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Abstract

Cogpnitive decline is common in Parkinson's disease (PD), even in the early motor stage, and this
non-motor feature impacts quality of life and prognosis tremendously. In this article, we discuss
marker candidates for cognitive decline in PD from different angles, including functional and
structural imaging techniques, biological fluid markers in cerebrospinal fluid, and blood genetic
predictors, as well as gait as a surrogate marker of cognitive decline. Specifically, imaging-based
markers of cognitive impairment in PD include cortical atrophy, reduced cortical metabolism, loss
of cortical cholinergic and frontal dopaminergic function, as well as an increased cortical amyloid
load. Reduced B-amyloid(1-42) in cerebrospinal fluid and lower plasma levels of epidermal
growth factor are predictors for cognitive decline in PD. In addition, genetic variation in the
apolipoprotein E (APOE), catechol-O-methyltransferase (COMT), microtubule-associated protein
tau (MAPT), and glucocerebrosidase (GBA) genes may confer risk for cognitive impairment in
PD; and gait disturbance may also indicate an increased risk for dementia. Other marker
candidates have been proposed and are discussed. All of the current studies are hampered by gaps
in our knowledge about the molecular causes of cognitive decline, which will have to be
considered in future biomarker studies.
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The point prevalence of dementia in patients with Parkinson's disease (PD) is 25%, and it
rises to 80% in patients who live for > 20 years with the disorder.1:2 Cognitive decline in PD
worsens the patient's prognosis more than any other non-motor symptom. A prognostic
marker delineating the probability for those patients at risk for cognitive decline would be of
utmost importance. How can biomarkers help us to identify patients at risk for cognitive
decline in PD? In this review, we summarize the current knowledge on imaging,
cerebrospinal fluid (CSF), and blood proteins as well as genetic factors and the impairment
of gait/postural instability as risk markers for cognitive decline in PD.

Imaging Dementia in Parkinson's Disease

Dementia in PD (PDD) is characterized both by a dysexecutive syndrome, which probably
reflects striato-frontal dysfunction due to loss of dopaminergic projections, and also by the
impairment of visuospatial capacities, attentional control, and short-term memory, probably
due to loss of cholinergic function and local cortical Lewy body disease targeting the
cingulate and posterior association areas.3 Microglial activation and incidental Alzheimer's
disease (AD) or vascular pathology can also have an influence. Neuroimaging can help
clarify the role of these factors in the development of PDD. Currently, we do not have an
imaging marker for a-synuclein (aSyn) aggregation, which is the characteristic pathology of
PD, although possible candidates include radiolabeled diphenylpyrazoles. Therefore,
imaging has been used to detect the structural, metabolic, and pharmacological
consequences of this pathology.

Structural Magnetic Resonance Imaging Studies

Voxel-based morphometry (VBM), a magnetic resonance imaging (MRI) technique that
localizes signifi-cant changes in regional tissue volume or density between groups of
individuals at a voxel level, detects significant posterior cortical atrophy in patients who
have PD with mild cognitive decline (MCI).* As the patients progress to develop frank
dementia (PDD), the volume loss becomes more severe, targeting the hippocampus, the
medial temporal lobe and parahippocampus, the cingulate gyrus, and frontal association
areas.® This gray matter loss correlates with motor disability and impairment of cognitive
functions. VBM can also detect cortical volume changes in patients who have PD without
dementia, and it has been reported that loss of frontal volume is correlated with poor
performances on the lowa Gambling Task and the facial expression recognition task.5

Diffusion tensor imaging measures the directionality (anisotropy) and magnitude
(diffusivity) of water molecule flow in tissues. Damage to neuronal tracts results in reduced
fractional anisotropy and increased mean diffusivity. Non-demented PD patients may show
diffusion abnormalities in the posterior cingulate and hippocampus, even in the absence of
volume loss.” Levels of raised diffusivity correlate with cognitive performance on tests of
memory, suggesting that diffusion tensor imaging could be used to predict the risk of later
dementia in PD in the absence of overt atrophic changes.
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Functional Imaging of Glucose Metabolism

18F_deoxyglucose (FDG)-positron emission tomography (PET) images show a consistent
pattern of reduced regional cerebral glucose metabolism (rCMRGIc) in AD that begins in
the posterior cingu-late, parietal, and temporal association regions and later spreads to the
prefrontal cortex. A similar pattern is observed in patients with PD who develop later
dementia, although the occipital cortex shows more severe hypometabolism, possibly
explaining their greater tendency to develop hallucinosis.® Yong and colleagues® compared
patterns of glucose metabolic reductions in patients with PD, in patients with PDD who had
late dementia, and in patients who fulfilled consensus criteria for dementia with Lewy
bodies (DLB). Compared with normal controls, patients with PDD and DLB had very
similar patterns of hypometabolism targeting the parietal lobe, occipital lobe, temporal lobe,
frontal lobe, and anterior cingulate. These two syndromes were only discriminated
metabolically by a greater involvement of the cingulate in DLB. Compared with patients
who had AD, there was a greater reduction in glucose metabolism in the anterior cingulate
and occipital of patients who had DLB. Mild cognitive decline in PD is associated with a
lesser degree of hypometabolism of the posterior parietal temporal cortex and cingulate.
Non-demented PD patients have an abnormal profile of glucose metabolism, with relatively
increased FDG-PET lentiform metabolism and with relatively reduced temporal, parietal,
and frontal metabolism.19 This profile has been termed the PD-related profile, and its
expression correlates with disease severity. Absolute values of cortical metabolism still may
remain in the normal range in non-demented PD; however, in one series, one-third of PD
patients individually exhibited either right or left posterior parietal tCMRGlIc values that fell
more than two standard deviations below the normal mean.1! The underlying cause of the
temporoparietal dysfunction in non-demented PD patients could reflect either the presence
of occult primary cortical Lewy bodies or Alzheimer pathology, or it may be secondary to a
loss of cholinergic or monoaminergic input. Early metabolic reductions in visual association
areas and the posterior cingulate cortex in PD appear to be markers of progression to later
dementia. Of 23 patients with PD who underwent FDG-PET studies at baseline and again
after 4 years of follow-up?? six patients (26%) developed dementia, and all of those PDD
converters had significant occipital and posterior cingulate hypometabolism at baseline
compared with controls.

Functional MRI can be used to assess functional connectivity changes in the brain. Blood
oxygenation level-dependent (BOLD) MRI sequences are used to detect brain regions that,
although anatomically separated, exhibit slow, synchronized oscillations of blood
oxygenation in the resting state. Such resting state networks include the default mode
network, which probably mediates attention. Compared with patients who have PD, those
who have PDD exhibit significant alterations in resting connectivity between the frontal and
parietal cortices.13

Functional Imaging of Dopamine Transporter

lodine-123 (1231)-N-omega-fluoropropyl-2beta-car bomethoxy-3beta-(4-
iodophenyl)nortropane (1231-FP-CIT) single photon emission computed tomography
(SPECT) (DaTSCAN; GE Healthcare, Port Washington, NY), an in vivo marker of
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dopamine transporter binding, has been used to discriminate DLB from AD based on the
detection of reduced putamen dopamine terminal function in the former. SPECT provided a
sensitivity of 100% and a specificity of 100% for discriminating DLB from AD, whereas
initial clinical impression provided a specificity of only 42% taking eventual autopsy
findings as the standard of truth.14 Reduced caudate dopamine transporter uptake in the less
affected hemisphere appears to provide a powerful approach for predicting cognitive decline
in patients with de novo PD.1%

Although striatal dopamine terminal dysfunction is a hallmark of DLB and PDD, loss of
mesolimbic and mesocortical dopaminergic function is likely to be more relevant to PDD.
This has been investigated with [18F]-L-dihydroxyphenylalanine (8F-dopa) PET, a marker
of aromatic amino acid decarboxylase activity and dopa-mine storage capacity by the axonal
terminal plexus. Using 18F-dopa PET and statistical parametric mapping, Ito and colleagues
assessed changes in dopaminergic function in PD patients with and without later dementia
who were matched for age, disease duration, and disease severity.16 Compared with the PD
patients, the PDD patients had a 20% reduction in 18F-dopa uptake bilaterally in the ventral
striata and the anterior cingulate. Klein and colleagues also observed extensive frontal
dopamine loss in PDD and DLB compared with PD.17 These findings confirm that dementia
in PD is associated in part with impaired mesolimbic, mesocortical, and ventral striatal
dopaminergic function.18

Functional Imaging of the Cholinerigic System

The SPECT tracer 123|-iodobenzovesamicol (123I1BVM), a marker of acetylcholine vesicle
transport, detects cholinergic deficiency. Patients who have PD without dementia exhibit
selectively reduced binding of 123]-BVM in parietal and occipital areas, whereas patients
who have PDD and AD exhibit globally reduced cortical binding.18 Levels of acetyl
cholinesterase (AChE) activity can be studied in PD with and without dementia using the
selective PET substrates N-[11C]methylpiperidin-4-yl acetate (}1C-MP4A) and 1-
[11C]methylpiperidin-4-yl propionate (1C-PMP). Cortical 11C-MP4A uptake was reduced
by 11% in PD but by 30% in PDD.19 No significant difference was noted in the level or
extent of 11C-MP4A reductions in a comparison between PDD and DLB.17 Using 11C-PMP
PET, a significant correlation was noted between levels of cortical AChE activity in a
combined group of PD and PDD patients and their performances on a battery of attentional
and executive tests.20 Interestingly, levels of cortical AChE deficiency did not appear to
correlate with the degree of limb disability related to scores on the motor part of the Unified
Parkinson's Disease Rating Scale (UPDRS) These imaging findings strongly validated the
use of AChE inhibitors in PDD.

Visualization of Specific Pathologies

Radioligands are now available and some are licensed to image B-amyloid (AB) deposition
in dementias. AB plaques and neurofibrillary tangles are the pathologic hallmarks of AD,
and postmortem studies suggest that incidental Ap deposition may occur a decade before the
clinical symptoms of dementia. Because the prevalence of AD pathology is increased in PD,
these PET ligands afford an opportunity to investigate the role of amyloid in PDD and
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DLB. 11C-PIB is a neutral thioflavin that, in AD brain slices, shows nanomolar affinity for
neuritic AB plaques but low affinity toward amorphous, diffuse AP deposits; intracellular
neurofibrillary tangles; and Lewy bodies.?

A majority of DLB patients show increased cortical 11C-PIB binding, which approaches the
levels seen in AD.22:23 This suggests that, in fact, DLB is a dementia associated with both
Lewy body pathology and amyloid pathology, explaining its aggressive nature. Patients with
PDD, in contrast, have a reduced prevalence of amyloid plaques and lower levels of

cortical 11C-PIB binding than patients with DLB (Fig. 1).22:24 This finding suggests that the
dementia of PDD is more likely to be related to specific aSyn pathology rather than only
dual pathology, in agreement with postmortem observations.2526 However, others have
suggested that the neuropathological correlate of PDD is a combination of different
pathologies rather than the severity of any single pathology.2’ Finally, it has been proposed
that, in PDD and DLB, the presence of amyloid acts as a trigger for dementia but does not
directly determine its nature.28 Incidental amyloid can be detected on occasion in older
patients with PD,23 and it has been reported that non-demented PD patients who have raised
cortical amyloid levels have a faster cognitive deterioration than patients who are amyloid-
free at baseline.29

Similar to the manner in which 11C-PIB binding provides a marker for AB deposits,
scientists hope to be able to visualize the distribution of aSyn in the brain with specific
tracers, which currently are being developed. This endeavor is challenged by the lower
abundance of aSyn in the brain and the need for ligands to pass a cell membrane to detect
the intracellular aggregates. Possible candidates in trial are diphenylpyrazoles, which
disaggregate aSyn in vitro and cross the blood-brain barrier. aSyn and tau protein
radioligands like 18F-T807 will be of major importance in the future.30

Functional Imaging of Activated Microglial Activation

The activation of microglia is a nonspecific inflammatory response to brain injury. These
activated cells are able to promote brain function by releasing growth factors, walling off
necrotic tissue, and stripping and remodeling synapses.3> However, there is cumulative
evidence suggesting that, in chronic neuro-degenerative diseases, activated microglia also
may cause neuronal death and promote further neurode-generation through the release of a
variety of cytokines and other neurotoxic factors. The isoquinoline [11C](R)-(1-[2-
chlorophenyl]-N-methyl-N-[1-methylpropyl]-3-isoquinoine carboxamide (11C-[R]-PK11195
PET) is a selective, in vivo marker of activated microglia. The 18-kDa translocator protein
(TSPO) is expressed on the mitochondrial membranes of activated (but not of resting)
microglia and has a binding site for 11C-(R)-PK11195. Two studies have reported
significant increases in 11C-(R)-PK11195 binding in both striatal and extrastriatal regions
(mainly in the frontal and temporal cortices) in PD patients compared with normal
controls.32:33 Since the publication of those studies, levels of striatal microglial activation
have been correlated with disability rated according to the motor part of the UPDRS,
whereas frontal microglial activation has been associated with impaired verbal fluency.34
Edison and colleagues3® have reported that PDD patients have more extensive microglia
activation than nondemented PD patients, with significantly increased 11C-(R)-PK11195
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binding observed in the anterior and posterior cingulate; striatum; and frontal, temporal,
parietal, and occipital cortical regions compared with normal controls. In addition, in
patients with PDD, cortical microglial activation is inversely correlated with Mini-Mental
State Examination scores, suggesting that neuroinflammation may contribute to cognitive
impairment in these patients.

Biological Fluids: CSF Biomarkers for Cognitive Impairment in PD

Eighty percent of CSF proteins are physiologically derived from the peripheral blood across
the blood-CSF barrier. The remaining 20% of these proteins are synthesized within and
released by resident cells of the CNS by active secretion, normal attrition, cell injury, or
neural death.38 Because brain cell-derived proteins play an important role in the composition
of CSF, it has been demonstrated that cellular and biochemical alterations of the brain
metabolism will exhibit distinct alterations in the CSF proteome (Fig. 2).

AP peptides
AP peptides are important for neuronal information processing and are major constituents of
amyloid plagques deposited in the brains of patients with, eg, AD and DLB.37:38 Decreased
levels of the AB fragment 1-42 (AB1-42) in CSF are inversely correlated with in vivo
amyloid imaging load, as in AD.39 However, in other neurodegenerative diseases, decreased
AP1-42 levels also have been described as independent from the amyloid plaque load and,
thus, are considered rather nonspecific.40 Amyloid plaques occur often in DLB, in which
decreased AB1-42 levels in CSF also are observed; these levels reportedly were normal or
slightly decreased in PD patients compared with controls.*! The CSF AB1-42 levels in PD
were correlated with pattern recognition memory and scores on the Montreal Cognitive
Assessment in the Incidence of Cognitive Impairment in Cohorts with Longitudinal
Evaluation-Parkinson's Disease (ICICLE-PD) study#? and tended to be lower with longer
disease duration and cognitive decline.#344 One study demonstrated a more pronounced
decrease of CSF AB1-42 levels in patients with PD who had a more rapid cognitive decline
using follow-up neuropsychological testing.#> Studies on longitudinal neuropsychological
testing and CSF sampling are under way.

Other fragments, like Ap1-40, AB1-38,6 and a post-translationally modified, oxidized form
of AB1-40 that contains a-helical structures,*’ have exhibited interesting patterns in PD,
PDD, and DLB. This may point toward a specific pathophysiological metabolism, but it
needs further clarification and study by an independent group.

Tau protein

The major constituent of neurofibrillary tangles is the natively unfolded phosphoprotein tau.
In human diseases with filamentous deposits (eg, AD), tau protein becomes
hyperphosphorylated, which is an early event that precedes filament assembly.*8:49
Alternative splicing of exons of the tau gene (microtubule-associated protein tau [MAPT])
results in different isoforms. The imbalance of the tau isoforms with three (3R-tau) or four
(4R-tau) microtubule-binding repeat domains is an important factor for the pathogenesis of
neurodegeneration.>? Elevated CSF tau protein levels are increased in patients with AD20:21
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but also can be observed in diseases with (rapid) neuronal cell loss independent from tau-
related pathology.2921 CSF tau protein, therefore, is not specific for tau-related disorders
but, rather, is a marker for neuronal cell loss in general.51:52

Total tau protein levels can help to discriminate PD and PDD from AD>3; however,
compared with controls, the differences in CSF tau protein concentrations in PD and PDD
are marginal.3 In DLB, CSF tau protein is lower compared with AD and higher compared
with PD and PDD.%*

Because hyperphosphorylation of tau protein promotes its aggregation into neurofibrillary
tangles, the quantification of phosphorylated tau protein in CSF may serve as a specific
marker for AD.%® In DLB, the neuropathological overlap with AD involves the
phosphorylation of tau protein, but to a lesser extent.%6:57 Some CSF studies have reported
better specificity for the discrimination of PD/PDD from AD by using CSF tau protein
phosphorylated at threonine 181 rather than total tau protein.>® A novel, sensitive assay for
the quantification of 3R-tau and 4R-tau in CSF revealed a disease-specific pattern in PD and
in other neurodegenerative diseases with dementia.>®

Full-length aSyn, the major constituent of Lewy bodies, has been detected in biological
fluids, including plasma, conditioned cell media, and CSF.89:61 There are discrepant
findings by various investigators, who used several different platforms and standard
operating procedures, as well as a tremendous overlap of values, but the majority of
investigators demonstrated a reduction of CSF total aSyn in the synuclein-related disorders
PD, DLB, and multiple system atrophy.62-64 A large multicenter study recently confirmed
the decrease in CSF aSyn among patients who had early, drug-naive PD compared with
healthy controls.55 Interestingly, patients who had PD with a tremor-dominant (TD) form
had higher levels; whereas those who had a more severe, akinetic, rigid form (postural
instability and gait disorder [PIGD]) had lower levels. Also, a subgroup of PD patients
exhibited a CSF protein pattern similar to that observed in AD. Further follow-up
investigations, including longitudinal sampling and cognitive testing, will provide insight
into the robustness of this finding and help determine whether these CSF markers also may
serve as markers of motor and/or cognitive progression.

In AD, CSF aSyn studies have demonstrated elevated levels,56 which may be the result of
synergistic interactions between a.Syn and Aa/tau as well as synaptic 10ss.67 Studies on
post-translational modified forms of aSyn (eg, oligomers and phosphorylated aSyn) have
been reported®8:69 but need independent validation and analyses that include cognitive
profiling.

Biological Fluids: Blood-Based Biomarkers for Cognitive Impairment in PD

Although CSF as a source of informative markers in PD is conceptually attractive because
of the proximity to the brain, CSF proteins face significant barriers to widespread translation
into clinical use as biomarkers. Specifically, CSF sampling requires relatively high
invasiveness; CSF is prone to contamination by blood during sampling; and protein
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concentrations are low in CSF, leading to variability that is inherent in the measurement of
low-abundance analytes. These considerations have led to efforts to identify markers in the
blood, which is a much more easily assayed biofluid. Below, we discuss genetic risk factors
and blood-based protein biomarkers for cognitive impairment in PD.

Epidermal growth factor

The level of plasma epidermal growth factor (EGF) was identified as a potential biomarker
for cognitive impairment in PD after emerging from a screen of 102 plasma proteins.’? In
the initial report, lower plasma EGF was correlated with poorer cognitive performance in a
cross-sectional cohort of patients with PD, and it also predicted a higher rate of conversion
to dementia in a subset of patients with PD that was followed longitudinally.”® An
independent group of investigators subsequently reported the association of low EGF levels,
this time measured in serum, with both poorer cognitive performance and future cognitive
decline in early PD.”1

Other marker candidates in blood, CSF, and other biofluids

Lower serum urate levels have been correlated with an increased risk for PD in multiple
cohorts (reviewed by Cipriani et al.”2), and at least one group also reported a potential
correlation with an increased risk for domain-specific cognitive impairment in PD.”3 In
addition, higher plasma homocysteine levels reportedly were associated with depression and
with poorer cognitive performance in PD.”* Other marker candidates, eg, serum heart-type
fatty acid binding protein (HFABP), have been reported as potential diagnostic markers for
Lewy body dementia in small cohorts.”® At this time, these blood-based markers, as well as
other CSF marker candidates, need further validation in other cohorts. In addition, efforts to
develop assays that are more robust and more sensitive, possibly based on other technical
methods (eg, antibody-independent methods), are under way.

Increasing numbers of studies also have explored peripheral and more accessible body fluids
as potential biomarker sources. In fact, after aSyn pathology was identified in
submandibular salivary glands,8 a recent study identified aSyn in saliva as a possible
biomarker.””

Genetic Risk Markers of Cognitive Impairment in PD

Apolipoprotein E

Genotype of the apolipoprotein E (APOE) gene is the most extensively studied potential
genetic risk factor for cognitive impairment in PD. APOE has three common alleles,
designated €2, €3, and €4. In non-PD populations, it is widely known that APOE genotype
confers risk for cognitive impairment. Particularly in AD, the association of the e4 allele
with the risk for dementia has been established for two decades (reviewed by the American
College of Medical Genetics/American Society of Human Genetics Working Group on
ApOE and Alzheimer Disease’8).

In PD, several cross-sectional analyses have evaluated the association of the APOE
genotype with cognitive impairment and dementia. Whereas several large cohorts
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demonstrated a significant enrichment of €4 allele carriers in PD patients with dementia
(PDD) relative to PD patients without dementia,”80 other studies either failed to find such
an €4 allele effect®1-83 or found an association of the €2 allele with PDD instead.84 A meta-
analysis of these and other studies supported the enrichment of APOE €4 allele carriers in
PDD versus PD without dementia,® although the effect was modest (odds ratio, 1.74)
compared with what was observed in AD. In addition, reconciliation of these conflicting
data may lie in the findings of a longitudinal study, suggesting that PD 4 allele carriers
have a faster rate of cognitive decline.88 Whether the modest effect of the APOE €4 allele in
conferring an increased risk for dementia among PD patients is mediated through APOE
effects on AD pathogenic pathways or through Lewy body disease-specific pathways
remains to be determined.

Catechol O-methyltransferase gene

The catechol O-methyltransferase (COMT) gene encodes one of the main enzymes involved
in the degradation of catecholamines, including dopamine. Within the coding region of the
COMT gene, a common single nucleotide polymorphism (SNP) results in a methionine-to-
valine change at amino acid position 158 (met158val). The valine (val) variant exhibits an
overall increase in enzyme activity compared with the methionine (met) variant, which, in
turn, may be responsible for alterations in cognitive performance. Whereas carriers of the
COMT met allele reportedly demonstrated impaired performance in frontal executive
function tasks,8” possibly dependent on an interaction with dopaminergic medication,8
other groups have not been able to replicate this association.86

MAPT and tau haplogroups

The MAPT gene encodes the microtubule-associated protein tau, a 16-exon gene on
chromosome 17 that is found in two major haplogroups, termed H1 and H2. The H2
haplogroup represents an inversion of a 900-kb region containing MAPT as well as
neighboring genes, is rarely found outside of individuals of European ancestry, and is
believed to have arisen from a single founder. The H1 haplogroup is associated with an
increased risk for a number of neurodegenerative disorders (reviewed by Pittman et al.8).
An association of the MAPT H1 haplogroup with cognitive impairment and dementia in PD
also has been reported,C and other groups have subsequently replicated this association.%!

Glucocerebrosidase

It has been demonstrated that heterozygous mutations in the glucocerebrosidase (GBA) gene
are a major risk factor for PD.%2 Homozygous mutations in glucocerebrosidase, an enzyme
involved in the glycolipid metabolism, have long been known to cause the lysosomal storage
disorder Gaucher's disease. Intriguingly, PD patients with GBA mutations may be more
likely to develop cognitive impairment and dementia than PD patients without GBA
mutations,®2-%4 although this link remains to be definitively established.

Numerous studies have evaluated the contribution of variants or mutations in APOE, COMT,
MAPT, and GBA to the risk for cognitive impairment in PD. Although there are conflicting
reports for all of these genes, the preponderance of the data suggests that a modestly
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increased risk for cognitive impairment is conferred by the APOE €4 allele, the COMT met
variant, the MAPT H1 haplogroup, and mutations in GBA.

Gait as a Surrogate Marker for Cognitive Impairment

Gait is considered an important indicator of overall health, and poor gait performance is
associated with greater mortality, morbidity, and fall risk.%° For the past decade, the notion
that safe and effective gait is due solely to an intact motor system has given way to a more
complex model that reflects the cognitive control of gait.% Safe and independent negotiation
of complex environments encountered in real-world settings requires the integration of
external sensory information with neural networks involving cortical, subcortical, brainstem,
and spinal cord structures.%”%8 Some of these share common substrates with cognition.%°
The link between cognition and gait has focused attention on gait measurement and what it
can reveal about future cognitive states, particularly its role in identifying and predicting
cognitive risk factors.

Association Between Gait and Cognition in Ageing

In cognitively normal, older adults, there is a robust association of gait speed and gait
variability (for a review of gait characteristics, see Lord et al.190) with executive function,
attention, and (to a lesser extent) memory and visuospatial function.101-104 The association
becomes more emphatic under dual-task conditions, which sensitize the relationship
between gait and cognition, particularly in MCI and dementia (for review, see Amboni et
al.99). Although cross-sectional studies highlight the relationship between gait and
cognition, longitudinal studies support the role of gait as a surrogate marker of cognitive
decline. In community-dwelling, older adults, there is evidence that gait impairment both
precedes9® and predicts cognitive decline, 101106 MCI, and different subtypes of
dementia.1% Importantly, it seems that gait may be more sensitive than cognitive tests for
detecting cognitive decline.101

Association Between Gait and Cognition in PD

The evidence for gait as a surrogate marker for cognitive decline in movement disorders is
limited to PD. Cognitive impairment presents early in PD,197 and progression to dementia in
PD is complex and heterogeneous, with impairments in attention, executive and visuospatial
domains, and memory.108-110 Early work demonstrated that a motor phenotype associated
with disturbance of gait and posture (PIGD; categorized using the UPDRS) was a risk factor
for cognitive impairment and subsequent dementia.111-113 Cognitive domains (executive and
visuospatial function) were selectively associated with the PIGD phenotype,114 and this was
evident even in early PD.115 Quantitative gait analysis is potentially a more sensitive tool
than motor phenotype to predict cognitive risk. In PD, independent associations of executive
function and attention with gait speed and variability}16-119 are found; these associations
strengthen under dual-task conditions in more advanced disease®® and support the potential
for gait analysis as a cognitive marker. The relationship between different gait
characteristics and MCI in PD has received less attention. However, a recent study found
that gait was more significantly impaired in PD with MCI, and gait instability was
specifically related to visuospatial impairment.229 Longitudinal studies are lacking, although
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one recent report shows promise in this respect, demonstrating that gait speed is a more
sensitive predictor of decline in attention than baseline attention in early PD (Fig. 3).100
Relatively few studies have used a broad range of gait or cognitive outcomes. Therefore, the
selective relationship and temporal course of gait and cognitive decline and predictive
validity is yet to be determined. Studies are urgently needed to explore the predictive
validity of gait as a marker of risk of cognitive decline and dementia.

Relationship of Gait With Biomarkers of Cognitive Decline

Summary

Gait disturbance in PD shares neurochemical, pathological, structural, and genetic
relationships with cognitive risk factors.108 It is believed that gait disturbance associated
with the PIGD motor phenotype and dementia is underpinned by a common neuro-chemical
deficit in cholinergic function.112 Recent studies indicate that comorbid cortical cholinergic
denervation is a more robust indicator of reduced gait speed in PD than nigrostriatal
denervation alonel?1; whereas, in early PD, cholinergic function (estimated using short-
latency afferent inhibition) is independently associated with gait.122 Disturbed Aa.
metabolism, a pathological risk factor for dementia, is associated with the PIGD phenotype
in PD with advanced disease and increased dementia risk'23 and in early de novo PD.65.124
Brain imaging highlights shared structural correlates of gait and cognitive
impairment.97:99.125 Finally, shared genetic determinants of gait and cognition have also
been identified in older adults for COMT and APOE,126.127 although this is still to be
determined in PD. Combined with evidence in older adults that gait changes may precede
cognitive decline, these findings add validity to the role of gait as a surrogate marker of
cognitive impairment. Longitudinal follow-up is required to explore the temporal
relationship between these risk factors and their sensitivity and specificity.

Gait measures relate to different features of gait control in the same way that different
cognitive tests relate to different aspects of cognitive function. The sensitivity of a range of
gait characteristics to different cognitive functions is emerging, suggesting that a
comprehensive approach is warranted.190 Adopting a more consistent, theoretical approach
that captures a broad range of characteristics reduced to robust, independent gait domains
will allow independent functions of gait to be explored with respect to cognitive function,
which ultimately will be a more useful approach. This will enhance our understanding of the
sensitivity and specificity of gait as a surrogate marker of cognitive impairment and
dementia. Quantitative gait analysis is noninvasive and low-cost; moreover, the
development of body-worn sensors is allowing measurement of gait to move from the
laboratory to the clinic and home, increasing its utility. Further research to refine the role of
gait as a surrogate marker for risk of cognitive impairment and dementia is required, and
recommendations for future research are identified. Given the complexity of cognitive
decline and dementia in movement disorders, gait may have an important place in a battery
of marker candidates.
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Other Marker Candidates for Cognitive Decline in PD

Other marker candidates in addition to those mentioned above have been proposed for
cognitive decline in PD. In particular, oscillatory slowing in magnetoencephalography,128
short-latency afferent inhibition by conditioning motor-evoked potentials, 2% lower mean
frequency and higher variability in electroencephalogram (EEG),30 as well as low
background rhythm frequency in quantitative EEG,13! the presence of rapid eye movement
(REM) sleep behavior disorder (RBD) by polysomnogram,132 and pronounced hyposmia
identified with the odor stick identification test!33 and the self-administered University of
Pennsylvania Smell Identification Test (UPSIT)134 either have been associated with or even
have predicted cognitive decline in PD.

Conclusion

Optimal biomarkers reflect alterations of the underlying pathophysiology proximal to the
disease. Here, we have summarized the current knowledge on imaging, CSF/blood, genetic,
and clinical markers for cognitive decline in PD. All studies are hampered by too little
knowledge about the underlying pathophysiological and molecular cause of cognitive
decline in PD. It s still unclear how AD pathology, Lewy bodies, and other factors (eg,
genetic variants, vascular changes) contribute to cognitive decline in PD135 and whether, eg,
presynaptic aSyn aggregates and synapse rarefication, rather than Lewy bodies, promote
cognitive decline.28 Due to these challenges, a single marker is unlikely to represent all
specific and sensitive indicators to identify patients with PD who are at risk for cognitive
decline/dementia (marker of trait), to indicate the manifestation of a dementia (marker of
state), to signal the speed of the progression of cognitive decline (marker of rate), and to
predict its further course (marker of fate). Although the imaging markers are helpful as
markers of state and trait, genetic markers and gait evaluation can also be useful as markers
of trait; and, in the future, biological fluid markers hopefully can be used as markers of trait,
rate, and fate. Future biomarker candidates will rely on increasing knowledge of disease
stratification (including disease endophenotyping) as well as an understanding of cognitive
decline in PD at the patho-physiological and molecular levels.
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PD+dem DLB

FIG. 1.
(11)C-labeled Pittsburgh Compound B (11C-PIB) positron emission tomography images are

normal (left) in a patient who has Parkinson's disease with dementia (PD1dem) but show
raised amyloid levels (right) in a patient who has dementia with Lewy bodies (DLB).
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Neurofibrillary Imaging

_tangle Amyloid
- 1 Plaque
B> ' Load

Alzheimer's
Disease

>

-

Amyloid plaque

Dementia with
Lewy Bodies

PDD
PD-MCI
Parkinson's
Disease

[ synuclein

FIG. 2.
Schematic summary (modified from Weinrich et al.136) of the most frequent and known

pathomorphologic characteristics of Alzheimer's disease, dementia with Lewy bodies, and
Parkinson's disease with dementia (PDD) shown with the respective patterns in
cerebrospinal fluid (CSF) and with B-amyloid (AB) nuclear imaging. Shown are
neurofibrillary tangle (top left) (immunohistochemistry reaction with the antibody AT-8
against hyper-phosphorylated tau protein), amyloid plaque (middle Ieft) (Bielchowsky
staining), and Lewy body (bottom left) (immunohistochemistry reaction with antibody
LB-509 against a-synuclein [aSyn]). PD-MCI indicates Parkinson's disease with mild
cognitive impairment.
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FIG. 3.
Changes in the power of attention (PoA) over 18 months (a positive value means attention

has worsened) since diagnosis are illustrated in 58 patients with idiopathic Parkinson's
disease (mean age 6 standard deviation, 67.4 = 10.6 years; 31 males, 21 females; Unified
Parkinson's Disease Rating Scale motor part score [mean + standard deviation], 10.6 + 9.8;
tested at peak dose of levodopa medication [controlling for baseline attention]). A slow
walking speed at baseline predicted greater worsening of attention 18 months later,
particularly for those who walked slowly (less than 1 ms™2) (from Lord et al., 2013100,
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