
a combination of levodopa and dopamine agonists, and 1 with only dopamine
agonists), makes conclusions uncertain. In addition, dopaminergic medication
may have different effects on different patients, and this difference is related
to each patient’s baseline dopaminergic level (90). It is indeed important to
examine the effect of different dopaminergic agents in future studies.
Dysfunction of adrenergic receptors is evident in PD, and this dysfunction
might have contributed to the observed PD-related cognitive alterations in this
thesis. However, the understanding of adrenergic receptor dysfunction on
cognitive impairments in PD needs to be further investigated (156).

Frontal cortex
Patients with PD and MCI showed lower BOLD signal responses than
patients without MCI in the bilateral ACC (Studies I, II). However, the
longitudinal change in PD-MCI was not associated with any additional ACC
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alterations. The ACC is involved in high-level cognitive control processing
(157) such as during competing representations and conflict monitoring
(158). In addition, during high working-memory load and distractor
competition, the functional connections between the ACC and the primary
visual cortex tend to increase (159). Importantly, it has also been shown that
the ACC is frequently involved in working-memory updating (160). The
caudate nucleus has strong cortico-striatal connections, and co-activations
between the caudate and the DLPFC, as well as the ACC, have previously
been reported (161). Thus, the down-regulated activity in the right caudate
might have secondary implications resulting in lower BOLD signal
responses in the ACC and the DLPFC (approaching significance in Study I)
for patients with PD-MCI. In that respect the thesis results are in keeping
with the traditional model of the disease pathology. The traditional model
suggests that nigro-striatal dopaminergic dysmodulation leads to increased
inhibitory basal ganglia output and decreased thalamo-cortical activity (162).
This is also in keeping with the notion that decreased cortical task-evoked
activity in PD is related to substantial involvement of the caudate nucleus in
the cognitive task (126). However, the meso-cortical dopaminergic system is
involved in working memory processes by projecting dopamine directly to
the PFC, and indirectly via the meso-limbic system (119, 120). Depletions in
all three - the nigro-striatal, the meso-cortical, and the meso-limbic areas, are
evident at later stages of cognitive decline in PD. Thus, several
dopaminergic pathway might have contributed to the observed PFC
alterations in patients with PD-MCI.

Posterior cortical circuitry
For quite some time, there has been a notion that cognitive impairments in PD
are not only related to fronto-striatal dopaminergic circuitry, but also to
posterior cortical circuitry (163), and cognitive tests with a posterior cortical
basis might be more predictive of PDD than tests with a fronto-striatal basis
(75). The current thesis shows that the longitudinal evolution of cognitive
impairment is related to posterior cortical dysfunction (right fusiform gyrus)
rather than further fronto-striatal dysfunction (Study II), and that cognitive
tests with a posterior cortical basis are predictive for PDD. This is in keeping
with the notion that longitudinal evolution of PD-MCI relates to increased
posterior cortical atrophy (103, 164), and that the atrophy is more pronounced
in patients with PDD than in PD-MCI (164). In addition, lower metabolism
levels in the frontal cortex have been observed in patients with MCI than in
patients without MCI, but primarily, the posterior regions such as the temporal
cortices are affected (165, 166).
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There was a lack of further behavioural changes across time in Study II that
did not correspond to the fusiform change. It is possible that the observed
brain changes preceded the behavioural changes, as commonly occur in
neurodegenerative diseases such as AD (167) and PD (15). In agreement,
increased cortical thinning in posterior cortical regions, as in the temporal
lobe, have recently been related to PD-MCI, rather than further fronto-striatal
decline (103). At first view, the fusiform gyrus is primarily interpreted as a
region involved in higher-order visual processing, but the fusiform is also
associated with visual working memory (168). The right fusiform gyrus
change was located within the task-specific network (i.e., working memory
task condition > baseline rest condition), and might process the visual
representations to be maintained in the working memory (94). In Study II,
there were also functional connections between the left fusiform gyrus and
bilateral caudate areas during performance of the in-scanner working memory
task that imply a similar time-related task-activation pattern. In addition,
decreased fractional anisotropy in posterior cortical white-matter tracts is
associated with cognitive impairment in PD (133).
Patients with PDD and DLB commonly have similar cognitive symptoms with
deficits in executive functions, attention, working memory, visuospatial
function, and episodic memory (110). However, the episodic memory
impairments are commonly more profound in AD than PDD and DLB (6). It
has been proposed that preclinical biomarkers of PDD might be AD patterns
with temporal atrophy (43). However, these patterns might be present already
in a PD-MCI stage (102, 103). So, does AD pathology and PDD pathology
have parallel evolvements or do they interact? Patients with PD-MCI have an
increased risk of developing PDD (39), which implies a greater proneness than
for patients without MCI. However, the PD-MCI group is indeed
heterogeneous, and some patients seem to be more sensitive to the additional
PDD degenerative process. In line with that, the longitudinal evolution of
cerebral glucose metabolism features in PDD has been reported as mixed with
both striatal and posterior cortical changes (169), implying a heterogeneous
pattern. Proposed baseline predictors of PDD are high age and non-tremor
motor phenotype (In Study III, this was only observed later in the disease
progression), and cognitive impairments with posterior-cortical basis (131).
In Study III, when controlling for age, sex, and education, patients with PDMCI that later converted to PDD performed worse on several cognitive tests
than non-converters. This was primarily related to tests, which are suggested
to be regulated by posterior cortical circuitries (visuospatial functions,
episodic memory, semantic fluency), rather than fronto-striatal circuitries.
Importantly, although this thesis primarily suggests that posterior cortical
dysfunction is a prodrome of PDD, additional fronto-striatal dopaminergic
dysmodulations might also contribute. In Study III, patients with PD-MCI that
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later developed PDD, performed inferior on the trail making test (TMT)
(version A and B) than patients with non-evolving PD. TMT A and B are
cognitive tests that require attentional and executive demands (170), which
partly rely on dopaminergic neurotransmission (67). However, although the
frontal cortex is involved in task execution (for example the ACC), task
activation is also related to the visual processing streams, which extent from
the fusiform gyrus (171, 172). Thus, impaired performance in the TMT might
be related to fronto-striatal alterations and/or posterior cortical alterations, and
it is reasonable to suggest that fronto-striatal dopaminergic depletion at least
in part could be related to prodromal PDD. In addition, although episodic
memory is usually described as a cognitive ability with a posterior cortical
basis (medial temporal cortex), the neurocognitive networks underlying
episodic memory are indeed complex. For example, different parts of the PFC
are involved in both encoding and retrieval of episodic memory processing
(173), and dopamine is influential in respect to hippocampal memory
formation (174). All in all, tests with a posterior cortical basis commonly
interact with dopaminergic neurotransmission and have fronto-striatal
connectivity in different degrees.

Posterior cortical neurotransmission
As described above, Studies II and III provided evidence that evolving PDMCI and prodromal PDD are related to changes in the temporal cortex and
cognitive tests with primarily posterior cortical basis. Besides the
characteristic dopaminergic deficits, cholinergic deficits in PD are also
common due to significant degeneration of cholinergic neurons such as in the
nucleus basalis of Meynert (nbM) (175, 176). It has long been acknowledged
that decreases in nbM neurons might relate to declining cognitive functions in
PD (77). Alterations in cortical cholinergic depletion might relate to attention
and/or executive deficits (177) and altered episodic memory (6). However,
besides the cholinergic hypothesis, there might be additional dopaminergic
and/or noradrenergic dysmodulations that relate to the thesis findings. A link
between BOLD activity in extra-striatal regions and striatal dopamine
mediation has previously been reported during cognitive processing (178). In
addition, deficits in noradrenaline (NA) transmission might affect executive
processes (179). Locus coeruleus mainly projects NA to several cortical
regions in the frontal and temporal circuits (180), and treatment with a
noradrenaline inhibitor has shown beneficial results for patients with PD with
executive dysfunction (181). However, these treatments need to be further
examined (179). Thus, a complex neurochemical depletion pattern might
characterise prodromal PDD, and underlie the thesis findings (Figure 9).
Increased knowledge about the deficiencies underlying cognitive impairment
might increase the possibilities for relevant medical interventions. The thesis
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studies have thus provided information on possible underlying neuropathological features that relate to evolving cognitive impairments. As shown
above, dopaminergic medication has the potential to both improve and impair
cognitive functions dependent on the underlying neurotransmission. A
balance between optimal motor levels in relation to cognitive function is
critical to consider, and this important information needs to be applied in
clinical practice to a greater degree (6). However, although research has
contributed significantly on the effects of dopamine medication, additional
research on medication effects on other neurotransmission, such as
noradrenaline and acetylcholine, is critical. fMRI techniques, with its
cognitive protocols, have indeed an important role in evaluating potential
medication effects.

Figure 9. Overview of working-memory related neuropathology in PD.
Fronto-striatal alterations with dopamine (and potential noradrenaline) depletions
characterise the PD-MCI population in general. PDD might relate to additional
posterior cortical alterations with proposed cholinergic depletions. The figure is
inspired by Kehagia et al. (99).

Compensatory activation?
As seen in Studies I and II, patients with PD-MCI had a higher BOLD-signal
activation in parts of the parietal cortex and the parahippocampus than patients
without MCI. The increased BOLD activity in patients with PD-MCI might
relate to larger attentional demands and increased reliance on declarative (see
Figure 2) memory systems due the fronto-striatal related dopaminergic
depletions. This has previously been proposed as a shift to declarative memory
systems in PD during executive tasking due to impaired working memory
capacity (182). In agreement, cortical thinning in the parahippocampus has
recently been observed in PD patients with subjective cognitive impairments
as compared with patients without subjective cognitive impairments (183),
and increased hippocampus activity in PD has been proposed to serve as
compensatory activation for striatal dysfunction (136). However, it is unclear
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if high fMRI-related activity should be interpreted as possible forms of
compensatory brain activations. Several theories have been proposed. The
brain reserve hypothesis suggests that successful cognitive performance in old
age is determined by high premorbid abilities that prevent or minimise
cognitive decline (i.e., better handling to prevent cognitive pathology as
dementia) (184). Thus, increased cortical activation in elderly individuals
might relate to compensation and counteract age-related cognitive
impairments through plastic reorganisation (185). In contrast, according to the
dedifferentiation hypothesis, additional activation is dysfunctional (i.e., nonselective activation), and reflects difficulties to recruit specialised neural
circuitry. In contrast, the concept of brain maintenance proposes that
preserved cognitive functionality in aging is associated with preserved brain
functions (i.e., lack of gradual deterioration of brain pathology) (186).
However, longitudinal studies with longer follow-ups than in the current thesis
might increase the possibilities to assess potential compensatory activations.

Clinical implications
A great clinical challenge is to differentiate between PD-MCI with prodromal
PDD and PD-MCI with other bases. Cognitive tests probing functions with
posterior cortical bases might increase the likelihood to detect early signs of
prodromal PDD. In agreement, in Study III there was evidence that cognitive
tests with a posterior cortical basis differentiated between patients with
prodromal PDD and patients with PD-MCI in the early phases to a greater
extent than tests with a frontal cortical basis. High age seems to characterise
patients with PD-MCI with prodromal PDD (75), and this was also the pattern
in Study III. Thus, this thesis has provided useful information that increases
knowledge on the predictive value of cognitive tests that might be useful in
clinical settings. Even though knowledge has increased, a majority of the
cognitive symptoms are still going unrecognised and untreated in clinical
settings (53). As shown in this thesis, functional MRI can provide information
on how cognitive status relates to brain responses in PD and provides
knowledge about the underlying neuropathology that is important for clinical
practice. In addition, fMRI has indeed great potential and can especially play
an important role in evaluating medical and non-medical interventions on
cognition (see below on future prospects), and might be useful in PDdiagnostic procedures (23).
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Methodological considerations and limitations
Scanner factor
The fMRI data were collected with two different scanners (see Materials and
Methods). This is indeed a limitation that induced additional variability.
Furthermore, the detection ability is more restricted in subcortical regions
when using the 1.5T scanner than the 3T scanner (187). Effort was dedicated
to control for potential scanner effects. The scanner factor was assessed by
performing F-tests (146) to evaluate if scanner effects overlapped with the
reported effects of interest (no such overlap was observed in Study I). Brain
regions showing confounding effects from scanner differences were reported
and interpreted with caution. Importantly, effect sizes (Cohen’s d for t-test and
eta2 for ANOVAs) were reported on each scanner separately.
Note that the observed scanner patterns generally revealed comparable
magnitudes of BOLD signal change between the 1.5T and 3T scanners
(medium to large effect sizes). Importantly, the observed scanner effects (in
Study II) were rather related to changes in detection abilities/scanner protocols
and not related to group differences that were manifested irrespective of the
scanner. Sometimes, a main effect of scanner analysis overlapped with the
effects of interest. Retrospectively, those effects were maybe too cautiously
interpreted in Study II. In that study a significant main effect of group was
evident in the right putamen when comparing patients with PD-MCI and
patients without MCI, and those effects were only reported in the
supplementary material (see Figure 10). Therefore, group differences, which
show scanner effects (i.e., main effect of scanner) should not necessarily be
interpreted with caution as long as there are large effect sizes with similar
patterns between scanners.
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Figure 10. Showing scanner effects separately in the right putamen
(Study II)
A main effect of scanner was reported to overlap with the main effect of group in the
right putamen (p < 0.001). However, consistent BOLD signal changes were observed
between scanners (the 1.5T scanner to the left, and the 3T scanner to the right) with
large effect sizes (Cohen’s d > 0.8). Blue = patients with PD but without MCI. Red =
patients with PD and with MCI. Error bars are standard error.

Scanner upgrades and/or changes are frequent in clinical settings and with
longitudinal approaches. Pooled MRI analyses of data acquired from different
scanners/centers have become increasingly frequent (146, 188, 189), but need
to be critically considered.

Neuropsychological battery for assessing PD-MCI
The neuropsychological test battery was not initially selected to assess MCI,
and some of the included tests did not have proper age-matched norms
(providing a basis for comparing patients with healthy individuals in the same
age-group). In addition, the healthy control group in this thesis contained too
few individuals to define a normal distribution (i.e., a new norm evaluation).
Therefore, the assessed neuropsychological battery did not completely fulfil
the requirements for level-II criteria (i.e., at least two tests in each cognitive
domain). However, lately studies that almost fulfil the requirements for PDMCI level II criteria have used the term “modified level-II criteria” because
the test battery was more extensive than the level-I criteria (190). In retrospect,
the term “modified level-II criteria” could potentially have been applied in
Studies I and II, besides Study III in the current thesis. Importantly, use of
cognitive test batteries with better sensitivity for categorising MCI and
prodromal PDD is critical. Population-based studies are therefore required to
examine the validity of current neuropsychological tests, and could potentially
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provide stronger norms that would increase knowledge on their potential to
detect cognitive changes across time.
No subjective measures were part of the MCI classification in Studies I and
II. It is very common that there is a great discrepancy between the objective
cognitive measures and the patients’ subjective reports in the early phases of
cognitive decline (35). These heterogeneous patterns were also observed in
newly diagnosed patients with PD within the NYPUM project (Study I). This
might reflect different mood states within each diagnosis group or different
rates of disease progression (28). The longitudinal approach generally
provides a better sensitivity and reflects a better estimate of PD-MCI in
respect of PDD. In Study II, which had a longitudinal approach, the
correspondence between objective and subjective measures of cognitive
decline were enhanced (i.e., 10 out of 11 patients with PD-MCI reported
subjective cognitive impairments, although subjective cognitive impairments
were not required for PD-MCI). Subjective measures were thus only used in
Studies I and II for assessing PDD (where the subjective and objective
measures converged) and not MCI. In a recent study, the authors removed the
criterion of subjective cognitive impairment in the PD-MCI classification,
which led to an increase in the frequency of PD-MCI (from 33% to 41%)
(137). Thus, using the complete level-II criteria potentially provides a stronger
estimate for prodromal PDD (as in Study III), but on the other hand, that might
prevent early phase detection of cognitive decline in PD. A stricter cut-off
(i.e., > 1.5 SDs) has a higher predictive value for PDD (191), but might affect
the ability to detect individuals in early phases of cognitive decline. The
balance between sensitivity and specificity is a challenge, but > 1.5 SDs on at
least two cognitive measures seems like a good compromise (192), and it is
regularly applied (35), also in the current thesis.

MCI concept
As shown in Study III, PD-MCI is predictive for prodromal PDD. However,
11% with PD-MCI reverted to normal cognitive status, and 8.7% fluctuated
in their cognitive status across time. Thus, although PD-MCI has a clinical
relevance, longitudinal follow-up is necessary, especially in uncertain cases.
Is it possible to use normal distributions as diagnostic criteria? It is an open
issue since many previous studies have demonstrated cognitive deficits for PD
patients without reference specifically to the MCI classification scheme (193),
in combination with the variability of implementing MCI criteria (ranging
between 1 and 2 SD below normal). It is not inconceivable that the relation
between (aspects of) PD severity and cognitive decline is graded - a pattern
that is apparent in the added fMRI-SPECT correlation analysis in Study I. In
fact, it seems likely.
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The majority of the included patients did not have any records of previous
cognitive functioning (i.e., premorbid cognitive ability). Even though the
premorbid abilities are commonly estimated in clinical settings, this was not
done in any systematic fashion in the current thesis. This is a limitation,
especially in the cross-sectional study (Study I), where patients with cognitive
performances within the age-matched normal-zone might exhibit cognitive
decline as compared with their former and higher level of premorbid ability.
The longitudinal estimates increase the prognostic value of severe cognitive
decline (39).
Finally, subtype classification of PD-MCI into single cognitive domains is
recommended (54). However, in the current thesis patients with MCI
frequently showed a simultaneous decline in several cognitive domains.
Therefore, subtyping of specific cognitive domains would have been difficult
to perform even if the cognitive battery would have permitted it (i.e., at least
two measures in each cognitive domain). Thus, larger sample sizes would
probably have been required, and that might be better assessed in multi-center
studies.

Variables not considered in this thesis
This thesis did not consider several important points. Differences in striatal
lateralization (in respect to which side was most affected), were not
considered and might have induced variability. Integrity between the right and
left striatum is important for adequate performance on verbal executive tasks,
and deficits in respect to lateralization might reflect differential dopamine loss
(194). In addition, gender differences were not considered in this thesis, and
more males than females had cognitive impairments. This pattern, with more
cognitively impaired males than females, is common. Gender differences with
respect to cognition in PD have been reported previously, and females
generally have higher levels of striatal uptake binding than males, which
might imply a more benign preclinical phase of PD in females than in males
(195). In addition, this thesis only considered PD subgroups with different
motor features in Study III. Non-tremor dominant subtypes (i.e., postural
instability, and gait disturbances), are usually associated with shorter time to
cognitive impairment than tremor-dominant subtypes (54). Finally, this thesis
did not consider genotyping although genetic factors might affect and
contribute to the development of PDD (54). A proposed baseline predictor of
PDD is microtubule-associated protein tau (MAPT, H1/H1) genotype (131).

41

Methodology and statistics
The applied population-based study design is a major strength and probably
increased the possibilities to generalise the findings to the general PD
population. In addition, the study design likely increased the possibilities to
identify new cases with Parkinsonism within the catchment area. Longitudinal
approaches are also more sensitive and are better able to detect brain changes
than cross-sectional approaches, and longitudinal approaches are not as
susceptible to cohort differences (196, 197). Unfortunately, although the
initial aim was to investigate brain responses also at the 36-month follow-up
in Study II, a substantial dropout and other methodological issues (e.g.,
changes in cognitive status) made that aim impossible to meet. Importantly,
although the thesis relied on data from a population-based study, Study II had
a relatively small sample size with low statistical power. This is indeed a
limitation that affects the reliability of the results (198). Thus, the results,
especially in Study II, should not be overestimated, and studies that reaffirm
these findings are important.
To verify that group differences were driven by cognitive differences rather
than motor differences, the UPDRS-III motor scores were used as covariate
of no interest in the fMRI analyses. Control analyses and group matching
(Study I) were conducted to assess the influence of the motor factor. In
addition, during the in-scanner task execution, patients answered “no” with
the left index finger and “yes” with the right index finger that might have
induced variability. However, comparisons between patients with PD-MCI
and patients without MCI showed no significant difference in the proportion
of “yes” and “no” answers between the groups (p = 0.79 in Study I). Thus, the
motor aspect in respect to lateralisation between groups does not seem to have
interfered with activations on the in-scanner working memory task.
Finally, it would also have been interesting to analyse correct and incorrect
responses separately in relation to brain responses. However, the high level of
accuracy prevented meaningful analysis of incorrect execution owing to the
limited number of incorrect responses (in Study I, patients with PD without
MCI had 88.8% correct answers, and patients with MCI had 83.1% correct
answers).
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Future prospects
fMRI protocols for the future
In the current thesis, the results in Study II are in keeping with the notion that
cognitive impairments with posterior cortical basis (right fusiform gyrus),
rather than further fronto-striatal (right caudate, and bilateral ACC) alterations
across time, associate to prodromal PDD. However, although this thesis
showed that a working-memory updating task can assess vital information on
posterior cortical functions, fMRI protocols that assess cognitive tasks with
pronounced posterior cortical bases could provide additional information. A
longitudinal fMRI protocol with both fronto-striatal- (for example, workingmemory updating or task-set shifting) as well as posterior cortical (for
example, visuospatial judgement or episodic memory encoding) basis,
assessed on patients with PD, with and without MCI, would be of interest.
That would potentially provide vital information on the evolution of cognitive
impairments in PD in relation to functional brain circuitry.
In addition, in the current thesis, some participants had to be excluded because
of impaired performances on the in-scanner working memory task (see flowcharts in respective Study articles), or due to movement artefacts. Therefore,
it is critical to create a relaxed setting so that participants with the most severe
cognitive impairments do not have to be excluded. Resting state fMRI is a
rather new approach and has the potential to enhance information on
interactions between brain areas. A resting-state protocol is commonly run for
6-8 minutes with no complicated task-demands (usually the participants are
instructed to keep their gaze fixed at a stable stimulus across time). Such a
resting-state protocol does not require any motor actions. Thus, its simplicity
might prevent exclusions due to task-difficulties, and it might inspire doubtful
participants to participate (125).

Interventions to prevent cognitive decline
There is no medical cure, which prevents the degeneration in PD or PDD.
However, medical interventions such as dopamine replacement therapy might
have beneficial effects on cognition. Dopamine supplementation in PD
patients commonly improves cognitive functions mediated by the dorsal
striatum such as selective attention (152). In contrast, ventral striatummediated functions such as reversal learning and inhibition might be impaired
by dopamine supplementation. In Studies I and II, the PD-MCI related
alterations were in part associated to the dorsal striatum (caudate nucleus), and
in Study I with presynaptic dopamine depletions. As described above, onset
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of dopaminergic medication, to some degree, might have normalised activity
in the dorsal caudate in patients with PD and MCI (Study II), and prevented
further cognitive decline. It is important to note that although beneficial
effects might occur, there is a risk for dopamine overdose in less depleted
striatal regions (and potentially in prefrontal regions as well), and that might
cause severe symptoms (100). Thus, dopaminergic medical intervention in
respect to cognitive impairments in PD has to be conducted with caution. PD
leads to degeneration and neurotransmitter deficiencies that extend to other
systems than the dopaminergic ones (199). Patients with PDD might have
beneficial cognitive effects of cholinesterase inhibitors that are commonly
prescribed (109). Future medical interventions affecting other
neurotransmitter systems, such as adrenergic neurotransmission, may also be
investigated for their effect on cognition. However, a majority of cognitive
symptoms is going unrecognised and untreated in the clinical setting (53).
Thus, it is critical that cognitive function should be assessed properly and
regularly in patients with PD to make it feasible to study interventions that try
to improve cognition.
Even though pharmacological treatment might enhance cognitive functions in
patients with cognitive impairments, non-pharmacological treatments should
also be considered. Cognitive training of working-memory updating has
shown transfer effects (beneficial effects on non-trained cognitive tasks) in
healthy individuals that were mediated by the striatum (95), and enhanced
striatal dopamine release is associated with training of updating (148). This is
indeed in keeping with the observed striatal cognitive impairments in this
thesis. Cognitive memory training in patients with PD has shown some
promise (200), and a randomised controlled study recently showed that the
experimental PD group improved on measures of working memory as an
effect of cognitive training (201). In addition, physical training might be
beneficial on executive functioning in patients with PD (202). Importantly,
although these results are promising and intriguing, there is a great need for
randomised controlled studies of non-pharmacological interventions for
cognitive impairments in PD (203).
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Main conclusions
This thesis provides novel information on task-evoked brain responses in
patients with PD and cognitive impairments. Patients with PD-MCI had
significantly lower BOLD signal responses than patients without MCI in
frontal (anterior cingulate cortex) and striatal (right caudate) regions, and
striatal BOLD signals correlated with the presynaptic dopamine levels. The
fronto-striatal alterations persisted across time but without any additional
change. However, decreased posterior cortical (right fusiform gyrus) BOLD
signal responses across time were observed in patients with PD-MCI relative
to patients without MCI. Patients with PD-MCI at baseline examination
exhibited a six-fold increased risk of later PDD, and cognitive tests with a
posterior cortical basis were more predictive than tests with a fronto-striatal
basis. The findings suggest that early cognitive impairments in PD are linked
to fronto-striatal dopaminergic dysfunction, whereas the longitudinal
development of cognitive impairment in PD reflects additional posterior
cortical dysfunction that might predict PDD. However, some degree of
overlap between fronto-striatal and posterior-cortical is likely, but essentially
it is a question for the future. It is important to note that this thesis provides
information on cognitive neuropathological changes in PD that might
contribute to more relevant choices of pharmacotherapy, cognitive
enhancement interventions, and diagnostic accuracy in respect of PDD.
Given the complex neuropathological aetiology in PD and the variable
expression of cognitive impairments, large-scale longitudinal imaging
studies are needed to further clarify early predictors for patients at risk for
PDD.
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