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Abstract

Cognitive impairment occurs frequently in Parkinson’s disease (PD) and the concept of Mild
Cognitive Impairment in PD (PD-MCI) has recently emerged. Patients with mild impairment are at
risk of developing dementia, and thus it is a topic of growing interest. Many previous studies have
investigated the neural correlates of cognitive impairment, in particular executive dysfunction, in
PD patients without dementia using neuroimaging techniques including structural MRI, functional
MRI and PET imaging. These studies, which have provided a foundation for understanding which
brain regions and neurotransmitter systems may be involved in executive dysfunction in PD, will
be reviewed. Recent neuroimaging studies that have used specific criteria to classify patients as
PD-MCI, in the hopes of gaining further insight into the underlying neural mechanisms will also
be discussed. In particular, this review will cover key findings involving structural MRI
investigating grey and white matter changes, functional MRI to examine changes in neural
activation and PET imaging to investigate metabolic and neurochemical changes that have led to
an improved understanding of pathology associated with executive dysfunction in PD without
dementia and PD-MCI.

Parkinson’s disease (PD) has been typically described by the cardinal motor symptoms
bradykinesia, rigidity and tremor (Gelb, Oliver, & Gilman, 1999). However, non-motor and
neuropsychiatric symptoms such as autonomic dysfunction, fatigue, depression, anxiety or
cognitive impairment occur frequently and are now well established as part of the disease
(Chaudhuri, Healy, & Schapira, 2006; Park & Stacy, 2009). Cognitive impairment is known
to be a common feature of PD existing in approximately 27% of all non-demented patients,
although the prevalence may vary depending on the sample (Litvan ef a/., 2011). Dementia is
also quite common in PD, with 80% of patients developing dementia over the course of their
disease (Aarsland, Larsen, Lolk, & Andersen, 2003; Hely, Reid, Adena, Halliday, & Morris,
2008). Cognitive impairment and dementia in PD negatively affect quality of life (Schrag,
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2004; Weintraub, Moberg, Duda, Katz, & Stern, 2004) and increase caregiver burden as well
as nursing home placement (Aarsland, Larsen, Karlsen, Lim, & Tandberg, 1999; Aarsland,
Larsen, Tandberg, & Laake, 2000; Miller, Kuhn, & Przuntek, 1997). However, the specific
neural mechanisms underlying cognitive impairment and decline are still unclear, making it
difficult to develop treatments for cognitive symptoms.

Cognitive impairment in PD not meeting the criteria for dementia (Emre et a/., 2007) has
been termed mild cognitive impairment (PD-MCI; Caviness et al., 2007), similar to the term
used in the Alzheimer’s disease literature to refer to patients with memory impairment not
meeting the criteria for Alzheimer’s disease (Petersen et al., 1999). However, PD-MCI can
include not only memory deficits, but deficits in language, attention, executive function and
visuospatial function as well (Caviness et al., 2007). These patients have an increased risk of
developing dementia compared with cognitively normal patients (Janvin, Aarsland, &
Larsen, 2005; Janvin, Larsen, Aarsland, & Hugdahl, 2006), and thus understanding the
neurological basis of this condition is critical for the eventual development of treatment
approaches. The specific criteria for impairment in PD-MCI have varied in the literature,
however, it usually requires a score of 1-2 SD below the normative mean of healthy control
scores on a given neuropsychological test. This lack of a cohesive definition of PD-MCI
makes the interpretation of neuroimaging results difficult, as changes observed could be
associated with varying severity of impairment depending on the study criteria used. As a
result of differing methods of classification, there has been a recent proposal of consensus
criteria for PD-MCI (Litvan et al., 2012).

Cognitive impairment in PD is heterogeneous with deficits varying from patient to patient,
and it is not clear which of these patients will progress to dementia or how fast. Onset can be
as early as the time of disease diagnosis, while others will become impaired at a later stage
(Foltynie, Brayne, Robbins, & Barker, 2004; Williams-Gray, Foltynie, Brayne, Robbins, &
Barker, 2007). Patients can present with a wide range of cognitive deficits on
neuropsychological tests involving executive function, visuospatial function, attention,
memory and language with some experiencing impairment in only one area of cognition,
and others demonstrating multiple domain impairments (Caviness et al., 2007; Janvin,
Aarsland, Larsen, & Hugdahl, 2003). This has led to subtype classifications including single
domain and multi-domain, amnestic, or non-amnestic PD-MCI (Caviness et al., 2007; Janvin
et al., 2006). There is evidence to suggest that deficits involving more posterior cortical
regions are more predictive of future dementia than frontal-executive deficits (Williams-
Gray et al., 2009), meaning not all types of PD-MCI patients may develop dementia.
However, the implications of this heterogeneity are still not clear, and more research is
needed to determine how these subtypes differ in pathology and course, and how this affects
risk of dementia.

In particular, executive deficits have been most commonly reported in the literature
(Dalrymple-Alford, Kalders, Jones, & Watson, 1994; Downes et al., 1989; Lewis, Cools, et
al., 2003; Rogers et al., 1998; Taylor, Saint-Cyr, & Lang, 1986), and there have been many
attempts to use neuroimaging techniques to examine brain changes associated with executive
deficits in PD. Thus, the primary focus of this review will be brain changes associated with
executive dysfunction in PD. Furthermore, as imaging studies classifying patients as PD-
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Structural

MCI according to specific criteria have recently emerged, this review will discuss findings
related to cognition involving both PD patients without dementia and patients classified as
PD-MCI. Firstly, studies using MRI techniques to uncover structural brain changes in grey
and white matter in PD patients will be reviewed. Then, functional brain changes revealed
with functional magnetic resonance imaging (fMRI) associated with executive dysfunction
will be discussed. Finally, PET imaging studies demonstrating both brain metabolic changes,
changes in neural activation and neurochemical changes associated with executive
dysfunction will be reviewed.

imaging of cognitive impairment in PD

Structural brain changes associated with cognitive impairment in PD have been of interest.
In particular, voxel-based morphometry (VBM) has been a useful tool for assessing grey
matter density throughout the brain. Pre-frontal and hippocampal atrophy was shown in
early stage PD patients compared with healthy controls, and this atrophy was correlated with
impaired performance on tests of vigilance and verbal memory, respectively, in one study
examining grey matter changes with VBM (Briick, Kurki, Kaasinen, Vahlberg, & Rinne,
2004). Another study using VBM found significant grey matter loss in PD patients
compared with normal controls in the limbic/paralimbic regions and pre-frontal cortex. They
also found that impairment on a test of executive and visuospatial function correlated with
grey matter loss in these patients in the dorsolateral pre-frontal cortex (DLPFC) and the para
hippocampal gyrus (Nagano-Saito ef al., 2005). Measures of executive dysfunction in PD
patients have also been shown to correlate significantly with caudate nucleus, middle
temporal gyri, left precuneus and cerebellar density compared with healthy controls
(Camicioli et al., 2009), demonstrating the relationship between grey matter density and
cognition in PD. Although evidence for structural changes in PD-MCI specifically is limited,
one study investigating grey matter changes with VBM found atrophy in the left frontal lobe
and both left and right temporal lobes of patients with PD-MCI compared with cognitively
intact PD patients (Beyer, Janvin, Larsen, & Aarsland, 2007), indicating that atrophy in these
regions may be associated with cognitive impairment. Another study investigating atrophy in
PD-MCI found evidence of significant grey matter loss in the hippocampus compared with
healthy controls, whereas patients with normal cognition showed no significant change
(Weintraub et af., 2011). This was followed by a study showing that an Alzheimer’s disease
pattern of atrophy involving the hippocampus and parietal-temporal cortex is able to predict
global cognitive decline in non-demented PD patients with cognitive impairment (Weintraub
et al., 2012). These findings implicate the hippocampus as an important region in worsening
cognition over time.

However, significant grey matter atrophy has not always been found in PD patients with

mild impairment compared with healthy controls (Apostolova et al., 2010; Hattori et al.,
2012), and is far more pronounced and widespread in PD dementia (PDD) compared with
non-demented PD patients without dementia and aged-matched controls (Apostolova et al.,
2010; Burton, Mckeith, Burn, Williams, & Brien, 2004; Hattori et al., 2012; Nagano-Saito et
al., 2005), suggesting brain atrophy may not be as prominent in the early stages of cognitive
impairment. Catechol- O-Methyl Transferase (COMT) genotype may also have an effect on
brain structure. One study found that in healthy subjects and PD patients, differences in
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COMT genotype resulted in different grey matter volumes, and these differences varied with
age. Thus, COMT genotype, which is known to affect functional networks involved in
executive processes in PD, may also have an impact on grey matter volume (Rowe et al,
2010).

White matter abnormalities have also been reported in PD-MCI with the use of diffusion
tensor imaging. PD-MCI patients demonstrated significantly reduced fractional anisotropy
(FA) values, representing a loss of white matter integrity, compared with cognitively normal
PD patients and healthy controls. These reductions were strongly correlated with Mini
Mental State Examination (MMSE) scores, measuring global cognitive function, bilaterally
in the parietal regions (Hattori et a/., 2012). This supports a previous finding that FA values
were significantly reduced in the left parietal lobe of PD patients with executive impairments
compared to those without, indicating a loss of white matter integrity (Matsui et a/., 2007).
Therefore, it seems likely that not only grey matter loss, but also white matter abnormalities
in associative brain regions contribute to cognitive impairment in PD.

Functional magnetic resonance imaging of cognitive impairment in PD

Changes in neural activation associated with active participation in cognitive tasks have been
investigated in PD with functional magnetic resonance imaging (fMRI) to elucidate the brain
networks involved and how they may be altered compared with healthy controls. The blood-
oxygen-level-dependent (BOLD) signal obtained from fMRI can be used as an indirect
measure of neural activity. Patients with PD show a different pattern of neural activation
while performing cognitive tasks compared with normal controls. In one study, PD patients
with cognitive impairment displayed reduced activation in fronto-striatal circuitry compared
with cognitively normal PD patients and healthy controls while performing a working
memory task (Lewis, Dove, Robbins, Barker, & Owen, 2003). This indicated abnormal
cortico-striatal processing in PD, likely due to nigrostriatal dopamine depletion. However,
dopamine medication state can also have an impact on the level of activity in cortical
regions. PD patients undergoing fMRI scans showed increased cortical activation during a
sensorimotor task in the ON state as compared to the OFF medication state, which correlated
with improved motor performance (Mattay et al., 2002). However, during a working
memory-task relying on the prefrontal cortex, increases in cortical activation were seen in
the OFF versus ON dopamine medication state, which correlated with task errors. This
suggests that the pathology of cognitive processes differ from the motor pathology in PD, as
increases in cortical activation are not seen during motor tasks in the OFF state (Mattay et
al., 2002). This led the authors to conclude that disruption of the mesocortical dopamine
system could be affecting cognition. This is further supported by fMRI studies in PD
patients demonstrating changes in activation compared with normal controls whereas
performing a card sorting task involving set-shifting; an executive process that requires
mental flexibility (Monchi, Petrides, Mejia-Constain, & Strafella, 2007; Monchi et al.,
2004). Reductions in fronto-striatal activation were found only during behavioural shifting
conditions requiring the caudate nucleus. Specifically, PD patients had less activation
compared with controls when comparing retrieval with shift versus retrieval without shift
conditions (Figure 1).
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Conversely, increases in cortical activation were found when behaviour was simply
maintained with the use of working memory, a process relying only on cortical regions and
not the caudate (Monchi et al., 2004, 2007). This demonstrated that the level of activation in
the brain was dependent on the striatal involvement in the task. In addition, these findings
did not agree with the nigrostriatal model of dopamine depletion, which proposes that
striatal dopamine loss results in reduced cortical activity. Therefore, these findings provided
further evidence for mesocortical dopamine dysfunction affecting executive function in PD.

Genetic influences on cognition in PD have also been investigated with fMRI. One study
found that PD patients with a Catechol-O-Methyl Transferase (COMT) genotype resulting in
a low activity enzyme, and thus increased synaptic dopamine levels in the frontal cortex,
display worse performance on the Tower of London (TOL) planning task which utilizes
executive processes. Task performance was also associated with reduced BOLD signal in the
fronto-parietal network (Williams-Gray, Hampshire, Robbins, Owen, & Barker, 2007),
suggesting that too much cortical dopamine may impair cognitive function. Another
investigation found that PD patients with this low activity COMT had more difficulty
forming an attentional set during a set-shifting task, and that this was also associated with
reduced activation in the fronto-parietal attention network (Williams-Gray, Hampshire,
Barker, & Owen, 2008). Therefore, polymorphisms resulting in altered dopamine clearance
in the cortex may also be a contributing factor to variability in cognitive performance in
addition to disease related dopamine dysfunction.

PET imaging of cognitive impairment in PD
Metabolic changes

It is well established that PD patients show a distinct pattern of brain metabolic activity
compared with healthy controls, as revealed by [18F] Fluorodeoxyglucose (FDG) PET. In
non-demented PD patients, a network modelling approach was used with [18F] FDG PET to
determine a covariance pattern that correlated with tests of memory and executive function
in PD patients (Huang et al., 2007). A PD-related cognitive pattern (PDCP) was found
characterized by reduced metabolism in frontal and parietal association areas and increases
in cerebellar and dentate nuclei metabolism compared with controls, which were not altered
by antiparkinsonian treatments (Huang et a/., 2007). This pattern indicates that these regions
may be disrupted in PD, resulting in cognitive deficits. Although this finding was not
specific for patients with impairment, similar metabolic changes have been demonstrated in
patients classified as PD-MCI. One study using [*8F] FDG PET to examine glucose
metabolism found metabolic reductions in the inferior parietal lobule and frontal lobe and
increases in pons, cerebellum and dentate nuclei of multi-domain PD-MCI patients
compared with cognitively normal PD patients and healthy controls (Huang et al., 2008).
The single domain PD-MCI group showed similar changes, although less pronounced,
occupying an intermediate stage between the PD group with normal cognition and multi-
domain MCI patients (Huang ef a/., 2008). A second study that classified patients into PD-
MCI subtypes found that single domain non-amnestic type PD-MCI had reduced glucose
metabolism in the parieto-temporo-occipital regions, whereas the multi-domain type had
more widespread parieto-occipital hypometabolism compared with normal controls (Lyoo,
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Jeong, Ryu, Rinne, & Lee, 2010). The multi-domain group also showed reduced metabolism
in the lateral frontal, cingulate and parieto-temporo-occipital cortices compared with PD
patients with normal cognition (Lyoo et al., 2010). These findings suggest that those patients
with multiple types of cognitive difficulties have more widespread brain metabolic changes,
than those patients with only one cognitive domain affected. PET imaging can also be a
useful tool for evaluating metabolic brain changes over time. A longitudinal study evaluating
glucose metabolism in non-demented PD patients at baseline found that those who converted
to dementia several years later had significantly reduced glucose metabolism in the occipital
and posterior cingulate cortices at baseline compared with controls, concluding that these
metabolic reductions are indicative of future dementia (Bohnen et a/., 2011). Therefore,
cerebral glucose metabolism can reflect disruption of various networks involved in cognitive
function in PD at baseline, and this may prove useful for identifying or differentiating
specific cognitive phenotypes.

Changes in neural activation

Cerebral blood flow changes have been measured during the performance of executive tasks
with the use of H,1°0 PET as an indirect measure of neural activation. PD patients are
thought to have abnormal basal ganglia outflow due to striatal dopamine depletion, affecting
cortico-striatal processing. There is evidence to support this in the fMRI literature as
outlined previously, and this has also been demonstrated with PET. PD patients show
reduced activation as measured with H,1°0 PET in the globus pallidus during the
performance of the Tower of London planning task (TOL) relative to control conditions,
whereas healthy controls show increased activation (Owen, Doyon, Dagher, Sadikot, &
Evans, 1998). This can be interpreted as abnormal basal ganglia outflow to cortical regions.
Abnormalities have also been detected in extrastriatal regions during this planning task,
where L-Dopa medicated patients demonstrated reduced DLPFC blood flow relative to the
OFF state during the task (Cools, Stefanova, Barker, Robbins, & Owen, 2002). This
medication-induced reduction correlated with improved performance, supporting the
hypothesis that DA medication restores functions in the dopamine depleted dorsolateral
cortico-striatal circuitry (Cools, 2001, 2006). On the other hand, there is evidence to suggest
that dopamine may actually ‘overdose’ the relatively preserved dopamine terminals in the
ventral striatum, impairing performance on tasks requiring this circuitry such as reversal
learning (Clatworthy et al., 2009; Cools, 2001; Cools, Altamirano, & D’Esposito, 2006;
Swainson, 2000). These findings are in accordance with the post-mortem evidence that DA
depletion is most severe in the putamen and dorsal caudate affecting motor function (Kish,
Shannak, & Hornykiewicz, 1988). However, over time, in certain patients, dopamine loss
may spread more ventro-medially to regions of the striatum involved in cognitive processing
(Kish et al., 1988). Thus, cognitive performance may vary depending on the level of
dopamine depletion, as well as medication state and the task being performed. In another
H,150 PET study, PD patients showed normal cortical activation, but reduced activation in
the caudate nucleus compared with healthy controls while performing the TOL task (Dagher,
Owen, Boecker, & Brooks, 2001). This demonstrated that PD patients could have normal
levels of cortical activation despite abnormal processing in the striatum. Moreover, patients
showed enhanced hippocampal activation compared with healthy controls, which could be
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representative of the recruitment of compensatory processes due to inadequate cortico-
striatal function (Dagher et al., 2001).

Neurochemical changes

PET imaging studies investigating neurochemical changes associated with cognitive
impairment in PD have also indicated the involvement of various neurotransmitter systems.
In particular, the dopaminergic and cholinergic systems have been of primary interest. PD
patients show many changes in the dopaminergic system related to cognitive function, many
of which have been demonstrated using [*8F] Fluorodopa (F-DOPA) PET, which provides a
measure of dopamine synthesis capacity. A PET study using [18F] F-DOPA found that PD
patients exhibited reduced Ki values, or dopamine synthesis in the putamen, right caudate
and left ventral striatum compared with healthy controls, which expanded to include the
anterior cingulate cortex in demented patients (Ito et a/., 2002). This suggests that
dopaminergic dysfunction in PD may progress from the nigrostriatal dopamine system to
eventually affect the mesocortical system with worsening cognition. Another [18F] F-DOPA
PET study found that PD patients right caudate [18F] F-DOPA uptake covaried significantly
with Tower of London task scores and that left anterior putamen uptake covaried with scores
on a verbal working memory task (Cheesman et a/., 2005). Similarly, another report showed
that reduced [18F] F-DOPA uptake in the right caudate nucleus was related to worse
performance on the Stroop test, which requires response inhibition, relative to healthy
controls and a similar trend was seen in the left caudate (Briick ef a/., 2001). Although
primarily involved in motor function, putaminal dopamine synthesis has also been found to
correlate with impaired performance on the Wisconsin Card Sorting task; a test of executive
function, in PD patients (Cropley et al., 2008). Together, these findings demonstrate the
relationship between nigrostriatal dopamine synthesis and cognitive performance, and
strongly implicate a role for nigrostriatal dopamine dysfunction in executive impairment in
PD. Some changes have also been seen with [18F] F-DOPA in the extrastriatal regions. In
early PD patients, cortical uptake is increased compared with healthy controls, which could
be representative of a compensatory response to diminished dopamine levels in PD (Briick,
Aalto, Nurmi, Bergman, & Rinne, 2005). This activity was found to correlate positively with
attention in the DLPFC and negatively with inhibition on the Stroop task in the anterior
cingulate and medial pre-frontal cortex (Briick ef a/., 2005), suggesting that this increased
dopaminergic activity could contribute to deficits of inhibitory control.

PET imaging in humans has demonstrated that dopamine is released during executive
processes in the striatum (Monchi, Ko, & Strafella, 2006) as well as extrastriatal regions
such as the anterior cingulate, frontal and temporal cortices (Aalto, Briick, Laine, Nagren, &
Rinne, 2005; Ko et al., 2009) with the use of radioligands that compete with endogenous
dopamine for post-synpatic dopamine receptors. Striatal dopamine release as measured by
[1C]-raclopride PET is significantly reduced in the dorsal caudate in PD patients compared
with healthy controls during the performance of a spatial working memory task requiring
executive function (Sawamoto et a/., 2008). This implies that a lack of nigrostriatal
dopamine release in the caudate, a region of the striatum involved in cognitive processes,
may result in impairment. In addition, a recent PET study using the high-affinity extrastriatal
D2/D3 receptor ligand [11C] FLB-457, found evidence of dopamine release in the right
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orbitofrontal cortex in healthy controls during the performance of an executive task, but no
such release in PD patients (Ko et al., 2012). This further supports the notion that
mesocortical DA disruption is associated with cognitive impairment in PD. There was also a
correlation between D2 receptor availability and MoCA scores for both active and control
scans in bilateral DLPFC and ACC in healthy controls, but no such correlation in PD
patients (Figure 2), suggesting a potential disruption of the mesocortical dopamine system
(Ko et al., 2012).

It is well known that degeneration of the Nucleus basalis of Meynert, the main cholinergic
nucleus of the brainstem, occurs in PD (Candy et a/., 1983). Resulting changes in the
cholinergic system of the brain have been shown to affect cognition in PD.
Acetylcholinesterase activity reductions as measured by [11C] PMP PET were shown to be
greater in PD than in Alzheimer’s disease relative to healthy controls, however, these
reductions were more pronounced in PD with dementia than non-demented PD patients
(Bohnen et al., 2003). Another study found that cortical acetylcholinesterase activity was
reduced in non-demented PD patients and more so in demented PD patients compared with
controls. These reductions were most robustly correlated with impairment on tests of
attention and working memory, but also with tests of executive function such as the Stroop
task and the Trail Making test. These reductions in acetylcholinesterase activity were
independent of motor function or disease severity, indicating the significance of
acetylcholine as a neurotransmitter involved in cognition (Bohnen et a/., 2006). These
findings also indicate that the function of acetylcholine extends to a range of cognitive
processes, and that cortical acetylcholine depletion may accompany cognitive decline. A
recent PET study assessing acetylcholinesterase activity reductions and striatal dopamine
depletion found that both of these measures were independently associated with impairments
in global cognitive function (Bohnen et al., 2012). Thus, it is likely that both brain
acetylcholine depletion as well as nigrostriatal dopamine depletion contribute to cognitive
changes seen in PD-MCI.

Imaging amyloid load with [11C]-PIB PET has been of interest in neurodegenerative disease.
However, non-demented PD patients and even PD patients with dementia do not always
show significant increases in amyloid load in the brain compared with healthy controls
(Edison et al., 2008; Jokinen et al., 2010). Therefore, more work will be needed to determine
whether or not amyloid load contributes to cognitive impairment in PD.

Although the majority of PET studies investigating cognition in PD have been focused on
the dopaminergic and cholinergic systems, the involvement of other neurotransmitter
systems such as the noradrenergic system and the serotonergic systems cannot be ruled out.
There is degeneration of brainstem nuclei producing these neurotransmitters in PD patients
(Halliday, Blumbergs, Cotton, Blessings, & Geffen, 1990), and reduced cortical levels of
these transmitters and their metabolites (Scatton, Javoy-Agid, Rouquier, Dubois, & Agid,
1983). PET studies investigating other symptoms of PD have shown receptor abnormalities
in both noradrenergic and serotonergic systems in the brain (Boileau et a/., 2008; Remy,
Doder, Lees, Turjanski, & Brooks, 2005). In addition, there is some evidence that treatments
targeting these systems may be effective (Marsh, Biglan, Gerstenhaber, & Williams, 2009).
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Future directions

Neuroimaging has greatly advanced the field of cognitive impairment in Parkinson’s disease.
Structural imaging studies have indicated that grey matter atrophy and integrity of white
matter may be important factors in contributing to cognitive decline, especially with more
severe impairment. However, as a result of conflicting evidence as to which brain regions
undergo changes affecting cognition and at what disease stage this is most relevant, further
study is needed to draw conclusions. The inconsistency in findings of grey matter atrophy in
cognitively impaired PD patients could be a result of heterogeneous samples. For those
studies gathering samples of non-demented PD patients, variability among patients in terms
of disease stage and extent of cognitive impairment could contribute to differing results. For
the studies looking specifically at PD-MCI, differing test methods and cut-offs for PD-MCI
classification could cause discrepancies between findings. For example, in the study
examining grey matter changes by Apostolova et al. (2010), the modified Petersen criteria
were used, which requires a score of at least 1.5 SD below the mean on at least one
neuropsychological test and a cognitive complaint, whereas a similar study by Weintraub et
al. (2012) used a score of between 6 and 8 on the Dementia Rating Scale 2 as criteria for
PD-MCI. Future studies will need to attempt to adhere to homogeneous criteria to minimize
discrepancies between results, as well as distinguish PD patients with normal cognition from
those with impairment to avoid heterogeneous samples.

Functional MRI and H,1°0 PET has also revealed that Parkinson’s disease patients recruit
different brain networks and show altered patterns of activation in cortico-striatal circuitry
compared with controls. Namely, PD patients either show increased or decreased activation
compared with healthy controls depending on the task they are performing and their current
medication state. Cortical activation is also affected by cortical dopamine levels, which are
in turn affected by genetic polymorphisms resulting in altered dopamine clearance. Thus,
dopamine levels have an impact on both brain activation and performance on executive
tasks. Future research should attempt to relate anatomical changes and neurochemical
changes to neural activation in order to better understand how these pathologies affect
cognitive function. PET imaging has provided valuable information regarding metabolic
changes and the role of abnormal receptor and neurotransmitter function in PD. PD patients
show a distinct pattern of brain metabolism compared with normal controls, characterized
primarily by hypometabolism in frontal, parietal, temporal and occipital regions. The reason
for differences between studies in anatomical location of hypometabolism may be due to the
classification of PD patients. Studies looking at PD patients in general may have a sample
with a very different cognitive profile than those studies that classify patients as PD-MCI
according to criteria. Now that patients with mild cognitive impairment can be distinguished
from those with normal cognition, it will be important to separate these groups in order to
maximize the power to detect changes.

There is substantial evidence for striatal dopamine depletion as demonstrated by PET studies
measuring dopamine uptake, synthesis and release as well as cortical dopamine
abnormalities contributing to executive dysfunction in PD. However, it is still not known to
what extent pathology in the individual nigrostriatal and mesocortical dopamine pathways
affect cognition. Although the dopamine system in PD has been largely represented in the
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literature, recent evidence for cholinergic involvement in cognitive impairment has changed
the view that dopamine dysfunction alone affects cognition. It is possible that relationships
between cognitive function and both dopaminergic and cholinergic abnormalities have been
found because they each have distinct roles in executive processing. However, there could
also be a combined effect of pathology in these systems contributing to cognitive
impairment in PD. Future study should look at the relative roles of these neurotransmitter
systems in PD-MCI and also attempt to relate this to cognitive performance and risk of
dementia for individual patients. More longitudinal imaging studies would be useful for
determining how pathology in these systems progresses over time and how this relates to
cognitive decline. Other neurotransmitter systems such as the noradrenergic and serotonergic
systems, as well as amyloid deposition should also be considered to determine whether these
are major factors in the development of cognitive impairment in PD.

Conclusions

Neuroimaging has provided evidence for a number of factors underlying executive
dysfunction in PD. Structural MRI has revealed that grey matter atrophy and white matter
abnormalities are associated with executive performance in PD and PD-MCI. Functional
MRI and H,150 PET have shown that PD patients have altered activation of brain networks,
which is affected by dopamine levels and consequently affects performance on executive
tasks. Genetic polymorphisms also have an impact on cortical dopamine and cognitive
performance. PET imaging studies have demonstrated distinct patterns of resting metabolic
changes in PD patients without dementia and PD-MCI related to cognitive function.
Furthermore, PET imaging has provided evidence for neurochemical changes in the
dopaminergic and cholinergic systems of the brain associated with executive impairment in
PD patients without dementia and PD-MCI. More work will be needed to determine how
structural, functional and neurochemical brain changes affect different aspects of cognition,
and the resulting outcomes associated with these changes.

With the recent development of PD-MCI as a unique subset of patients, neurocimaging will
continue to be a valuable tool. Imaging PD-MCI will enhance current knowledge, and
hopefully lead to a more cohesive understanding of the disease mechanisms underlying
cognitive impairment in PD.
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Figure from Monchi et al. (2007). Images on the upper-left demonstrate brain activation in
controls when comparing retrieval with shift versus retrieval without shift conditions in the
left ventrolateral PFC, caudate nucleus, posterior cingulate and posterior parietal corticies.
Images on the upper-right demonstrate that there is little or no activation in these regions in
the PD group. The lower part of the figure demonstrates the increased activation in controls
when comparing controls versus PD in the left DLPFC, orbitofrontal cortex and the right

ventrolateral PFC, demonstrating the lack of recruitment of these brain regions in

behavioural shifting in PD.
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A correlation analysis between [11C]FLB-
457 BP and MoCA in control group
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Figure2.
Figure from Ko et al. (2012). The image on the left demonstrates the correlation between

[11C] FLB BP and MoCA scores in the DLPFC of healthy controls. The graph below
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demonstrates extracted BP values from the significant cluster plotted against individual
MoCA scores, confirming a positive correlation. On the right, the image demonstrates no

significant correlation between [11C] FLB BP and MoCA in PD patients, indicating a
disruption of normal DLPFC function.
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