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Editorial on the Research Topic
Neuroimaging of Cognitive and Neuropsychiatric Symptoms in Movement Disorders

Movement disorders are relatively frequent neurological disorders that can have a profound impact
on the patients’ quality of life. Examples of movement disorders are Parkinson’s disease (PD) and
Huntington’s disease (HD). Even though they are best known for its cardinal motor symptoms,
most of the patients show concomitant cognitive or neuropsychiatric disturbances, which can be as
debilitating as motor symptoms and have, unfortunately very limited therapeutic options.

The pathological hallmarks of PD and HD are, respectively, subcortical dopaminergic depletion
due to substantia nigra degeneration and caudate atrophy due to aggregation of mutant huntingtin.
These are responsible for the characteristic motor symptoms observed in the patients. Conversely,
the origin of non-motor symptoms in PD or HD is not fully understood. For many years, it was
assumed that they were a mere consequence of the inherent subcortical damage occurring in
these disorders.

However, it is now clear that early cortical—and not only subcortical—damage occurs in these
disorders, playing in turn a key role in the development and severity of cognitive and behavioral
disturbances. Nonetheless, the neuropathological processes leading to cortical degeneration in
movement disorders remain elusive, and are likely to differ from those leading to subcortical
damage. Therefore, a precise understanding of these processes and its association with non-motor
symptoms is urgently needed to design optimal therapeutic strategies.

In this context, neuroimaging techniques have played a key role in unraveling not only the
presence of cortical damage and its association with non-motor symptoms, but also contributing
to our understanding of its pathological origin. This Research Topic succeeded at providing high
quality contributions in this research field. Here, a brief introduction to the 11 accepted papers is
given. We refer the readers to the papers in this topic and the references therein for more details.

Martin-Bastida et al. provided an excellent review of the imaging alterations underlying
cognitive impairment and impulse control disorders in PD, highlighting its potential use as
diagnostic, prognostic or monitoring indicators.

In PD, beta-amyloid aggregation has been suggested to be one of the possible pathological
entities contributing to cortical damage and cognitive decline. However, whether amyloid
pathology is an inherent process in PD or rather reflects concurrent co-morbid Alzheimer’s disease
(AD) pathology, has not been fully elucidated. In fact, contradictory results have been published
in this context. The fact that Melzer et al. were unable to find an association between amyloid PET
and cognitive performance in a PD sample suggest that, at least, that amyloid pathology would not
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be the primary driver of cognitive impairment and dementia in
most PD patients. This hypothesis was further reinforced by the
findings of Antonini et al.

Genetic risk factors such as the MAPT H1H1 haplotype have
also been related to cognitive impairment in PD, and Sampedro
et al. showed that this genetic variant is also associated with
cortical gray matter loss. It should not be overlooked that age
is a constant and strong risk factor cognitive disturbances in
PD. The specific mechanisms involved in this association were
assessed by Nagano-Saito et al. using resting-state fMRI data,
unraveling the a pattern of hub alterations and compensatory
mechanisms associated with age in PD. Resting-state data
also revealed an important contribution of cerebelo-cortical
connectivity to cognitive dysfunction in PD (Palmer et al.). Motor
symptom lateralization in PD also appeared to modulate cortico-
striatal connectivity (Su et al.), which is known to influence the
development and severity of cognitive and behavioral symptoms
in PD.

Neuropsychiatric disturbances such as depression, apathy,
hallucinations, impulse control disorders or irritability are also
very common in movement disorders. They are especially
frequent and severe in Lewy body dementia (DLB), which
presents with the prototypical motor symptoms of PD but
accompanied by severe and concomitant neuropsychiatric and
cognitive dysfunction. Jaramillo-Jimenez et al. highlighted the
important role of the amygdala in the development and
trajectories of neuropsychiatric symptoms in DLB patients.

Subcortical deep brain stimulation in the subthalamic nucleus
(STN) has been established as a highly-effective therapy for
advanced Parkinson’s disease. However, as Liu et al. showed, even
though STN stimulation has shown clear benefits in terms of
improving motor symptoms, they have also a detrimental impact
on non-motor symptoms with significant impact in quality of life.

HD is a genetic neurological disorder in which patients
experience progressive motor, cognitive, and neuropsychiatric
alterations, resulting in a devastating loss of functional
independence around the fourth decade of life. Even though
the genetic alteration underlying HD is well-known, there

is significant heterogeneity in the symptomatic trajectories
across patients. For instance, it is currently unknown why
some HD patients present with early and severe cognitive
and neuropsychiatric disturbances, even in the absence of
pronounced motor symptoms. Whereas, Zhang et al. reinforced
the importance and heterogeneity of cognitive impairment in
HD, Liu et al. showed that this heterogeneity is not explained
by the inherent genetic burden, suggesting the involvement of
additional pathological pathways whose characterization may
reveal new therapeutic targets.

To conclude, through the use of neuroimaging, this Research
Topic has contributed to advancing our understanding of
cognitive and neuropsychiatric disturbances in Parkinson’s
disease and to disentangle cognitive heterogeneity
in Huntington’s disease. We thank the authors, the
reviewers and the journal for their efforts leading to
this collection.
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Huntington’s disease (HD) is a neurodegenerative disorder caused by an expansion
mutation of the cytosine—adenine—guanine (CAG) trinucleotide in the HTT gene. Decline
in cognitive and motor functioning during the prodromal phase has been reported, and
understanding genetic influences on prodromal disease progression beyond CAG will
benefit intervention therapies. From a prodromal HD cohort (N = 715), we extracted gray
matter (GM) components through independent component analysis and tested them for
associations with cognitive and motor functioning that cannot be accounted for by CAG-
induced disease burden (cumulative effects of CAG expansion and age). Furthermore,
we examined genetic associations (at the genomic, HD pathway, and candidate region
levels) with the GM components that were related to functional decline. After accounting
for disease burden, GM in a component containing cuneus, lingual, and middle occipital
regions was positively associated with attention and working memory performance,
and the effect size was about a tenth of that of disease burden. Prodromal participants
with at least one dystonia sign also had significantly lower GM volume in a bilateral
inferior parietal component than participants without dystonia, after controlling for the
disease burden. Two single-nucleotide polymorphisms (SNPs: rs71358386 in NCOR1
and rs71358386 in ADORA2B) in the HD pathway were significantly associated with
GM volume in the cuneus component, with minor alleles being linked to reduced GM
volume. Additionally, homozygous minor allele carriers of SNPs in a candidate region of
ch15g13.3 had significantly higher GM volume in the inferior parietal component, and
one minor allele copy was associated with a total motor score decrease of 0.14 U. Our
findings depict an early genetical GM reduction in prodromal HD that occurs irrespective
of disease burden and affects regions important for cognitive and motor functioning.

Keywords: genetic modifier, gray matter, Huntington’s disease, cognition, prodromal disease progression
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Liu et al.

Genetics in Prodromal HD

INTRODUCTION

Huntington’s disease (HD) is a neurodegenerative disorder char-
acterized by deterioration of motor, cognitive, and psychiatric
functioning. Abnormal cytosine-adenine-guanine (CAG) repeat
expansion (>35 repeats) in the huntingtin gene (HT'T) causes
this progressive disorder, and age of clinical diagnosis is inversely
correlated with CAG expansion length (i.e., greater expansion is
associated with morerapid progression) (1). Although CAG repeat
number is the primary determinant of the rate of pathogenesis
(explaining about 56% of the variation in onset age), overall onset
time is highly variable, especially in patients with lower CAG
repeat numbers (1-3). Other genetic and environmental factors
likely account for additional onset variation (4-6), as illustrated
by an HD pedigree study showing that approximately 40% of the
variation in onset age (after accounting for CAG effects) was due
to non-HTT genetic factors (7).

Up to a decade prior to clinical diagnosis, individuals with the
abnormal CAG expansion already differ from healthy controls in
brain structure as well as cognitive and motor functioning (3, 8, 9).
Investigating early prodromal changes may be necessary for
identifying optimal targets for disease prevention or delay (10).
This is a major goal of PREDICT-HD, a multisite prodromal HD
study that has characterized many features of the HD prodrome
(10-12), including widespread gray matter (GM) concentration
reductions [even at the earliest prodromal stage (13)], robust
annual changes in putamen, caudate, and nucleus accumbens
volumes, as well as metrics of motor and cognitive functioning
(3), resting state functional connectivity changes (14), and sub-
cortical brain volume variations associated with motor symptom
severity, cognitive control, and verbal learning (8, 9, 15). The
extensiveness of brain structural and functional changes in this
population supports the suitability of brain-based phenotypes for
probing early genetic effects on prodromal disease progression.

To date, several promising non-HTT genetic modulators,
including ADORA2A (16, 17) and GRIN2A-2B (18), among oth-
ers (5, 6, 19-22), have been highlighted as potential modifiers of
disease onset or progression. The GeM-HD (genetic modifiers
of HD) consortium conducted the largest such study, compiling
genetic data from multiple projects and investigating genetic
factors associated with residual variance in onset time (after
controlling for CAG influence). This study identified two
genomic significant loci in chromosome 15 that accelerated or
delayed onset by 6.1 and 1.4 years, respectively (20). Another new
study of disease progression in both prodromal and diagnosed
HD patients reported an association between single-nucleotide
polymorphisms (SNPs) in chromosome 5 and a reduced rate of
change in motor and functional capacity scores (23). However,
no study has examined genetic modulation of brain-based phe-
notypes during the HD prodrome.

The CAG age product (CAP), computed as age X (CAG
repeat — constant), captures the cumulative effect of CAG expan-
sion on the duration of exposure, and is a validated index of
disease burden in HD (24, 25). During the prodromal phase, CAP
significantly and reliably associated with brain volumetric changes
and cognitive and motor decline (24), yet it cannot explain all the
variation in these measures (or in clinical onset age) (3). Thus,

to pinpoint non-HTT genetic factors that influence prodromal
brain-based phenotypes, we intentionally removed CAP influ-
ence on GM variation through regression; this is analogous to
the residual variance in onset time implemented in the GeM-HD
study. We then identified GM networks associated with cognitive
or motor decline in prodromal individuals and tested these for
genetic effects.

MATERIALS AND METHODS

Participants

715 (447 female and 268 male) PREDICT-HD prodromal indi-
viduals from 33 sites were analyzed. These participants were gene
positive (with >36 CAG repeats) independent samples, and did
not convert to HD during the study. All participants provided
written, informed consent and were treated in accordance with
protocols approved by each participating institution’s internal
review board. Detailed enrollment and exclusion criteria can be
found in previous publications (12). Participant demographic
information is provided in Table 1. There were no differences in
age, CAG repeats, or education years between males and females.
54 participants had fewer than 40 CAG repeats; even though these
participants may or may not develop HD in their lifetimes, the
large variability in their prodromal disease progression (which
partially contributes to the uncertainty of onset) makes it more
appealing to include them in the prodromal analysis.

Cognitive and Motor Functioning
Assessments

Motor variables included total motor score (TMS) from the
Unified Huntington’s Disease Rating Scale and the chorea, brad-
ykinesia, oculomotor, and dystonia subdomains from the 15-item
standardized motor assessment (26, 27). Many participants had
low or 0 scores on the motor variables, skewing the data toward
a negative exponential distribution. Cognitive variables included
the Symbol Digit Modalities Test (SDMT) (27, 28), Stroop Color,

TABLE 1 | Demographic information of participants.

715 prodromal HD Female (N = 447, Male (N = 268,
62.5%) 37.5%)

Age 42.55 + 10.53 (19-83) 42.6 + 10.5 43.5 +10.7
Cytosine 42,47 + 2,54 (37-61)  42.43 +2.57 42.53 + 2.50
adenine
guanine
repeats
Education 14.50 + 2.61 (8-20) 14.36 + 2.55 14.73 + 2.69
years
Race 694 (97.06%) White 96.64% White 97.76% White
(self-reported) 1 American Indian 1 American Indian 1 Asians

3 Asians 2 Asians 3 intermixed

14 intermixed 11 intermixed 2 unknown

7 unknown 5 unknown
Race (genetic  97.34% Caucasian 97.09% Caucasian 97.76%
estimated) Caucasian

1 Asian 1 Asian 2 intermixed

2 intermixed 12 Mexican/Indians 5 Mexican/Indians

17 Mexican/Indians
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Stroop Word, and Stroop Interference tests (27, 29), and Trail
Making Tests A (TMTA) and B (TMTB) (27, 30, 31). Cognitive
variables had approximately normal distributions. More details
for each variable are available in the Supplementary Material.
Total motor score, oculomotor, bradykinesia, and chorea
were highly correlated (e.g., TMS correlated with oculomotor,
bradykinesia and chorea at r = 0.79, 0.83, and 0.70, respectively;
Figure S1 in Supplementary Material). Thus, we used principal
component analysis (PCA) to extract the first PC (89% of the total
variance) as the representative variable for overall motor func-
tion; higher scores indicate more abnormal motor control, and
the most weighted variable is TMS. Similarly, SDMT and Stroop
scores were highly correlated (r=0.53-0.78), and we obtained the
first PC (76% of the total variance) as the representative variable
for attention and working memory; higher scores indicate better
performance, and the most weighted variable is Stroop Word.
TMTA and TMTB were grouped and the first PC (95% of the total
variance) was obtained as the representative variable for problem
solving; higher scores indicate slower processing, and the most
weighted variable is TMTB. For dystonia, which was not highly
correlated with the other motor variables, 639 participants had
scores of 0, 37 had scores of 1, 24 had scores of 2, and 5 had scores
higher than 2. The low scores on dystonia are in line with the pro-
dromal status of the participants, as dystonia is usually a sign of
disease manifestation. We converted dystonia score into a binary
variable representing presence or absence of dystonia signs.

Genetic Data Preprocessing

Genomic SNP data were downloaded from dbGAP (Study
Accession: phs000222.v4.p2). We removed problematic loci in
accordance with PREDICT-HD quality control recommenda-
tions, and filtered SNPs for a missingness rate of 5% per sample
and 5% per SNP and a minor allele frequency of 5%. Family
relatedness was determined using PLINK identity-by-descent
analysis, and only one member per family was included. The top
10 multidimensional scaling (MDS) factors from PLINK were
used to correct for population structure. A total of 1,160,231
SNPs across the genome were investigated. In parallel, we also
investigated an HD pathway derived from the Ingenuity Pathway
Analysis knowledgebase and the KEGG database. The HD
pathway from the two combined databases included 310 genes
and 3,404 SNPs after pruning with * > 0.5 (see Table S1 in
Supplementary Material).

Candidate Selection

Since only prodromal patients were investigated and prodromal
functional decline is more relevant to symptom onset than to dis-
ease progression [which accelerates significantly faster after onset
compared to during the prodrome (23)], we selected candidate
SNPs for modifying onset time; these were from the GeM-HD
study, and included two regions (chr15q13.2-3: rs146353869,
rs2140734; chr8: rs1037699) with significant influences on age of
motor diagnosis and nominal associations with cognitive and psy-
chiatric symptom onset (20). We tested SNPs within these regions
for effects on prodromal progression. Although our data did not
include these exact three SNPs, we identified seven nearby SNPs
in high linkage disequilibrium (LD) with rs2140734 (r > 0.98

based on NIH LDlink web'): rs11293, rs11629793, rs8034856,
rs7176569, rs35784593, rs1474380, and rs61997138. These SNPs
were highly correlated in our data (r > 0.99), exhibiting almost
identical genotype patterns. There were also three SNPs in our
data with identical genotype patterns that were in high LD with
rs1037699 (r > 0.85): rs16869295, rs11777942, and rs11778107.

Imaging Data Processing

T1-weighted images from the earliest available MRI scans were
segmented into GM, modulated, normalized to MNI space, and
smoothed with an 8 mm X 8 mm X 8 mm Gaussian kernel using
the statistical parametric mapping 8 software package.? Images
less than 80% correlated with the averaged GM were removed,
and a >0.2 GM volume mask was generated to include only GM
relevant voxels. Since these imaging data were collected from 50
site and scanner field strength (1.5 or 3 T) combinations, known
influences of site scanner, age, sex, and disease burden on GM
were removed by applying a linear regression model to each
GM voxel. Site scanners were coded as 49 dummy variables, and
disease burden was calculated using the formula suggested by
PREDICT-HD: CAP = age X (CAG — 33.66) (24).

Source-Based Morphometry

We then applied independent component analysis (ICA) to
whole-brain GM voxels using the source-based morphometry
toolbox within the GIFT software package (http://mialab.mrn.org/
software/gift). ICA decomposes the brain imaging data into maxi-
mally independent GM components, often comprised of multiple
brain regions, with each component/network grouping voxels that
covary among subjects (32). The model can be described simply as
X = A X S, where X is the measured data, S contains the extracted
components, and A is the loading matrix. A participants loading
coeflicient for a given component indicates how strongly that
component manifests in the participants imaging data [see Ref.
(32-35) for details]. Fifteen GM components were estimated, as
determined by the minimum description length criteria (36).

Statistical Analyses

We first tested whether the cognitive and motor variables were
significantly associated with disease burden in our prodromal
sample. PCA-derived representative variables and original
variables were tested one by one, separately. A regression model
(cognitive or motor variable = age + sex + CAP) was used for
each variable. Due to different distributions for motor versus cog-
nitive variables, a linear regression model was used for cognitive
variables, a logistic regression model was used for the converted
binary dystonia variable, and a Poisson regression model was
applied to the other motor variables.

Next, we tested for associations between the extracted GM
components and cognitive and motor functioning variables using
a regression model in which the cognitive or motor functioning
variable = age + sex + GM loadings + CAP. Similarly, linear,
Poisson, and logistic models were used accordingly. The GM

'https://analysistools.nci.nih.gov/LDlink/ (Accessed: April, 2017).
*http://www.fil.ion.ucl.ac.uk/spm/software/spm8/.
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components significantly contributing to motor or cognitive
functioning after adjusting for CAP were our primary compo-
nents of interest for genetic associations. For any GM component
of interest, a regression model (GM loading = SNP + top 10 MDS
scores) was used to test for SNP associations at the genomic,
pathway and candidate levels. We also tested for associations
between clinical (motor or cognitive) variables and SNPs
using the following regression model: motor or cognitive vari-
able = age + sex + CAP + SNP + top 10 MDS scores. All tests,
genomic level and pathway level, were false discovery rate (FDR)
corrected at p < 0.05 for the number of tested SNPs.

RESULTS

Disease Burden and Clinical Functioning
Individual motor and cognitive variables and derived representa-
tive variables were all associated with CAP after controlling for
age and sex (p = 0.04 for the converted binary dystonia score,
p = 0.01 for the original dystonia score, and p < 1 x 107" for
all other variables). Due to highly consistent results among rep-
resentative variables and original individual variables, hereafter
we report the results from representative measures. Results from
individual variables are provided in the Supplementary Material.
The total variance explained by the regression model was 19%
for overall motor function (9-18% for individual variables), 18%
for working memory/attention (12-21% for individual variables),
and 15% for problem solving (13 and 15% for TMTA and TMTB,
respectively). The pseudo R* for dystonia was 1.3% (2% for the
original dystonia score).

GM and Clinical Functioning
Fifteen GM components were extracted (see Supplementary
Material), one of which was a typical artifact forming a ring

around brain [as demonstrated by Chen et al. (37)]. This compo-
nent was thus removed from further analyses. As expected, none
of the GM components were related to CAP. The association tests
with cognitive and motor functioning revealed a GM component
(Figure 1A), mainly in cuneus, lingual gyrus, and middle occipi-
tal gyrus, that was significantly related to working memory and
attention (p = 1.39 X 10~* uncorrected, passing FDR correction).
Higher GM volume in this component was related to better
attention and working memory performance, explaining 1.7%
of the variance after controlling for age, sex and CAP, as shown
in Figure 1A (CAP explained 15.7%). Another GM component,
mainly in bilateral inferior parietal and superior/middle temporal
regions, was significantly related to dystonia (Figure 1B; logistic
regression p = 2.34 X 10~* uncorrected); prodromal participants
with at least one dystonia sign had significantly lower GM volume
in this network (Cohen’s d = 0.47, p = 2.37 X 107*).

GM and SNPs (Full Genomic Data
and HD Pathway)

Over one million SNPs were tested for associations with GM
variation in the aforementioned two components, and none
exhibited a genomic significant association passing FDR cor-
rection. Similarly, no significant genomic associations with
cognitive or motor functioning variables were observed. In our
separate analysis of SNPs in 310 HD pathway genes, only one
SNP (rs71358386 in NCOR1) was significantly associated with
GM in the cuneus component (p = 2.38 X 107°, passing FDR),
with minor allele G being negatively linked to GM volume. For
this SNP, 636 participants were homozygous major allele (A)
carriers, 77 were heterozygous, and 2 were homozygous minor
allele (G) carriers. We pooled the heterozygous and homozygous
minor allele carriers together and computed the difference

Ifor age,sex, CAP

0.01 0.02
GM loadings in Cuneus network

working memory corrected

0.03

FIGURE 1 | Gray matter (GM) components associated with working memory/attention and dystonia after controlling for disease burden. (A) GM component
containing cuneus, lingual gyrus, and middle occipital gyrus, and its association with working memory/attention. (B) GM component highlighting bilateral inferior
parietal and superior/middle temporal gyri, and its association with dystonia. The GM loadings are relative values without unit.
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between minor allele carriers and homozygous major allele
carriers. The difference was significant (p < 1.56 X 10~° for the
two-sample ¢-test and p < 6.42 X 107 for the Wilcoxon rank test),
with a Cohen’s d of 0.53 (Figure 2). Interestingly, another SNP
(rs78804732 in ADORA2B) was in strong LD with rs71358386
(r = 0.91). This SNP was also significantly associated with GM
in the cuneus component (p = 1.51 X 107°), with minor allele
A being linked to lower GM volume and A carriers having sig-
nificantly lower GM volume than major allele C carriers (Cohen’s
d=0.59; p < 8.0 x 107¢ for the two-samples -test; p < 3.48 X 107
for the Wilcoxon rank test; Figure 2). These two SNPs were also
nominally associated with GM in the inferior parietal component
(p = 0.02 and p = 0.04, respectively), with minor alleles being
linked to lower GM volume. An extended analysis on these
two SNPs provided some promising but not strictly significant
results, and we reported them in the Supplementary Material
for the interest of readers. At the pathway level, no SNPs were
significantly associated with motor or cognitive functioning,
though these two SNPs were marginally associated with overall
motor functioning (p = 0.05, not passing FDR correction), with
more minor alleles being linked to greater motor dysfunction. To
obtain an intuitive effect size, we assessed these SNPs’ effects on
TMS and found that one minor allele copy was associated with
an increase of 0.20 U in TMS score after controlling for age, sex,
CAP, and MDS.

Candidate SNP Analyses

Seven SNPs in LD with rs2140734 in chromosome 15 showed a
marginal connection to GM in the inferior parietal network in
the regression model (p = 0.06-0.09, not significant); greater
minor allele number was linked to increased GM in the network.

rs71358386 rs78804732
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FIGURE 2 | Association of two single-nucleotide polymorphisms,
rs71358386 and rs78804732, with a cuneus gray matter (GM) component.
GM loadings are relative values without unit. In the box plots, the middle line
is the median value, the top and bottom of each box are the 25th and 75th
percentile values, the whiskers extend from the ends of the interquartile to
the further values within 1.5 times the interquartile, and plus (+) signs show
values that are more than 1.5 times the interquartile range away from the top
or bottom of the box. The plot of medium and 25/75th percentile presents a
similar overall pattern as the mean and standard deviation in these data.

Further ANOVA tests revealed that the main driver of the associa-
tion was the homozygous minor allele carrier group. As shown in
Figure 3 using the example of rs11293, there was no difference
between homozygous major allele G carriers and heterozygous
carriers (p = 0.75), but homozygous minor allele A carriers had
significantly higher GM than the other groups (p = 0.01, no
multiple comparison correction was applied due to near identical
patterns among the seven SNPs). This SNP was also negatively
related to overall motor function (p = 0.01), indicating an associa-
tion with better motor performance. To obtain an intuitive effect
size, we assessed its effect on TMS, and found that one minor allele
copy was associated with a TMS score decrease of 0.14 U after
controlling for age, sex, CAP, and MDS. No connections with GM,
cognition or motor functioning were observed for SNPs in LD
with rs1037699 on chromosome 8.

DISCUSSION

Gray matter and motor and cognitive functioning show signifi-
cant prodromal declinein HD (11, 15, 25, 38-41). Our results first
confirmed that variation in these domains relates significantly
to CAP, a metric reflecting disease burden and based on CAG
mutation and exposure time (age) (13, 42). Individuals with more
CAG repeats are likely to develop symptoms more rapidly and
be diagnosed at younger ages. However, our results agree with
previous work showing that a considerable amount of variance
in prodromal functional decline is beyond this disease burden
(3, 20). After regressing out CAP effects, two GM components
yielded significant associations with working memory/atten-
tion and dystonia, respectively, though the variance accounted
for was relatively small compared to CAP influence (about one
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FIGURE 3 | Single-nucleotide polymorphism rs11293'’s association with an
inferior parietal gray matter (GM) component. GM loadings are relative values
without unit. In the box plots, the middle line is the median value, the top and
bottom of each box are the 25th and 75th percentile values, the whiskers
extend from the ends of the interquartile to the further values within 1.5 times
the interquartile, and plus (+) signs show values that are more than 1.5 times
the interquartile range away from the top or bottom of the box. The plot of
medium and 25/75th percentile presents a similar overall pattern as the mean
and standard deviation in these data.
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tenth). Nonetheless, this is an exciting finding; the HTT CAG
expansion is a causal mutation associated with HD, and age has
widely known effects on GM variation and clinical functioning
in both prodromal/HD patients and healthy individuals. Thus,
modest residual effects are to be expected. As modifiers of disease
progression, symptoms, and onset continue to be discovered,
the potential for promising gene therapies increases as well.
Such therapies could eventually target multiple modifiers with
modest individual effects but substantial combined influence
on progression. These findings reinforce evidence that the dis-
ease burden from CAG mutation and age does not explain all
observed variance in prodromal disease progression and clinical
onset (3, 20), and further suggest that GM variability may be a
useful phenotype for examining genetic factors that account for
unexplained variability in HD progression and onset.

Better performance on working memory and attention tasks was
associated with higher GM volume in a component that included
cuneus, lingual gyrus, and middle occipital gyrus. Structural
changes in occipital regions have been consistently documented
in prodromal and diagnosed HD, albeit overshadowed by caudate
and putamen effects (8, 40, 43-46). Our findings are mirrored
by a study staging cortical thinning across the prodrome, in
which visual cortical regions were among the earliest and most
severely affected regions, and cortical thinning in these regions
was associated with lower scores on Stroop Color, Stroop Word,
and SDMT (45). Similarly, a PREDICT-HD study investigat-
ing neuroanatomical correlates of five cognitive functions also
reported that occipital cortical thickness was associated with
letter-number sequencing working memory, as well as SDMT
performance (8). In prodromal and diagnosed patients (relative
to controls), TRACK-HD also reported reduced occipital cortical
thickness, which was associated with poorer performance on the
SDMT, Stroop Word test, and TMTA (44). Taken together, these
findings highlight cuneus, lingual, and occipital abnormalities
in prodromal and diagnosed patients, and indicate that these
aberrations may influence cognitive performance. Our findings
support these previous associations, and further suggest that
they may be partially modulated by factors outside of HTT CAG
repeat number and age.

Dystonia is a common symptom of HD manifesting at vary-
ing degrees of severity (47). In our cohort, dystonia signs were
associated with reduced GM in a component containing inferior
parietal and middle and superior temporal regions, after control-
ling for CAP. Inferior parietal areas interface with other senso-
rimotor regions to promote motor planning and initiation (48),
and show increased activation before self-initiated movements
(49). Inferior parietal GM loss has been reported in prodromal
patients and is consistently observed in diagnosed HD (45, 46,
50), and has been further linked to abnormal eye movement (50).
A meta-analysis of HD voxel-based morphometry studies identi-
fied brain clusters associated with motor symptoms, grouping
inferior parietal together with precentral gyrus, primary motor,
postcentral gyrus, and somatosensory cortex; these regions were
more strongly related to motor functioning than the caudate
(46). As for superior temporal gyrus, a smaller prodromal study
(N=325)associated bilateral superior temporal cortex with motor
timing precision, and found that it was the greatest structural

contributor to performance outside of the striatum and middle
frontal cortex (8). These studies emphasize the importance of
temporal and parietal regions in movement-related tasks in both
healthy controls and prodromal and diagnosed HD patients. Our
results reinforce these findings, and the removal of CAP effects in
our analyses further suggests that a portion of these effects relates
to factors outside of the disease-determining HTT mutation.

Frontal and striatal abnormalities are the most robust and
commonly reported effects in HD, and these regions are heavily
involved in cognitive and motor functioning. Our findings reflect
brain structural influences on cognition and movement that are
not accounted for by disease burden. It is thus unsurprising that
the striatum and frontal lobe were not key contributors to the
effects we report. Alternatively, our results pinpoint occipital,
parietal, and temporal regions of the brain that comprise net-
works important for attention, working memory, and planned
movement. These areas often work in concert with the frontal
lobe and striatum to promote cognitive and motor functioning.
In this large prodromal cohort, these regions appear to contribute
to prodromal clinical functioning in a manner that is independ-
ent of HTT CAG influence.

The genome-wide association test did not produce significant
results, which is not particularly surprising since HD is a rare
disorder and genomic tests require very large sample sizes to
balance multiple comparison corrections and small effect sizes.
Similar to studies of genetic modifiers of motor onset time (5, 20),
some true genetic effects may be missed due to strict genome-
wide significance thresholds. The HD pathway-based genetic
association analysis leveraged prior knowledge of gene functions
and their involvement in HD. Therefore, these findings fit into
the double-hit phenomena in which gene functions are known
to contribute to disease pathogenesis, and changes in these genes
are also related to GM variation that contributes to prodromal
symptoms and cognitive decline. Thus, these genetic variants
have an increased likelihood of affecting disease progression.

We observed two SNPs in strong LD but located in two dif-
ferent genes (NCORI and ADORAZ2B, 54k base pairs apart) that
were associated with GM variations. In fact, SNP rs71358386
in NCORI regulates expression of ADORA2B in various tissues
based on the GTEx database® (51). In our cohort, minor allele car-
riers of the two SNPs showed significant occipital GM reduction
and some level of reduction in inferior parietal regions, as well as
marginally higher motor dysfunction. NCORI is part of the HD
pathway and encodes the protein nuclear receptor corepressor
1, which mediates transcriptional repression of thyroid-hormone
and retinoic acid receptors. This protein reportedly interacts with
mutant HTT (52, 53) to alter nuclear receptor function and is also
differentially located in patient brain tissue (53, 54). ADORA2B
encodes adenosine receptor subtype A2B, a protein that interacts
with netrin-1, which is involved in axon elongation. Currently,
ADORAZ2B is not part of the HD pathway, although ADORA2A is
(55-57). ADORA2A and ADORAZ2B are two of four human genes
that encode adenosine receptors that increase cyclic adenosine
monophosphate (58), which is important for signal transduction

*https://gtexportal.org (Accessed: April, 2017).
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and other biochemical processes (59). We cannot currently estab-
lish these SNPs as true causal mutations, and further investigation
of the molecular, cellular, and functional impact of these genes is
warranted.

In addition, within two candidate regions selected based on
their significant effects on clinical onset time (20), our results
revealed that SNPs in ch15q13.3 (MTMRIO0 and FANI genes)
affected GM in prodromal participants; homozygous minor
allele carriers had higher GM densities in the inferior parietal
component. Given the negative link between GM volume in this
component and dystonia symptoms and overall motor func-
tioning, this minor allele has a protective effect on prodromal
dystonia and motor dysfunction, with one minor allele copy
being associated with a TMS score decrease of 0.14. Excitingly,
this finding is in total agreement with the reported clinical onset
delay attributed to these SNPs [the minor allele was associated
with a 1.4-year onset delay (20)]. The possible mechanisms
through which these genes influence disease progression have
been elaborated upon by the GeM-HD study. Our results suggest
that genetic variations outside of HT'T are already altering GM
in the prodromal phase, before the emergence of diagnosis-
associated motor symptoms.

This investigation of extra-HTT genetic modifiers before
clinical diagnosis represents a new direction for the develop-
ment of treatments to prevent or delay this devastating disorder.
Leveraging brain structural variation, which is likely more precise
and subtle than clinical outcome changes, enhances power for
identifying genetic modifiers. The findings of this study demon-
strate that: (1) GM variation beyond CAG influence is associated
with disease progression and manifests as early as the prodrome;
(2) genetic modifiers of biologically measured GM volume are
already exerting their effects during the prodromal phase; and
(3) the accumulation of these effects across disease progression
ultimately alters clinical onset time. Replication using an inde-
pendent sample and follow-up studies manipulating cell lines
or animal strains should be carried out to fully illuminate the
mechanisms of these genetic modifiers. As a proof of concept, our
findings suggest that studying brain structural variation beyond
disease burden can be a very promising method for identifying
genetic modifiers of HD progression. The limitations of this
study include the following: (1) inclusion of some gene positive
participants who may never be diagnosed with HD and thus may
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Early Gray Matter Volume Loss in
MAPT H1H1 de Novo PD Patients: A
Possible Association With Cognitive
Decline

Frederic Sampedro 2%, Juan Marin-Lahoz %%, Saul Martinez-Horta 23,
Javier Pagonabarraga'*® and Jaime Kulisevsky #3*

" Movement Disorders Unit, Neurology Department, Hospital de la Santa Creu i Sant Pau, Barcelona, Spain, 2 Biomedical
Research Institute (IIB-Sant Pau), Barcelona, Spain, ® Centro de Investigacion Biomédica en Red Enfermedades
Neurodegenerativas, Madrid, Spain

The MAPT H1 haplotype has been identified as a predictor of cognitive decline in
Parkinson’s disease (PD). However, its underlying pathological mechanisms have not
been fully established. In this work, using a cohort of 120 de novo PD patients with
preserved cognition from the Parkinson’s Progression Markers Initiative (PPMI) database,
we found that patients who were homozygous for MAPT H1 had less gray matter volume
(GMV) and greater 1-year GMV loss than patients without this genetic profile. Importantly,
these changes were associated with a longitudinal worsening of cognitive indicators. Our
findings suggest that early GMV loss in MAPT H1H1 PD patients increases their risk to
develop cognitive decline.

Keywords: MAPT, T1-MRI, cognitive decline, Parkinson’s disease, gray matter volume

INTRODUCTION

Cognitive decline is a core non-motor symptom of Parkinson’s disease (PD). Given its high
prevalence and negative impact on the patient’s quality of life, identifying early prognostic markers
of cognitive impairment in this population can help develop a person-centered care plan and
achieve optimal clinical management (1).

Several genetic variants have been linked to cognitive impairment in PD. In particular, the
MAPT HI haplotype has been associated with an increased risk for the development of dementia
in this population (2). The microtubule-associated protein tau (MAPT) gene is located on
chromosome 17q21, where an inversion polymorphism of approximately 900kb defines two
haplotypes, H1 and H2. However, the underlying pathological mechanisms responsible for the
association of this genetic variant and cognitive decline in PD remain poorly understood.

Here we hypothesize that, among recently diagnosed PD patients with preserved cognition,
those with MAPT H1 homozygosis will exhibit a differential cross-sectional or longitudinal gray
matter volume (GMV) pattern that could make them more prone to develop cognitive decline than
patients without this genetic condition.

Using the data from the Parkinson’s Progression Markers Initiative (PPMI), we aimed to
validate our hypothesis using structural MRI and MAPT genotyping from de-novo, untreated
and cognitively preserved PD patients. The PPMI is a large observational study that offers a
superb framework to analyze cross-sectional and longitudinal biomarker interactions in early PD
patients (3).
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GMV Compromise in MAPT-H1H1 PD

MATERIALS AND METHODS

Sample

A hundred and twenty PD patients were considered for
this study. The inclusion criteria were: de novo, untreated,
cognitively preserved [MoCA > 26 (4)] and non-depressed
[GDS-15 < 7 (5)] PD patients who had a baseline T1-MRI
and MAPT HI1 haplotype status (rs17649553, which is in
linkage disequilibrium with the H1 haplotype). We defined
two groups of patients: those with MAPT H1 homozygosis
(N = 79) and MAPT H2 carriers (N = 41). A 1-year follow-
up T1-MRI scan was also available for 96 (64 MAPT HI1HI)
participants.

Assessments

To isolate the possible effects of the MAPT H1 homozygosis
on brain structure and cognitive decline, we considered the
presence of other demographic, clinical, neuropsychological,
and biological variables that could act as confounding
factors known to affect brain structure and cognition
(Table 1).

We also investigated whether the MAPT haplotype was related
to the longitudinal development of cognitive decline, which was
defined as showing a MoCA score <26 (5) throughout a 4-year
follow-up period.

Details about the considered clinical scales, genotyping, image
acquisition, and other biological variables are available at http://
www.ppmi-info.org/.

T1-MRI Neuroimaging Methods

To study baseline gray matter volume (GMV) differences related
to the MAPT H1H]1 profile, we applied a standard GMV voxel-
based morphometry (VBM) pipeline using SPM12 (http://www.
filion.ucl.ac.uk/spm/). T1-MRI scans were segmented and their
associated GMV maps were then spatially normalized to the
Montreal Neurological Institute (MNI) space using DARTEL. A
Gaussian smoothing of 8 mm FWHM was applied to the resulting

images.
To analyze differences in 1-year gray matter volume
loss across groups, we used the SPMI2 longitudinal

VBM pipeline. Processing steps were pairwise registration,
computation of Jacobian difference images (restricted to gray
matter), and subsequent normalization to MNI space using
DARTEL.

The resulting set of preprocessed GMV and GMV loss maps
were entered into a voxelwise two-sample ¢-test analysis to study
differential patterns related to MAPT H1 homozygosis. Age, sex,
education, and total intracranial volume (TIV) were used as
covariates of no interest. Results were considered significant at
P < 0.005, uncorrected with a minimum cluster size of 50 voxels.
Only cerebral regions in the MNI space with an a priori GM
probability greater than 0.4 were considered.

Finally, aiming to study whether the obtained imaging results
were related to cognitive progression, we correlated GMV and
GMV-loss values at the identified clusters with the 4-year
decrease in total MoCA score.

RESULTS

As seen in Table1, no significant basal differences between
MAPT groups were found (p < 0.05), ruling out the presence
of confounding factors that could indirectly compromise brain
integrity in the HIH1 group. Ninety-five percentage of the
sample is Caucasian.

In terms of cognitive progression, we found that 58% of
patients with MAPT H1 homozygosis developed cognitive
decline over a 4-year follow-up period. This percentage was
36% for MAPT H2 carriers. Therefore, H1 homozygotes
had an increased relative risk of 1.6 (CI 95%; 0.7-3.6)
to develop cognitive decline with respect to H2 carriers.
In this sample, the Delayed Recall and Visuospatial
domains were the ones that became most commonly
compromised in the set of patients that converted to cognitive
impairment.

Figure 1 shows the brain areas where MAPT H1 homozygotes
showed cross-sectional and longitudinal gray matter volume
differences with respect to the other genotypes.

Significant correlations were found between the GMV values
at the identified clusters and the 4-year decrease in total MoCA
score: left superior temporal GMV (r = —0.23, p = 0.025), left
middle frontal gyrus GMV (r = —0.24, p = 0.021), right frontal
inferior operculum GMV (r = —0.26, p = 0.014), and left
parahippocampal GMV loss (r = 0.29, p = 0.011).

DISCUSSION

Here we investigated whether an early reduction in cerebral
GMV could be a mechanism by which PD patients with
MAPT HI homozygozis have an increased risk to develop
cognitive decline. In this group, we found a cross-sectional
GMYV reduction and an increased GMV loss over a 1-year
period. Frontal and parieto-temporal areas were involved. These
areas are known to play a major role in the emergence of
mild cognitive impairment and its progression to dementia in
PD (6).

The observed GMV compromise was associated in a
unidirectional manner with the HIH1 group, without evidence
of structural compensatory mechanisms. Importantly, GMV
values in several of the obtained clusters were associated with a
longitudinal decrease in MoCA scores.

Our results suggest that in PD, harboring the MAPT
H1H1 genotype is associated with an early decrease in
GMYV, even in cognitively preserved patients, possibly
making this population more prone to cognitive decline.
A Dbiological explanation for this observation could
be related to an increased 4-repeat tau transcription
associated with the HI1 haplotype in PD brains, since
this isoform has been suggested as the pathogenic driver
(7, 8).

The effect of the MAPT H1 haplotype on brain function
in PD patients and in control subjects has been addressed
previously using functional MRI (9, 10). It was observed that
subjects in the PD group and those in the control group
with H1 homozygotes had an altered activation pattern while
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TABLE 1 | Demographic, clinical, neuropsychological, and biomarker values for the two MAPT groups at baseline.

MAPT H1H1 (n = 79) MAPT H1H2/H2H2 (n = 41) Significance (p-value)
Age [years] 60.1 +9.5 61.56+9.9 0.45
Sex [Female/Male] 30/49 17/24 0.71 X2
Education [years] 156.356+2.9 16.68 £ 2.9 0.57
Months since PD diagnosis 72+77 6.5+ 6.7 0.61
UPDRS-III 202 +£9.2 199+72 0.84
GDS-15 499 +£1.1 51+14 0.64
MoCA 283+14 28.4 +£1.2 0.67
BJLO 13.04 £ 2.1 12.6 + 21 0.32
HVLT Delayed free recall 8.6+2.8 95+1.7 0.08
HVLT Total recall 252+ 51 26.7 £ 4.3 0.09
Numbers and Letters 11.3+25 10.5+£28 0.11
Semantic Fluency 216 £5.1 209 +4.7 0.47
SDMT 43.1+£9.8 41.4+£8.9 0.37
Phonetic Verbal Fluency 13.3+ 4.4 12.6 £4.3 0.38
DATSCAN 1.3+£04 1.3+£04 0.73
CSF AB42 [pg/ml] 366.9 + 93.9 370.3 £ 105.5 0.87
CSF tau [pg/ml] 44.7 £18.2 46.5 +18.8 0.61
CSF p-tau [pg/ml] 16.5 £ 10.2 16.9+9.9 0.83
CSF a-Synuclein [pg/mi] 17747 £617.9 1927.5 + 834.6 0.31
APOE4 (APOE4+/APOE4—) 24/46 10/27 0.44 X2

To examine differences across groups, t-test analyses were used for continuous variables and X2 for categorical measures. UPDRS-III: total motor score for the Unified Parkinson’s
disease rating scale GDS-15: Geriatric Depression Scale (15-item), MoCA, Montreal Cognitive Assessment (MoCA) [total score]; BJLO, Benton Judgment of Line Orientation [total
score]; HVLT, Hopkins Verbal Learning Test; SDMT, Symbol Digit Modality Test [total score]; DATSCAN, average striatal binding ratios of the caudate and putamen regions. BJLO, HVLT,
DLY, HVLT SUM, LETNUM, SEMFLU, SDMT data were available for 119 participants. CSF Ap42 and CSF a-Synuclein for 118 participants, CSF tau and p-tau for 116 participants,
DATSCAN for 112 participants, and APOE4 status for 107 participants.

Reduced cross-sectional GMV in PD MAPT H1 homozygotes

— L Mid Front
L Sup Temp Gyrus . Gyrus / BA10

R Front Inf Oper

L Parahippocampal Gyrus

FIGURE 1 | Cross-sectional reduced gray matter volume (Top) and increased 1-year GMV loss (Bottom) in the MAPT H1H1 group. For depiction purposes, results
are displayed using p < 0.05 uncorrected and minimum cluster size (k) of 500 voxels. The set of labeled clusters survived a significance of p < 0.005 uncorrected and
k = 50 voxels. No significant regions of increased gray matter volume or lower GMV loss were obtained in the H1H1 group.
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performing cognitive tasks. Furthermore, in line with our
results, structural brain differences were found in healthy H1H1
subjects (11). Hence, our findings suggest that the potential
underlying pathological mechanism of this genetic variant is
shared across the spectrum of healthy subjects, individuals
with Parkinson’s disease, and people with other types of
dementia (12).

Limitations of this work include the absence of a control
sample and the use of MoCA scores to evaluate cognitive
status. Even though this tool has shown some performance
limitations in cognitive testing (4), it is commonly used
in PD and is the only global and quantitative cognitive
assessment available in PPMI. Additionally, in the light of the
imaging results described here, further study into the particular
relationship of this genetic variant and the worsening of specific
cognitive domains and neuropsychological functions in PD could
establish more specific clinical implications related to these
findings.

To conclude, the present work reports a set of structural

brain changes associated with MAPT HI1 homozygosis
in PD which may increase the risk of developing
cognitive decline in this population. This observation

sparks the need to further study the mechanisms by
which tau transcription schemes could be responsible
for a brain structural compromise in the early stages
of PD.
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Using resting-state functional MRI (rsfMRI) data of younger and older healthy volunteers
and patients with Parkinson’s disease (PD) with and without mild cognitive impairment
(MCI) and applying two different analytic approaches, we investigated the effects of age,
pathology, and cognition on brain connectivity. When comparing rsfMRI connectivity
strength of PD patients and older healthy volunteers, reduction between multiple brain
regions in PD patients with MCI (PD-MCI) compared with PD patients without MCI
(PD-non-MCI) was observed. This group difference was not affected by the number
and location of clusters but was reduced when age was included as a covariate.
Next, we applied a graph-theory method with a cost-threshold approach to the rsfMRI
data from patients with PD with and without MCI as well as groups of younger and
older healthy volunteers. We observed decreased hub function (measured by degree
and betweenness centrality) mainly in the medial prefrontal cortex (mPFC) in older
healthy volunteers compared with younger healthy volunteers. We also found increased
hub function in the posterior medial structure (precuneus and the cingulate cortex) in
PD-non-MCI patients compared with older healthy volunteers and PD-MCI patients.
Hub function in these posterior medial structures was positively correlated with cognitive
function in all PD patients. Together these data suggest that overlapping patterns of
hub modifications could mediate the effect of age as a risk factor for cognitive decline
in PD, including age-related reduction of hub function in the mPFC, and recruitment
availability of the posterior medial structure, possibly to compensate for impaired basal
ganglia function.

Keywords: Parkinson’s disease, mild cognitive impairment, age, functional connectivity, cognition, neuroimaging
(functional)
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Age and Cognitive Impairment in Parkinson’s Disease

INTRODUCTION

In Parkinson’s disease (PD), cognitive deficits are frequently
present even in the early course of disease development (1). It
has been reported that up to 40% of patients with PD have mild
cognitive impairment (MCI) (2). Furthermore, patients with PD
and MCI have a higher risk of developing dementia compared
with patients who do not have MCI (3). In patients with MCI,
deficits are neither severe enough to interfere considerably with
daily life nor reach criteria for dementia (recent guidelines for
MCI diagnosis in PD) (4), but the early presence of MCI in
PD has a significant effect on the incidence of dementia at later
stages of PD (5, 6). Aging is a risk factor for MCI in PD. Having
MCI in PD was associated with older age at assessment and at
disease onset (7). Aging is also the strongest predictive factor
of dementia in PD patients (2). Untangling the effect of the
neuro-degeneration of PD from the effects of regular aging is
important for further understanding the functional connectivity
in PD patients associated with cognitive deficits. A recent study
support this, showing a strong effect of aging on PD patients’
cognition (8).

Various studies related to resting-state functional MRI (rs-
fMRI) involving PD patients have been published to date (9-
11), but discrepancies in brain connectivity findings have been
frequently observed. For example, in PD patients, both decreased
(12-14) and increased (12, 15-17) cortico-striatal connectivity
have been observed. The discrepancy could be related to
clinical differences in the patient samples (e.g., cognitive,
emotional, motor dysfunctional states, but also age). However,
methodological differences might also induce discrepancies.
Moreover, even when using the same approach (e.g., comparison
of the connectivity strength between brain regions), selection
of the brain regions (location and number) could affect the
results (18).

The application of graph theory methods to brain imaging
data is a simple and powerful mathematical framework for
the characterization of topological features of brain networks
(19, 20). Intrinsic patterns of functional connectivity in the
human have been established, such as in the visual, auditory,
somatosensory-motor, task-control, attention, and default mode
networks (21-23). When the brain network is designed to be
calculated on binary graphs with graph theory approaches, highly
connected regions in networks with other regions in the brain
are defined as hubs, including the “provincial hubs” (indicating
more local connectivity) and “connector hubs” (indicating long
range connectivity between different brain networks). A previous
study with younger people using graph theory revealed that
each intrinsic network (or module) connects each other via
specific connector hubs, including medial structures such as
the medial prefrontal cortex (mPFC), anterior and posterior
cingulate cortex, and medial posterior parietal cortex (24-26).
The connectivity between the anterior and posterior medial
cortices, and connector hub function of the prefrontal cortex is
lowered in older people (27, 28).

The basal ganglia is known to receive many connections from
most of the cortex (29), and considered to function by integrating
different modules (30, 31). Therefore, one might think that

the basal ganglia can act as connector hubs, which have many
numbers of the connectivity during resting-state. However, in a
previous analysis the basal ganglia did not emerge as a hub in
both younger and older healthy individuals, with only limited
number of connectivity with other brain regions (28), although
this region acts as a “module connector,” supporting connectivity
between different networks. Our previous studies indicated that
the cortico-striatal connectivity increased significantly while
performing a cognitive task (32), plausibly acting to link separate
networks in a task-dependent manner (33). The nigrostriatal
dopaminergic pathology in PD patients (34) could result in
impairments of this network-integration function (33). In our
longitudinal study with PD patients, increased activation in
medial cortical structures (e.g., the mPFC and the precuneus)
during a cognitive task was observed both in PD-non-MCI and
PD-MCI when they performed an executive task at the second
time, compared to the first time point (35). One possibility is that
these medial regions are recruited in PD patients to compensate
for the loss of “module connector” function of the basal ganglia
seen in healthy people.

Here, we aimed to investigate the connectivity change PD
patients associated with MCI and aging, in two steps. In the first
step, we analyzed rs-fMRI data of three groups, Older healthy
volunteers (OHV), PD-non-MCI, and PD-MCI, which were
collected with the same scanning protocol. The bootstrap analysis
of stable cluster (BASC) method (36) was applied in a data-driven
way, to see the impact of selection of “clusters,” in the brain. Then,
the connectivity strength of each cluster between groups were
compared. This allowed to compare the effect of clusters selection
at different resolutions and locations. In a second step, using a
set of clusters from step 1, we applied a graph-theory approach
to data from four groups of interest: PD-non-MCI, PD-MCI,
OHYV, and young healthy volunteers (YHV), and investigated
differences in regional hub function in the brain. We applied the
cost-threshold approach adjusting the number of connections in
all the participants, rather than connectivity strength-threshold
approach, because the former is more stable and relevant in the
analysis of connectivity “patterns” between different populations
(33, 37, 38). Together these analyses allowed us to explore
the independent and overlapping relationships among aging,
pathology, cognitive capability, and brain connectivity in PD.
We predicted that the connectivity results would reflect the
importance of age as an important factor for cognitive deficits
in PD.

METHODS

Subjects

Thirty-five non-demented PD patients at stages I and II of
Hoehn and Yahr (mean age + SD, 66.2 £ 7.6 years; range,
50-85; 20 male and 15 female patients) were recruited and
subsequently divided into two groups: those with MCI (PD-MCI;
n = 15) and those cognitively intact (PD-non-MCI, n = 20).
The sample size was determined based on our previous study
of functional MRI, comparing the PD-non-MCI vs. PD-MCI
(19 vs. 14) (39). Inclusion criteria for MCI were based on the
Movement Disorder Society Task Force guideline for PD (6),
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based on five cognitive domains (Table 1). Objective evidence of
cognitive decline defined as performance (1) standard deviation
below the standardized mean (taking into account age and sex)
in at least two measures within the same cognitive domain
of the neuropsychological assessment. (2) Subjective complaint
about cognitive decline by the patient or accompanying person;
(3) Absence of significant decline in daily living activities; and
(4) Absence of dementia. PD patients underwent cognitive
assessment and fMRI and took their usual level of dopaminergic
medication during these sessions. As a control group, 21 non-
MCI older volunteers (mean age £ SD, 70.0. & 5.4 years; range,
62-78; 5 male and 16 female patients) were recruited, and also
underwent cognitive assessment and MRI within 2 weeks of each
other. The same criteria were used in the control group, including
a neuropsychological assessment to exclude the presence of MCI.

Demographic details are given in Table2. A significant
difference in age occurred between the PD-non-MCI and PD-
MCI (Table 2). Matching for age of PD-non MCI and PD-
MCI, however, might induce a recruitment bias, as many studies
indicate that PD patients with MCI are generally older than
PD-non MCI (2, 7, 8). Here, we opted for another strategy to
investigate the effect of age, we added a young healthy group
allowing us to investigate of age vs. the effect of disease. Of note,
UPDRS scores for six PD patients (PD-non-MCI; 3, PD-MCI; 3)
were missing.

rsfMRI data from 30 young participants (mean age £ SD, 23.8
=+ 3.17 years; range, 20-30; 14 male and 16 female) were obtained.
The data was collected for two other studies [Transcranial
magnetic stimulation, n = 16, (not published), and positron
emission tomography (PET), n = 14 (40)].

Resting-State fMRI Acquisition

All participants were scanned with 3T Siemens TIM MRI
scanners at the Institut Universitaire de Gériatrie de Montréal
(OHV, PD-non-MCI, PD-MCI, and YHV-TBS), and at the
McConnell Brain Imaging Center, Montreal Neurological
Institute, McGill University (YHV-PET). Sessions began with
high-resolution, T1-weighted, 3D volume acquisition for
anatomic localization (voxel size 1 mm?), followed by “resting-
state” echo-planar T2*-weighted image acquisitions with BOLD
contrast. The parameters for echo-planar T2*-weighted images
were different; for OHV, PD-non-MCI, and PD-MCI, TR =
2.6's, echo time, 30 ms; flip angle, 90°, volume number 150, slice
number, 42, matrix size, 64 x 64 pixels; voxel size, 3.4 x 3.4 x
3.4 mm?; for YHV in TBS study, TR = 2.55, echo time, 30 ms;
flip angle, 90°, 252 volumes, slice number, 41, matrix size, 64
x 64 pixels; voxel size, 3.5 x 3.5 x 3.5 mm?; and for YHV in
PET study, TR = 2.11s, echo time, 30 ms; flip angle, 90°, 180
volumes, slice number, 40, matrix size, 64 x 64 pixels; voxel
size, 3.5 x 3.5 x 3.5 mm?>. The OHV and PD participants had
three runs of T2*-weighted image acquisitions. All scans were
used for the first step analysis of comparison of the connectivity
strength among the OHV, PD-non-MCI, and PD-MCI groups,
but only the first run was used in order to make comparisons
with the YHV (who were scanned only once) for the second
step analysis using the graph theory approach. During rsfMRI,
OHV, PD-non-MCI, PD-MCI, and YHV-TBS groups were

presented with a white screen and a black cross in the middle,
and YHV-PET participants were presented with a white screen.
They were instructed to keep their eyes open (to avoid falling
asleep), focus on the cross or white screen, and relax.

Of note, we confirmed that there were no significant
differences in network properties (e.g., global and local efficiency,
degrees and betweenness centrality of all the clusters, using the
methods described below in Step 2) between the two sets of
participants, even without correction for multiple comparisons.
Therefore, we combined the two data set into one YHV group for
this study. All the participants provided informed consent, and
the protocol was approved by the Research Ethics Committee of
the Regroupement Neuroimagerie Québec.

rsfMRI Data Processing

All the data were pre-processed with the same procedure. We
applied the NIAK pre-processing pipeline to the fMRI datasets
(41). First, slice timing correction was performed with spline
interpolation. After motion correction, slow time drift was
removed from the blood oxygen level-dependent (BOLD) time
series with a high-pass filter of 0.01 Hz. To avoid possible artificial
correlation induced by low-pass filters (42), no low-pass filter
was applied. To minimize artifacts due to excessive motion, all
time frames showing a displacement > 0.5 mm were removed.
A minimum of 40 un-scrubbed volumes per run was required
for further analysis, and no scans were removed based on this
criterion except the third run of one participant belonging to the
PD-non-MCI group. The mean motion-corrected time-averaged
functional volume was co-registered with the individual T1
scan (43), then transformed into the ICBM152 space using the
acquired parameter at a 3 mm isotropic resolution. The following
nuisance covariates were regressed out from fMRI time series:
slow time drifts (basis of discrete cosines with a 0.01 Hz high-pass
cut-off), average signals in conservative masks of the white matter
and the lateral ventricles, and the first 3-10 principal components
of the six rigid-body motion parameters and their squares (44,
45). The fMRI volumes were finally spatially smoothed with a
6 mm isotropic Gaussian blurring kernel.

Step 1. Connectivity Strength Between

Clusters in OHV, PD-non-MCI, and PC-MCI
Bootstrap Analysis of Stable Clusters (BASC)

We applied the BASC algorithm to identify clusters that
consistently exhibited similar spontaneous BOLD fluctuations
in individual subjects and were spatially stable across subjects
(46). We first applied a region-growing algorithm to reduce each
fMRI dataset into a time X space array, with 957 regions (47).
BASC replicates a hierarchical Ward clustering 1,000 times and
computes the probability that a pair of regions fall in the same
cluster, a measure called stability (46). The region x region
stability matrix is fed into a clustering procedure to derive
consensus clusters, which are composed of regions with a high
average probability of being assigned to the same cluster across all
replications. At the individual level, the clustering was applied to
the similarity of regional time series, which was replicated using
a circular block bootstrap. Consensus clustering was applied
to the average individual stability matrix to identify group
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TABLE 1 | Cognitive assessment.

Cognitive domain Test References
Attention Digit Span Wechsler, 1997
Digit Symbol Wechsler, 1997
Executive Stroop Golden and Freshwater, 1998
Trial Making Test B, Time, and Error Reitan and Wolfson, 1985
Brixton Burgess and Shallice, 1997
Montreal d’Evaluation de la communication (MEC), Verbal Joanette et al., 2004
fluency-orthographc criteria subtest
Memory Rey-Osterrieth Figure copy Osterrieth, 1944
Rey Auditory Verbal Learning Test (RAVLT) Schmidt, 1996
Logical Memory subtest of Wechsler Memory Scale (WMS-IIl) Wechsler, 1999
Visuospatial Hooper test Hooper, 1958
Rey-Osterrieth figure copy Osterrieth, 1944
Montreal Cognitive Assessment (MoCA), Clock drawing Nasreddine et al., 2005
Language MEC, semantic subtest Joanette et al., 2004

Boston Naming Test

Kaplan et al., 1983

References for cognitive tasks are shown in the Supplementary Information.

TABLE 2 | Demography of participants.

Group OHV PD-non-MCI PD-MCI

Number 21 20 15

Age 70.0 + 5.4 (62-78) 63.8 £ 7.4 (50-78) 69.4 + 6.8 (61-85) e
Sex(M:F) 5116 10:10 10:5 *
Disease duration 6.7 3.5 9.3+5.2

UPDRS (motor score) 26.7£ 121 (n=17) 299+ 11.7(n=12)

Education 1565 +£3.2 15.0+2.2 148 +25

MoCA 282 +15 285+1.6 26.9+ 20 o
BDI-Il 43+4.2 7.7+£56 10.1+£4.9 o
L-DOPA equivalent dosage 496 + 428 531 + 394

t-test or y2-test. "o < 0.05 in HV vs. PD-non-MCI. *p < 0.05 in HV vs. PD-MCI. **p < 0.05 in PD-non-MCI vs. PD-MCI.

clusters. The group clustering was replicated via bootstrapping
of subjects in the group. A consensus clustering was finally
applied on the group stability matrix to generate group consensus
clusters. The cluster procedure was carried out at a specific
number of clusters (having a corresponding “resolution”). Using
a “multiscale stepwise selection” (MSTEPS) method (48), we
determined a subset of resolutions that provided an accurate
summary of the group stability matrices generated over a fine grid
of resolutions: K = [4, 10, 19, 35, 63, 118, 221, 393].

Derivation of Functional Connectomes

For each resolution K, and each pair of distinct clusters,
the between-clusters connectivity was measured by the Fisher
transform of the Pearson’s correlation between the average time
series of the clusters. The within-cluster connectivity was the
Fisher transform of the average correlation between time series
inside the cluster. An individual connectome was thus a K x
K matrix.

Statistical Testing
To test for differences between, OHV vs. PD-non-MCI, OHV vs.
PD-MCI, and PD-non-MCI vs. PD-MCI at a given resolution,

a general linear model (GLM) for each connection between
two clusters was applied. A GLM included an intercept, and
the average frame displacement of the runs involved in this
analysis (without including age as a covariate). In addition,
a GLM including age as a covariate was also calculated to
see the impact of age on the comparisons. The contrasts of
interest (HV vs. PD-non-MCI, HV vs. PD-MCI, and PD-non-
MCI vs. PD-MCI) was represented by a dummy covariate
coding the difference in average connectivity between the
two groups.

The false-discovery rate (FDR) across connections was
controlled at qFDR <0.05 (49). We assessed the impact
of that parameter by replicating the GLM analysis at the
eight resolutions selected by MSTEPS. We implemented an
omnibus test (family-wise error rate a < 0.05) to assess
the overall presence of significant differences between groups,
pooling FDR results across all resolutions (18). If the omnibus
test across resolutions was not significant, then no test
would be deemed significant. Since this omnibus test was
significant, we used the FDR threshold of g < 0.05 to explore
single resolutions.
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Step 2. Graph Theory Methodology

To investigate the between-network functional connectivity
of the brain using a cluster-based method, a graph theory
approach was applied (50). The same set of functional clusters
(n 118) as in step one was used. This set was selected
because it included the maximal number of the clusters which
showed significant differences between the PD-non-MCI and
PD-MCI (see Results). The time series of the BOLD signal
of each cluster, which was considered as a node in graph
theory approach, were extracted for each participant. Then, the
Pearson correlations were calculated between each pair of the
118 clusters, resulting in a symmetric 118 x 118 correlation
matrix. We then applied a cost-threshold approach to the
correlation matrix, as in our previous studies (33, 37). The cost
is defined as the ratio between the actual number of connections
and the maximum number of possible connections between
every two clusters. As a function of cost, network features,
such as global, local, cost efficiencies, were calculated. Global
efficiency is an index of inverse path length, defined by an
average minimum number of connections that link any two
nodes of the network, and indicates the efficiency of information
transfer among different brain regions (50). The cost efficiency
is defined as “global efficiency—cost,” and it is assumed that
the brain operates optimally with the maximum cost efficiency,
maximizing information transfer (24, 50). As a function of the
cost between 0.5 and 50% with 0.5% step, cost efficiency was
calculated to examine the economical cost, while maximizing
cost efficiency. This process was identical to our previous study
(33). We also confirmed the small-worldness with a parameter
“omega,” which is typically near 0 for networks with small-world
properties (51). The average cost efficiency in each group was
maximized which resulted in a range between 19.5 and 22%,
depending on the group (YHV, 19.5%; OHV, 22.0%, PD-non-
MCI, 20.0%; PD-MCI, 21.5%). Therefore, we used the cost (18-
24%) with 0.5% step, where the omega was between —0.03 and
0.07 in all the groups, to generate whole brain networks with
the 118 clusters. With each of the 13 costs, network features
(degree, and between centrality, see below) were calculated and
averaged individually, for further analysis. Graphs of the “cost
efficiency” and omega, as the function of the cost are shown
in Figure S1.

In graph theory analysis, degree is the number of connections
attached to a given node in a designed binary graphed brain
network, and betweenness centrality is the total number of all
shortest paths linking to the given node (52). Hubs are nodes
with high degree, or high centrality (19). For each cluster, in
each participant, first, the degrees were calculated. We selected
all the clusters which indicated more than mean + 1S.D. of all
the clusters of all the subjects, at least in one group, considering
them as hubs (53). Using these selected clusters, the betweenness
centrality was also calculated. This was added based on the
hypothesis that if the hub regions function effectively for the
information transfer in the brain network, the nodes also have
high betweenness centrality. In addition to the hub clusters,
we examined clusters located in the basal ganglia (caudate,
putamen, and globus pallidus) and hippocampus, because they
are considered as important regions for integrating information
from different brain modules (30, 54), and we have observed
that they are the key regions of cognitive decline in PD patients
(39, 55, 56). The total cluster number was 14 (Figure 1).

Group Difference of Degree and Betweenness
Centrality

To examine the impact of pathology, age, and cognition
separately, group difference (YHV vs. OHV, OHV vs. PD-
non-MCI, PD-non-MCI vs. PD-MCI) of the degree and the
betweenness centrality were investigated with student ¢-test in
each hub-cluster. For the comparisons of OHV vs. PD-non-
MCI and PD-non-MCI vs. PD-MCI, analyses including age as a
covariate, were also performed applying a general linear model.
Multiple comparisons with the selected clusters (n = 14) was
applied and a significance threshold was determined at pFDR <
0.05. Predicted regions which have been linked to PD pathology
and/or cognitive deficits in PD (e.g., caudate, globus pallidus,
putamen, hippocampus, mPFC, posterior cingulate cortex, and
precuneus) were also reported without multiple comparison
correction using a threshold of p < 0.05.

Demographic Impact on Group Difference of Degree
in Precuneus and Cingulate Cortex

Studies indicate that cognition in PD patients is associated
not only with age, but also gender, depression, education, and

12, Globus pallidus; 13, Putamen; 14, Hippocampus.

FIGURE 1 | Clusters with high degrees (> mean + 1S.D.) (1-10), and the clusters in the basal ganglia and the hippocampus (11-14). 1, mPFC1; 2, mPFC2; 3,
Cerebellum; 4, Middle Temporal; 5, right Temporal; 6, Occipital; 7, Precuneusi; 8, Precuneus2; 9, Precuneus+Primary Motor Area; 10, Cingulate Gyrus; 11, Caudate;
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severity of motor symptoms (7, 8). Accordingly, there also
existed group difference between the PD-non-MCI and PD-
MCI, in sex, and BecK’s Depression Inventory II (BDI-II, as an
index of depression), but not in education or UPDRS motor
scores. It should be noted that UPDRS data were missing in six
participants. We also performed the analyses described below on
the 29 patients and found similar results as with the full 35 PD
patients. Here, we only report the results with the full PD group.

Among the observations in the above section of “Group
difference of degree and betweenness centrality,” we were especially
interested in the clusters (the precuneus and the cingulate
cortex), which showed increased degrees in the PD-non-MCI
compared to the OHV. To see the impacts of age, sex, and BDI-
II, on the degrees in the clusters, we further performed group
comparisons (OHV, PD-non-MCI, and PD-MCI), dividing each
group into two subgroups according to age (younger vs. older),
sex (male vs. female), and BDI-II (lower vs. higher), separately.
Thresholds for dividing a group were set at 67.6 for the age,
and 6.9 for the BDI-II. They were determined at the average
of the whole groups (see Table 4). The average of the degree of
the precuneus and the cingulate cortex (Figure 1, # 7, 8, 9 10)
was calculated for each participant. Then the averaged degree
was compared with two types of two-way ANOVA (group x
subgroup), and two types of t-tests. One type of the ANOVA
was with three groups (OHV, PD-non-MCI, and PD-MCI) x
two subgroups of age, sex, and BDI, separately. The other type
was with two groups (OHV and PD-non-MCI) x two subgroups
of age, sex, and BDI-II, separately. Simple t-tests of OHV vs.
PD-non-MCI, and PD-non-MCI vs. PD-MCI, were performed in
each subgroup.

Significant threshold was set at p < 0.05.

Correlation Between Degree and Cognitive Function
We hypothesized that the regions with significant difference
in the group comparisons above are associated with cognitive
performance. Therefore, correlation analysis between the degree
and/or betweenness centrality of the regions, with the mean
Z-scores of the five cognitive domains (attention, executive,
memory, visuospatial, and language; see Table1 for detail),
was performed, in OHV and PD groups, separately. For the
OHY, four regions (clusters # 1, 2, 12, 14, corresponding to the
mPFC1 and 2, globus pallidus, and hippocampus) were selected
based on group differences from the 14 clusters. For all PD
patients (collapsing the PD-non-MCI and PD-MCI together),
four regions (clusters # 7, 8, 9, 10, corresponding the three
precuneus regions and the cingulate gyrus) were selected based
on group differences from the 14 clusters. Multiple comparison
with of all the correlations (n = 4) was applied at a significant
threshold of pFDR < 0.05 in each group. Analyses with age
covaried out was also performed for the PD patients, applying
a general linear model.

RESULTS

Cognitive Assessment
Among the 35 PD participants, 15 were grouped in PD-MCI.
Eleven showed single domain cognitive impairment (attention:

2, executive: 6, memory: 0, visuospatial: 3, and language: 1),
and three showed impairment on multiple domains. Participant
demographics are shown in Table2. Group difference was
observed in age, sex, MoCA and Beck’s Depression Inventory II
(BDI-II) (Table 2). A marginal group difference was observed in
disease duration (p = 0.089). The mean Z-scores of each domain
are shown in the Figure S2. Student ¢-tests indicated that all the
Z-scores on these measures were lower in PD-MCI than HV (p
< 0.05). The Z-scores in the PD-MCI were lower than PD-non-
MCI in attention, executive language domains (p < 0.05), and
marginally lower in memory domain (p = 0.055). Between the
HYV and the PD-non-MCI, significant difference was observed in
the executive and language domains (p < 0.05).

Connectivity Analyses

Step 1. Connectivity Strength Between Clusters in
OHV, PD-non-MCl, and PC-MCI

Across the resolutions, the omnibus tests indicated significant
difference between the HV and PD-MCI groups (with age
as a covariate), and between PD-non-MCI and the PD-MCI
groups (without controlling for age), both indicating decreased
connectivity in PD-MCI. Details are in Table 3. The results are
stable across resolutions in PD-non-MCI vs. PD-MCI (without
age as a covariate), showing a tendency of gradually decreasing
percent of significantly different connectivities as the resolution
increased. No difference was observed in OHV vs. PD-non-
MCI comparisons (with age covariate). The detail results are
shown in the SL Briefly, when comparing PD-non-MCI with
PD-MCI (without age covariate), with resolution 19, group
connectivity differences was observed in most of the brain except
the temporal area and the upper cerebellum (Figure S3, top).
Discovery rate, indicating the rate of connections with significant
effects for each cluster, were prominent in the medial part of the
cortex corresponding to the motor area. With resolution 118,
similar, but weaker group differences were observed (Figure S3,
middle). Between the OHV vs. PD-MCI (with age covariate),
with resolution 118, significant differences in the discovery rates
were observed in the medial frontal motor cortex, the posterior
cingulate cortex, right anterior prefrontal cortex, and occipital
area (Figure S3, bottom).

Step 2. Graph Theory Analyses

Hub regions

The average of the degrees and the betweenness centrality of
all the 118 clusters of all the participants were 24.6 +11.6 and
132.9 £ 11.6, respectively. Ten clusters showed degrees greater
than mean + 1S.D in at least one group (Figures 1, 2, top). In
the mPFC and the cerebellum (# 1, 2, 3) the higher (> mean
+ 1S.D.) degrees were observed in YHV only. In four other
medial structures covering the precuneus and cingulate gyrus
(#7, 8,9, 10) and in the occipital cortex (#6), the higher degrees
were observed in PD-non-MCI, only. In the temporal and
temporoparietal areas (#4,5), the higher degrees were observed
in all the groups, except in PD-MCI for #5. Within these regions,
higher betweenness centralities were observed in the mPFC
and the cerebellum (#2, 3) in the YHV, and in the middle
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TABLE 3 | Group differences in connectivity strength between clusters between groups.

Cluster number 4 10 19 35 63 118 221 393 p-value
WITHOUT AGE AS A COVARIATE

HV vs. PD-non-MClI 0 0 0 0 0 0 0 0 1

HV vs. PD-MCI 0 0 0 0 0.001512 0.001149 0.001228 0.000699 0.0761

PD-non-MCl vs. PD-MCI 0.4375 0.26 0.085873 0.088980 0.011590 0.007182 0 0 0.0032
WITH AGE AS A COVARIATE

HV vs. PD-non-MCl 0 0 0 0 0 0 0 0 1

HV vs. PD-MCI 0.125 0 0 0 0.005039 0.000862 0.001515 0.001463 0.0267
PD-non-MCl vs. PD-MCI 0 0 0.002770 0 0 0 0 0 0.0841

The numbers under each cluster number indicate the proportion of significantly different connectivity over all possible connections. The p-value is based on the omnibus test across all

the resolutions.

temporal area (#4) and the precuneus (#7), in PD-non-MCI
(Figure 2, bottom).

Group difference of degree and betweenness centrality
Results are summarized in Figure 2.

OHV vs. YHV. The YHV indicated higher degrees in the
mPFC and the cerebellum (#2, 3) compared with the OHV
(adjusted p-values 0.0018 and 0.017, respectively). A similar
decrease in OHV was observed in the other cluster of the
mPFC (#1) (uncorrected p = 0.046, adjusted p = 0.13). In the
a priori predicted regions, higher degrees were observed in the
globus pallidus (#12) and lower degrees in the hippocampus
(#14) in OHV compared to YHV, though this did not survive
correction for multiple comparisons (uncorrected p-values 0.019
and 0.020, respectively; adjusted p-values 0.070 and 0.070).
Higher betweenness centralities were also observed in the mPFC
and in the cerebellum (#1 and #3) in YHV compared with
OHV (adjusted p-values 0.019 and 0.0004, respectively). In the
cluster of the mPFC (#2), reduction was also observed in OHV
compared to YHV (uncorrected p = 0.0326; adjusted p = 0.114).
Decreased betweenness centrality in the hippocampus was also
observed in the OHV compared with YHV (uncorrected p =
0.018; adjusted p = 0.085).

PD-non-MCI vs. OHV. Higher degrees were seen in PD-non-
MCI compared to OHV in the precuneus and the cingulate cortex
(#7, 10; adjusted p-values 0.020 and 0.020, respectively). Increases
in PD-non-MCI participants were also seen in the clusters of the
precuneus regions (#8, 9; p-value without multiple comparison
= 0.018 and 0.023, respectively, and adjusted p-value = 0.063
and 0.053, respectively). When age was included as a covariate,
group difference between OHV and PD-non-MCI was observed
in the precuneus and the cingulate cortex (#7, 8, 10; adjusted p-
values 0.047, 0.047, and 0.047, respectively). In the other cluster
of the precuneus (#9), the same pattern was observed (p-value
without multiple comparison with p = 0.015 and adjusted p =
0.053). No difference was observed in the betweenness centrality,
with or without age-covaried out (adjusted p > 0.3).

PD-non-MCI vs. PD-MCI. Higher degrees were seen in PD-non-
MCI in the precuneus (#9; adjusted p = 0.046). No significant

difference of degrees was observed between the PD-non-MCI
and PD-MCI in the other clusters of the presumes (#7, 8,10) (p-
value without multiple comparison > 0.1). Higher betweenness
centrality in the presumes (#9) was observed in the PD-non-
MCI group (p = 0.032 without multiple comparison; adjusted
p = 0.20). Controlling for age, the same pattern was observed
in the presumes (#9) (p = 0.044; adjusted p = 0.18). No other
difference was observed in the betweenness centrality, with or
without including age as a covariate (p-value without multiple
comparison >0.50).

Demographic impact on group difference of degree in
precuneus and cingulate cortex

All the results are shown in the Table4. In ANOVA, strong
group effects, but neither subgroup effects nor interactions were
observed, with subgroups of age, sex, and BDI-II. However,
marginal interaction was observed between the two groups
(OHV vs. PD-non-MCI) and the age (<67.6 vs. >67.6).
In t-tests, in the younger participants (<67.6) and in the
female patients, the averaged degree was strongly higher
in PD-non-MCI compared with OHV. The mean of the
averaged degree of the clusters in each subgroup is shown
in Figure 4.

Correlation between degrees and cognitive function

In all PD patients, the degrees of the clusters of the presumes
and the cingulate cortex (#7, 8, 9, 10) were positively correlated
with the mean Z-score across all domains of the cognitive
assessment (Figure 3). The correlation rates (r) were, 0.42, 0.42,
0.40, and 0.35, and the adjusted p-values were 0.027, 0.027,
0.27, and 0.042, respectively. When age was included as a
covariate, significant correlations were observed in the clusters
of the presumes (#7, 8, 9), but not in the cingulate cortex (#10)
(uncorrected p-values 0.036, 0.017, 0.047, and 0.069, adjusted
p-values 0.067, 0.67, 0.67, and 0.069, respectively). The result
of correlation analysis for each cognitive domain is shown in
the Supplementary Information. No relationship was observed
in OHV between degrees and scores on cognitive assessments
in any of the clusters that were significantly different from
YHV [mPFC, globus pallidus, or hippocampus [#1, 2, 12, 14],
uncorrected p > 0.15].
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FIGURE 2 | Mean degrees (top) and the betweenness centralities (bottom) of each cluster, depending to the groups (YHV, OHV, PD-non-MClI, and PD-MCI). **the
significant difference with correction for multiple comparisons, and *the significant difference without multiple comparison. The bar indicates the S.D.

DISCUSSION

Step 1

We investigated the connectivity differences among HV, PD-
non-MCI and PD-MCI, applying BASC (36) and whole
brain connectome with different resolutions (18). Our main

observation was significant connectivity differences between PD-
non-MCI and PD-MCI, without age covaried-out, across all
the resolutions (Table 3). This result is in line with previous
studies of PD patients with MCI (57-62). Here, the sensitivity
was higher with lower resolution (<50), and lower but stable
with higher resolution (>50). This is in agreement with studies
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TABLE 4 | Group differences of averaged degrees in precuneus and cingulate cortex, between two subgroups of age, sex, and BDI.

Age Sex BDI
Definition of subgroups subgroup1 <67.6 Male <6.9
subgroup?2 >67.6 Female >6.9
NUMBER
OHV Subgroup1 8 5 17
Subgroup?2 13 16 4
PD-non-MCl Subgroup1 12 10 9
Subgroup?2 8 10 11
PD-MCI Subgroup1 7 10 4
Subgroup?2 8 5 11
TWO-WAY ANOVA (p-value)
Group effect (OHV, PD-non-MClI, PD-MCI) 0.002 0.005 0.01
Subgroup effect (subgroupi, subgroup?2) 0.705 0.261 0.344
Interuction (group x subgroup) 0.214 0.441 0.844
Group effect (OHV, PD-non-MCl) <0.001 0.001 0.002
Subgroup effect (subgroupi, subgroup?2) 0.943 0.829 0.259
Interuction (group x subgroup) 0.074 0.587 0.644
t-test (p-value) Between groups
OHV vs. PD-non-MClI Subgroup1 0.001 0.083 0.015
Subgroup?2 0.119 0.002 0.055
PD-non-MCl vs. PD-MCI Subgroup 0.158 0.070 0.452
Subgroup?2 0.166 0.501 0.017

Numbers of subgroups, p-values of two-way ANOVA and t-test are shown.

in different patient groups using the same methodology (18,
63). The group difference was most prominent in connectivity
with the medial cortex, including the primary motor cortex
(Figure S3). Thus, considering the fact that the main symptom
of the PD is motor dysfunction, the cognitive impairment might
show pathophysiological overlap with motor dysfunction in PD
patients, i.e., the connectivity impairment could potentially be
attributed to the impairment in midbrain dopamine projections
to the striatum. Interestingly, the difference between the OHV
vs. PD-MCI was weaker, and only emerged when including age
as a covariate (Table 3). In addition, in these comparisons the
sensitivity was not higher with lower resolution (<50), which is
atypical with this method (18, 63). Thus, we speculated that the
reduction of the connectivity does not occur linearly as disease
progresses. Instead, connectivity might be increased in some
regions in PD-non-MCI patients likely reflecting a compensatory
mechanism. In fact, increased and decreased overall connectivity
has been reported in non-MCI and MCI PD patients compared
to HV (57, 60).

Step 2

Applying graph theory on the same rs-fMRI data in the first step
combined with rs-fMRI data from YHV, we investigated the age,
pathological condition, and cognition effects separately, on the
hub regions of the brain. The results indicated that (1) decreased
hub function mainly in the mPFC in the OHV compared with
the YHV, (2) increased hub function in the posterior medial
structures (presumes and cingulate cortex) in the PD-non-MCI
compared to PD-MCI, with and without age covariate out, and

(3) positive correlation between the hub function in the medial
structure and cognitive level in all PD patients.

Compatibility With Step 1

Based on the results of the first step, we hypothesized a possible
increased connectivity in the PD-non-MCI patients. With a
different approach here, we found that the degree of the medial
structures (cingulate cortex and the precuneus) was increased
in the PD-non-MCI group compared to the OHV, in agreement
with our hypothesis. In step 1 analyses, when age was included as
a covariate, no significant difference was observed for the group
comparison between PD-non-MCI and PD-MCI. However, here
we observed that the increased degrees of the medial structure
survived when accounting for the effect of age. By also comparing
OHYV and YHYV, we confirmed that the increase of the posterior
medial structure was not associated with healthy aging, but
rather occurred exclusively in the PD-non-MCI patients. The two
approaches to the data broadly support each other.

Medial Prefrontal Cortex (mPFC)

We observed a high degree and betweenness centrality in the
mPFC, corresponding to the pre-supplementary motor area (pre-
SMA) and supplementary motor area (SMA), in the YHV. This is
in agreement with previous studies of functional and anatomical
connectivity, indicating these regions as hub connectors (25,
28, 64). The mPFC is considered to be an important region
in learning associations between events and in linking adaptive
responses (65). The higher degree and betweenness centrality
in YHV could support this cognitive function. Both network
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FIGURE 4 | Mean of the averaged degree of the precuneus and cingulate cortex, in each subgroup of age, sex, and BDI-II. The bar indicates the S.D.

indices were decreased in the OHV compared to the YHV
in these regions. This is in agreement with previous studies
that have found that reduced connectivity of these regions is
associated with cognitive decline in aging (27, 28). However, in
the present data, no significant correlation was observed between
the degree or betweenness centrality of the mPFC and the average
cognitive Z-scores in the OHV. The discrepancy might be due
to methodological differences, such as using different imaging
parameters and analyses, or by participants demography. In
particular, we carefully excluded participants with any MCI in
this group, which restricted the range of cognitive scores and
could have resulted in selection a sample of participants that are
making optimal use of an existing neural network.

No significant difference was observed between the OHV and
PD-non-MCI groups in these regions. Thus, loss of connectivity
in these regions may be primarily attributed to age rather
than pathology.

Posterior Medial Structures (Cingulate Cortex and
Precuneus)

In the PD-non-MCI patients, degrees were significantly increased
in the cingulate cortex and the precuneus relative to both OHV
and PD-MCI, and this effect was not accounted for by age. Of
note, additional direct comparison indicated that compared with
YHYV, the PD-non-MCI patients showed significantly increased
degrees in the precuneus (#7, 9), and the cingulate cortex (#10)
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(adjusted p-values 0.048, 0.023, and 0.054, respectively). Overall,
this pattern suggests that PD-non-MCI patients recruit more the
posterior medial structures and the functional regions they are
associated with, but that this may be lost in PD-MCI patients.
Moreover, the degree of these regions in all PD patients was
positively correlated with the mean Z-score of the cognitive
assessment (Figure 3). This is in agreement with our previous
study, showing recruitment of the precuneus in PD patients
during a set-shifting task (35). This supports the possibility that
increased network activity in posterior medial structures might
reflect compensatory mechanisms that protect against cognitive
impairment in PD patients.

When each cognitive domain was considered, the degrees
in the cingulate gyrus were correlated with the Z-scores of
the attention domain, and the degrees in the precuneus were
correlated with the Z-scores of the language domain. Moreover,
the degrees in these clusters were marginally correlated with
the Z-scores of the executive and memory domains (see
Supplementary Information). Thus, the important function of
the posterior medial structure in cognition could be a general
function for cognition, i.e., hub function, plausibly to connect
brain regions supporting specific cognitive functions, rather than
being involved in specific cognitive function itself.

Aging, a Risk Factor for Cognitive Decline
in PD Patients

As described above, we observed reduced hub function in the
mPFC in OHV, but not in the PD-non-MCI. Instead, we observed
increased hub function in the posterior medial structures in this
latter group. The mPFC is a key region associated with cognitive
decline observed in aging (27, 66). Thus, for PD patients, the
mPFC could be an important hub region for good cognitive
performance. However, the mPFC is one of the important output
of the cortico-basal ganglia thalamocortical loops (29, 67), and
the hub function for connecting the basal-ganglia and the motor
area. This function seems to be impaired in PD patients (33).
Moreover, pathological change in the mPFC were observed in PD
patients (68), and decreased dopaminergic function in the mPFC
is associated with dementia in PD patients (69). Thus, depending
on its integrity, the mPFC may not be able to act as the main
hub for cognition in PD patients. Interestingly, a front-cingulo-
parietal module (including the frontal area, basal ganglia, and
precuneus) acts as a connector in young people, but this module
is divided into two modules (the fronto-striatal-thalamus and
medial posterior) in older people (28). PD-non-MCI patients are
likely to recruit only one part of the divided two modules.

In the PD-non-MCI patients, the degree in the posterior
medial structure was increased compared to the OHV. However,
the betweenness centrality was not significantly higher in PD-
non-MCI compared with OHV, even before multiple comparison
correction (p > 0.15). The betweenness centrality is the total
number of all shortest paths linking to the given node (52). Thus,
the recruited connectivity which could increase degrees, may not
represent fully optimized information transfer in the brain.

Additionally, we investigated the impacts of age, sex, BDI-II,
one by one, on the degrees in the posterior medial structure, by

dividing each group into two subgroups. The results indicated
main effect of the group (PD-non-MCI vs. PD-MCI), but not
the effect of the subgroup, or interaction of the group x
subgroup. However, in the younger (<67.6) and in the female
participants, the averaged degree was strongly higher in PD-non-
MCI compared with OHV (Table 4), and a marginal interaction
was observed between the two groups (OHV vs. PD-non-MCI)
and the age (<67.6 vs. >67.6). Studies indicate, in PD patients,
risk factors of cognitive impairment are age, male gender,
depression, education, and severity of motor symptoms (7, 8).
Our results indicate that younger and female PD patients may
be able to recruit the posterior medial structure as hub more
efficiently, compared with the older and male PD patients, giving
a positive impact of cognition. However, given the small number
of the participants for each subgroup, further studies are required
to confirm this finding.

Basal Ganglia and Hippocampus
We observed the basal ganglia and the hippocampus as non-hub
regions, in agreement with previous studies (28).

In the basal ganglia (globus pallidus), the degree was increased
in OHV, compared with YHV. In older people, some parts
of the basal ganglia are likely to increase the importance of
connector function in the brain (70, 71), supporting their
motor and cognitive performance (71, 72). However, the basal
ganglia are the main pathological target of the PD. Therefore,
cognitive benefit possibly relating to increased degree in the
basal ganglia would be limited to PD patients. Nevertheless,
no difference was observed in the degrees between OHV vs.
PD-non-MCI. The globus pallidus shows increased connectivity
with the medial temporal region and the posterior medial
structure in older people, compared to younger people, but has
decreased connectivity with the somatomotor cortex (70). Thus,
the observation may reflect the further increased connectivity
with the posterior medial structure region in PD patients,
rather than involvement in the traditional cortico-basal-ganglia-
thalamocortical loops (29). More studies are required to confirm
this observation.

In the hippocampus, degrees was decreased in OHV
compared with YHYV, in line with previous studies (73), and no
difference was between OHV vs. PD-non-MCI. Although the
hippocampal function in the PD patients plays an important
role for supporting cognition (35, 39, 56), pathological change of
dopaminergic system is also observed in the hippocampus in PD
patients (68), associating with cognitive impairment in advanced
stages of PD (55).

The increased and decreased degrees in the globus pallidus
and the hippocampus between YHV vs. OHV were only observed
without multiple comparisons (Figure 2). The impacts of the
connectivity in these regions on cognition in PD patients
while important, might be less crucial than connectivity in the
medial structures.

CONCLUSION

Using rs-fMRI data with two different analyses, we investigated
the effects of age, pathology, and cognitve impairment on brain
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connectivity in PD patients. Cluster connectivity and graph
theory analysis provided distinct but convergent information
about these processes. The comparison of the connectivity
strength indicated the reduction of the multiple connectivities
in PD-MCI patients compared to PD-non-MCI. Results were
not strongly influenced by cluster number and location, but
differences were reduced when age was included as a covariate.
Using a graph-theory approach, we observed (1) decreased
hub function mainly in the mPFC in OHV compared with
the YHV, (2) increased hub function in the posterior medial
structure (precuneus and the cingulate cortex) in PD-non-
MCI patients, and (3) positive correlation between the hub
function in the medial structure and cognitive function in all PD
patients. Because of our small sample size, our interpretations
should be taken with caution. Nevertheless, based on our
results together with those of previous studies, we propose that
a combination of hub modifications affect cognition in PD
including (1) age-related reduction of hub function in the mPFC,
and (2) recruitment availability of the posterior medial structure
possibly to compensate for damaged basal ganglia function
in PD-non-MCI.
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The extent to which Alzheimer neuropathology, particularly the accumulation of misfolded
beta-amyloid, contributes to cognitive decline and dementia in Parkinson’s disease (PD)
is unresolved. Here, we used Florbetaben PET imaging to test for any association
between cerebral amyloid deposition and cognitive impairment in PD, in a sample
enriched for cases with mild cognitive impairment. This cross-sectional study used
Movement Disorders Society level Il criteria to classify 115 participants with PD as having
normal cognition (PDN, n = 23), mild cognitive impairment (PD-MCI, n = 76), or dementia
(PDD, n = 16). We acquired 18F-Florbetaben (FBB) amyloid PET and structural MRI.
Amyloid deposition was assessed between the three cognitive groups, and also across
the whole sample using continuous measures of both global cognitive status and average
performance in memory domain tests. Outcomes were cortical FBB uptake, expressed
in centiloids and as standardized uptake value ratios (SUVR) using the Centiloid Project
whole cerebellum region as a reference, and regional SUVR measurements. FBB binding
was higher in PDD, but this difference did not survive adjustment for the older age of the
PDD group. We established a suitable centiloid cut-off for amyloid positivity in Parkinson’s
disease (31.3), but there was no association of FBB binding with global cognitive or
memory scores. The failure to find an association between PET amyloid deposition and
cognitive impairment in a moderately large sample, particularly given that it was enriched
with PD-MCI patients at risk of dementia, suggests that amyloid pathology is not the
primary driver of cognitive impairment and dementia in most patients with PD.

Keywords: Parkinson’s disease, amyloid PET, Florbetaben, dementia, centiloid, mild cognitive impairment
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Amyloid and Cognitive Impairment in PD

INTRODUCTION

Motor impairment is the cardinal feature of early Parkinson’s
disease (PD), but progressive cognitive impairment and dementia
(PDD) eventually become major debilitating symptoms for
patients (1). PDD arises in over 80% of patients (2), leading to
substantial caregiver and financial burden, reduced quality of life,
early institutionalization and premature death (3). Progression
to PDD involves a complex, multisystem brain degeneration
(1, 4). Alzheimers disease (AD) neuropathology, including
misfolded beta-amyloid (Af), may influence the emergence of
PDD by acting synergistically with a-synucleinopathy (4-8).
Neuropathological investigations of AP suggest an association
with cognitive impairment and increased deposition in PDD,
at least in a subset of patients (4, 5, 9-11). Similarly,
increased concentrations of AP in cerebrospinal fluid have been
associated with cognitive dysfunction and dementia in PD (12—
16), although some studies have not found this relationship
(17, 18). While both neuropathological and CSF markers
suggest an association with cognitive decline, the cerebral
deposition of amyloid is, however, not ubiquitous and the
neuropathology underlying the development of PDD remains
heterogeneous (19-21).

In vivo imaging of a-synuclein is currently not possible, but
positron emission tomography (PET) imaging allows an in vivo
test of an association between amyloid deposits and cognition
in PD (22, 23). Amyloid PET imaging, however, has produced
conflicting results in PD, especially with respect to cognitive
decline. Gomperts and colleagues (22), found no difference in
amyloid accumulation in the precuneus between a group of
PD patients with mild cognitive impairment (PD-MCI) and
cognitively normal patients at baseline, but the baseline presence
of amyloid was weakly associated with cognitive decline an
average of 2.5 years later, suggesting that amyloid may be a better
marker of future rather than current cognitive status in PD.
While Fiorenzato et al. (24), suggest a modest association with
cognitive decline, other in vivo amyloid imaging studies suggest
that amyloid deposition may occur in only a minority of PD
patients, even in PDD (23, 25-31). However, these previous PET
studies have used relatively small samples and the robustness of
their findings may be compromised by low statistical power, lack
of thorough cognitive characterization, or not accounting for age.

We therefore investigated the relationship between amyloid
deposition and cognitive impairment in PD using ['3F]
Florbetaben (FBB) PET imaging in a large, cognitively well-
characterized group of PD participants that included cases with
normal cognition (PDN), mild cognitive impairment (PD-MCI)
and dementia (PDD). Patients meeting PD-MCI criteria are at
a 7-fold higher risk of conversion to PDD over a 4-year period
compared to patients who do not meet these criteria (32). Thus,
the sample was enriched by recruiting a large proportion of PD-
MCI patients; this is a group in whom intervention to prevent
progression to dementia is particularly pertinent.

Since previous studies have suffered from inconsistent and
variable standardization procedures, we used centiloid scaling
in the present investigation. The centiloid scale facilitates direct
comparison of amyloid deposition across different imaging

centers, analysis methods, amyloid ligands (incorporating ''C-
and '®F-based ligands), and diseases (33, 34). This is achieved
by appling a linear scaling to amyloid PET data to an average
value of zero in high-certainty amyloid-negative subjects, and
to an average of 100 in typical AD subjects (33). In this
first application of centiloid standardization in PD, we (1)
investigated the relationship between amyloid deposition and
cognitive impairment in a group of well-characterized PD
participants representative of the broad cognitive spectrum, and
(2) established the distribution of centiloid values across the
cognitive spectrum in PD.

MATERIALS AND METHODS

As part of an ongoing longitudinal study, a convenience
sample of 118 PD participants meeting the UK Parkinson’s
Disease Society’s criteria for idiopathic PD (35) was recruited
from volunteers at the Movement Disorders Clinic at the
New Zealand Brain Research Institute, Christchurch, New
Zealand. We invited people representative of the broad
spectrum of cognitive status in PD to participate, i.e.,
from normal cognition to dementia, although we particularly
encouraged participation from individuals with PD-MCL
Exclusion criteria included atypical Parkinsonian disorders;
prior learning disability; previous history of other neurological
conditions including moderate-severe head injury, stroke,
vascular dementia; and major psychiatric or medical illness in the
previous 6 months. Neuroradiological screening (RJK) excluded
two participants with multifocal infarcts and one in whom part of
the bolus injection extravasated into the soft tissue. Participants
completed a neuropsychological battery, MRI scanning session,
and ['®F] Florbetaben (FBB) PET imaging. All participants
gave written informed consent, with additional consent from a
significant other when appropriate. The study was approved by
the regional Ethics Committee of the New Zealand Ministry of
Health (No. URB/09/08/037).

Diagnostic Criteria and Assessment

Comprehensive  neuropsychological —assessment  fulfilling
the Movement Disorders Society (MDS) Task Force Level
IT criteria was used to diagnose PD-MCI (32, 36). Five
cognitive domains were examined (executive function; attention,
working memory and processing speed; learning and memory;
visuospatial/visuoperceptual function; and language; see
Supplementary Table 1 for a list of the specific tests) (32).
Within each cognitive domain, standardized scores from
the constituent neuropsychological tests were averaged to
provide individual cognitive domain scores; global cognitive
performance for each participant was expressed as an aggregate
z score obtained by averaging four domain scores (language
domain excluded). PD-MCI cases had unimpaired functional
activities of daily living, as verified by interview with a significant
other, and scored 1.5 SD or more below normative data on
at least two measures within at least one of the five cognitive
domains (32). Dementia was defined using MDS criteria as
significant cognitive impairments (2 SD below normative
data) in at least two of five cognitive domains, plus evidence
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of significant impairment in everyday functional activities,
not attributed to motor impairments (37). Participants also
completed the Montreal Cognitive assessment (MoCA). All
assessments and scans were performed with no disruption to
participants’ usual medication regimen. PD participants were
classified as either cognitively normal (PDN, n = 23), with mild
cognitive impairment (PD-MCL n = 76), or with dementia
(PDD; n = 16). Assessors were blinded to amyloid status.

PET Acquisition

['8F] Florbetaben (FBB) was manufactured in Melbourne,
Australia, by Cyclotek Pty Ltd, and transported by air freight to
Christchurch, New Zealand, with sufficient radioactivity for three
participant doses, despite the passage of three half-lives in transit.
After receiving an intravenous injection of 300 MBq =+ 20% FBB,
participants were scanned in “list mode” on a GE Discovery
690 PET/CT scanner, 90-110 min after injection. Images were
reconstructed using an iterative time-of-flight plus SharpIR
algorithm. Standardized uptake value (SUV), defined as the
decay-corrected brain radioactivity concentration normalized for
injected dose and body weight, was calculated at each voxel. A low
dose CT scan was acquired immediately prior to PET scanning
for attenuation correction. Voxel size in the reconstructed 20 min
PET image was 1.2 x 1.2 x 3.2 mm°.

MRI Acquisition

MR images were acquired on a 3T General Electric HDxt
scanner (GE Healthcare, Waukesha, USA) with an eight-channel
head coil. A volumetric T1-weighted (inversion-prepared spoiled
gradient recalled echo (SPGR), TE/TR = 2.8/6.6 ms, TT = 400 ms,
flip angle = 15 deg, acquisition matrix = 256 x 256 x 170, FOV
= 250 mm, slice thickness = 1 mm) was acquired to facilitate
spatial normalization of FBB PET images. Additional T2-
weighted and T2-weighted fluid-attenuated inversion recovery
(FLAIR) images were acquired to enable a clinical read.

Classification of FBB Images

Visual classification of FBB scans as positive or negative is
accurate and reliable for detection of cases with histology-
defined plaques (38). A neuroradiologist (RJK, with both
in-person and e-training), blinded to cognitive status, rated each
scan as amyloid-positive or -negative. That judgment was based
on the assessment of FBB uptake in gray vs. white matter in
the lateral temporal, frontal, posterior cingulate/precuneus, and
parietal lobes (in accordance with the NeuraCeq™ guidelines:
https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/204
677s0001bl.pdf).

An additional approach using standardized uptake value
ratios (SUVR) or centiloids (see below) was also used to
categorize FBB scans. An ROC analysis [using the R package
“pROC” (39)] was used to identify the optimum centiloid cut-off
to separate positive and negative scans.

Image Processing

MRI

CAT12 (r934, http://www.neuro.uni-jena.de/cat/), a toolbox
of SPM12 (v6685, http://www. filion.ucl.ac.uk/spm/), running

in Matlab 9.0.0 (R2016a), was used to process T1-weighted
structural images. Images were bias corrected, spatially
normalized via DARTEL (using the MNI-registered template
provided within CAT12), modulated to compensate for the effect
of spatial normalization, and classified into gray matter (GM),
white matter (WM), and cerebrospinal fluid (CSF), all within the
same generative model (40).

PET Data

FBB PET images were coregistered to each person’s T1-weighted
image and warped into MNI space using the MRI-derived
deformation fields. We then created a standardized uptake value
ratio (SUVR) image in each individual by scaling to the mean
radioactivity in the Centiloid project whole cerebellum reference
region of interest. Mean cortical SUVR was extracted from the
standard centiloid cortical region. Lastly, SUVR images were
smoothed using an 8 mm isotropic Gaussian kernel for whole-
brain analysis.

Centiloid Calibration

We performed a level 3 centiloid calibration (Supplementary
Material) to verify agreement between the standard centiloid
processing method (which utilized SPM8) and our processing
method (which utilized CAT12 normalization) (33, 34). All
calibration parameters were within expected values, validating
our processing methods (slope = 0.998, intercept = —0.187,
and R? = 0.995). Cortical centiloid values were calculated in all
PD participants using the FBB-to-centiloid conversion equation
(centiloid units = 153.4 x SUVRggp - 154.9) (34).

Regions of Interest (ROls)

While our principal analysis focused on cortical A deposition,
a number of both pathological and imaging studies suggest a
potential relationship between AP accumulation in the striatum,
thalamus, and globus pallidus and cognitive decline (10, 24,
41-43). We therefore specifically investigated a priori ROIs,
including the caudate, putamen, thalamus, globus pallidus, and
precuneus. The precuneus was included as a representative
cortical region that exhibits very high amyloid load in AD (44).
As standard centiloid regions do not exist for these structures,
we calculated average SUVR within these regions defined by
the Harvard-Oxford cortical and subcortical atlases in MNI152
space (45-48).

Statistical Analysis

Bayesian models were fitted using the “brms” (v2.2.0) package
(49) in R (v3.4.4). In each model, four chains with 2,000
iterations each were used to generate the posterior sample. Model
comparison using LOOIC (leave-one-out information criterion)
was performed when models included correlated predictors or
predictive performance was being evaluated (50). A lower LOOIC
score, by at least twice the standard error of the estimated
difference, indicated a model with a better fit, and consequently
whether a specific predictor significantly improved model fit.
Baseline demographic and neuropsychological group differences
were analyzed using linear models (in brms). Analysis code and
data are available at https://osf.io/5fqb9/.
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Region of Interest (ROI) Analysis

We investigated the relationship between FBB uptake and
cognition in PD using Bayesian regression models including age
and sex.

(1) We first tested for evidence of varying cortical amyloid
deposition (centiloid) across the cognitive subgroups (PDN,
PD-MCI, PDD).

We aimed to predict a continuous measure of global
cognitive ability (aggregate cognitive z score) as a function of
age, sex, and cortical FBB binding (centiloid). We evaluated
the importance of predictors by model comparison, using
LOOIC. That is, we compared a model predicting global
cognitive ability with and without cortical FBB binding in
order to determine whether cortical FBB binding improved
prediction of global cognitive ability. This same procedure
was repeated for the memory domain score.

Lastly, regional SUVR from the a priori ROIs was modeled
as a function of age, age-by-ROI, sex, and global cognitive
ability-by-ROI interaction, in order to investigate the
relationship between FBB uptake and cognition in the
different ROIs.

(2)

Whole-Brain Voxel-Wise Analysis (SUVR)

We used a standard, frequentist ANCOVA model (with age
and sex as covariates) to assess the spatial distribution of
amyloid deposition across cognitive subgroups (we specifically
investigated the contrasts: PDD > PD-MCI, PDD > PDN, and
PD-MCI > PDN). In addition, we ran three multiple linear
regression models to investigate the association between voxel-
wise FBB SUVR and continuous measures of (1) global cognitive
ability (cognitive z score), (2) memory domain score, and (3) age.
Age and sex were included as covariates in the global cognitive
ability and memory domain models; only sex was included in
the age model. Voxel-wise comparisons were performed using
a gray matter mask and a permutation-based inference tool for
non-parametric thresholding [“randomise” (51) in FSLv5.0.9].
For each contrast, the null distribution was generated from 5,000
permutations and the alpha level set at p < 0.05, corrected
for multiple comparisons [family-wise error correction using
threshold-free cluster-enhancement (TFCE)].

RESULTS

Table 1 summarizes the demographic and clinical information
for PD participants. Twenty-one of 115 (18%) had positive FBB
scans on visual assessment. We identified a centiloid cut-off
of 31.3 (equivalent SUVR = 1.21), which yielded sensitivity
(to visually assessed positive scans) = 100%, specificity =
92.6%, and AUC [95% confidence interval] = 0.98 [0.97, 1.0].
We also identified a significant association between centiloid
and age (r 0.011 [0.005, 0.017] SUVR/year, or 9.3%
per decade).

Regional Amyloid Distribution in PD
With a simple model that only considered the discrete cognitive
groups, we found evidence of increased cortical amyloid

TABLE 1 | Demographic, cognitive, and clinical metrics.

PDN PD-MCI PDD Linear
model

n 23 76 16 -

Female, No. [%] 8 (35) 18 (24) 3(19) -

Age, years 70 (6) 72 (6) 77 (6) PDD > PDN
& PD-MCI

Education, years 12 (2) 13 (3) 12 (2) ~

PD symptom 7.4 (5) 7.3(4) 8.5 (5) ~

duration, years

MoCA 26 (2) 23 (3) 16 (5) PDN >
PD-MCI >
PDD

Cognitive Z score 0.28 (0.48) —0.81(0.53) —1.89(0.57)% PDN >
PD-MCI >
PDD

Memory domain 0.52 (0.86) —0.82(0.85) —1.82(0.67)2 PDN >

score PD-MCI >
PDD

Dose, MBq 294 (20) 300 (16) 290 (27) ~

AB positive, No. [%]b 4[17] 11 [14] 6 [38] -

Mean cortical 1.11(0.13) 1.12(0.18)  1.28(0.30) PDD > PDN

SUVRNs & PD-MCI

Mean cortical CL 16 (19) 18 (27) 42 (44) PDD > PDN
& PD-MCI

Values are mean (standard deviation) unless specified; @Cognitive z scores and
memory domain scores for seven PDD participants were imputed from restricted
neuropsychological data due to their inability to complete the full cognitive assessment.
byjisual assessment of amyloid positive/negative reported. ~, no evidence of a difference;
-, no statistical test applicable or was not performed. Pairwise group estimates were
considered different if 95% uncertainty intervals did not overlap. MBq, megabecquerel;
MoCA, Montreal Cognitive Assessment; AB, Amyloid beta; SUVRys, Standardized uptake
value ratio with “non-standard” processing (see Supplementary Material), CL, centiloid.

accumulation in PDD relative to PDN and PD-MCI (Figure 1;
Table 1). However, adding age as a covariate to the model
and using LOOIC to compare models, showed that age, rather
than cognitive group, was predictive of increased cortical
amyloid accumulation (Figure 2B; Supplementary Material).
When attempting to predict cognition from cortical amyloid
deposition, the addition of FBB uptake (centiloid) to a model
resulted in marginally worse out-of-sample prediction of global
cognitive score [LOOIC (standard error) = 1.8 (0.8), Figure 2A]
and memory score [0.7 (2.1), data not shown] than simpler
models, which only included age and an intercept. This indicates
FBB uptake has little, if any, relationship with cognitive
impairment in our PD sample. In a priori ROIs, including
age and sex, we saw no evidence of association between
FBB uptake (SUVR) and either global cognitive or memory
score (Figure 3).

Whole-Brain Voxel-Wise Amyloid
Distribution in PD

We identified no evidence of a difference in amyloid
deposition across PD cognitive groups (TFCE-corrected,
p < 0.05). Furthermore, we identified no evidence of
association between SUVR and either global cognitive
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FIGURE 1 | Cortical FBB uptake by cognitive group. We found evidence of
increased cortical amyloid accumulation in PDD relative to PDN and PD-MCI,
however this was explained by the older age of the PDD group (Table 1). The
dashed line at CL = 31.3 indicates the ROC-defined optimal centiloid cut-off in
this sample, with sensitivity to clinically positive cases = 100%, specificity =
92.6%, AUC [95% confidence interval] = 0.98 [0.97, 1.0]. FBB, Florbetaben;
PDN, Parkinson’s with normal cognition; PD-MCI, Parkinson’s with mild
cognitive impairment; PDD, Parkinson’s with dementia; CL, centiloid.
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FIGURE 2 | Associations between cortical amyloid deposition and global
cognitive ability and age. (A) Scatter plot showing no evidence of a significant
association between global cognitive ability (Cognitive z score) and cortical
amyloid (CL; Table 1). (B) Scatter plot of cortical amyloid (CL) vs. age (years).
FBB uptake was associated with age (slope = 1.5 CL/year, 95% uncertainty
interval [0.6, 2.3], equivalent to SUVR of 0.011/year [0.005, 0.017]). Black line
depicts estimate from the Bayesian model fit and the shaded area indicates the
95% credible interval. Color represents cognitive status: green—Parkinson’s
with normal cognition (PDN), orange—Parkinson’s with mild cognitive
impairment (PD-MCI), red—Parkinson’s with dementia (PDD). CL, centiloid.

ability or memory domain scores. There was, however, a
widespread positive association between SUVR and age over the
cortex (Figure 4).

DISCUSSION

Using FBB PET imaging in 115 PD patients across the cognitive
spectrum, we observed significantly higher cortical amyloid
accumulation in our PDD group relative to other cognitive
subgroups, but model comparison indicated this was due to the
older age of the PDD group.

Visual assessment revealed amyloid positive proportions of 17,
14, and 38% in PDN, PD-MCI, and PDD groups, respectively.
The prevalence of amyloid positivity reported in the literature
is variable, ranging from 0 to 53% in PDN (26, 27, 30, 31, 52),
0-47% in PD-MCI (23, 26, 27, 30, 31, 52), and an estimated
point prevalence of 34% in PDD (23). Nevertheless, these
proportions of amyloid positivity across the cognitive spectrum
in PD are substantially lower than levels seen in Alzheimer’s
dementia (88%) (53) or amnestic MCI (69%) (54), and are closer
to levels seen in elderly controls (11.6% at age 60, 23.8% at
70, and 34.5% at 80 years) (53). The association we observed
between amyloid deposition and age (r = 0.011 [0.005, 0.017]
SUVR/year, or 9.3% per decade) is similar to that reported
in the healthy elderly population (*!C-PiB uptake increased
at 0.016 SUVR/year, ~10% per decade) (54), indicating that
a PD-specific influence on amyloid accumulation is unlikely.
Although global SUVR measures obtained from PiB and FBB
PET in the same subjects have excellent linear correlation, the
above rates are not directly comparable as different reference
regions were used to define SUVR (for example, we used
the whole cerebellum while Villemagne et al. (54), used the
cerebellar cortex). Nevertheless, amyloid load in our PD sample
appears to be consistent with levels seen in the general elderly
population, as well as previous PD studies (2, 23, 31), and
any increases in our PDD group can be explained by their
older age. Not accounting for age may help explain the recent
report of association between amyloid deposition and global
cognition in a subset of the Parkinson’s Progression Marker
Initiative (24).

Ideally we would have used a predefined centiloid threshold
derived from a large population study to define amyloid positivity
in our PD sample. However, to the best of our knowledge,
this is not currently possible. SUVR cut-off values are well
established, but recent work demonstrates that specific thresholds
are, as expected, highly dependent on the reference regions and
processing methodology (7, 55). Therefore, a threshold derived
using a particular method should not necessarily be applied
to a different processing methodology, even after centiloid
standardization (55). Many potential thresholds are available: a
phase III FBB study identified a histopathologically-confirmed
amyloid positivity cut-off of SUVR = 1.478 (56); Jack et al. (57),
report a Pittsburgh Compound B-derived cut-off of SUVR =
1.42 and CL = 19; Bullich et al. (58), reported FBB thresholds
using cerebellar cortex (SUVR = 1.43) and non-centiloid whole
cerebellum (SUVR = 0.96) as reference regions. However, it
would be inappropriate to apply these cut points to our current
dataset as image processing and reference regions differed from
the standard centiloid SUVR method. Su et al. (55), presented
a centiloid cut-off using standard reference regions (CL = 6.8)
based on an ROC analysis to classify young, amyloid negative
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FIGURE 3 | Cognitive performance as a function of mean standardized uptake volume ratios (Florbetaben) within a number of brain regions. While different regions
exhibited different levels of amyloid deposition, there was a clear lack of relationship between cognitive performance (cognitive z score) and SUVR within all of the
regions examined. FBB, Florbetaben; SUVR, standardized uptake volume ratio. Color represents cognitive status: green—Parkinson’s with normal cognition (PDN),
orange—Parkinson’s with mild cognitive impairment (PD-MCI), red—Parkinson’s with dementia (PDD).

FIGURE 4 | Red indicates voxels with a significant positive association between FBB uptake and age (TFCE-corrected p < 0.05), overlaid on a study-specific
structural image. This association was evident throughout the cortex and in the thalamus but not in the striatum.

participants from AD patients in the GAAIN dataset. This
surprisingly low threshold may be driven by differences in
non-specific binding and tracer delivery differences between
young and old participants. In any case, standardized centiloid
analyses of large cohorts are needed to establish appropriate
centiloid thresholds, which will lead to greater applicability of the
centiloid scale.

In this study, we used a well-validated visual assessment to
clinically rate scans as being amyloid positive or negative (38).
As there is not an accepted threshold based on standardized
centiloid reference regions, we defined an amyloid positivity
centiloid cut-off threshold in our sample. Our cut-off (CL = 31.3,
SUVR = 1.21) corresponds well to the estimated value proposed
by Rowe and colleagues (34) in the context of AD (CL = 25-
30), however our estimated threshold may be biased by the low
number of Af positive patients.

Our results suggest a lower prevalence of amyloid-positive
PDD individuals than in dementia with Lewy bodies (DLB);

neither of these two conditions exhibit the proportions of
amyloid-positive cases reported in Alzheimer’s dementia (23,
30, 59, 60). While some have reported an association between
cognitive ability and cortical SUVR in DLB (28), the largest
study (including the most thoroughly profiled group of DLB to
date) did not find an association between amyloid deposition and
clinical profile, despite showing increased amyloid accumulation
vs. controls (59). We confirm here a similar lack of association
in PD between amyloid deposition and cognitive impairment,
with age explaining the increased FBB-uptake observed in our
PDD group.

Most of our PD patients were within the normal centiloid
range (comparted to control data from the Global Alzheimer’s
Association Information Network used for level 3 centiloid
standardization: http://www.gaain.org/centiloid-project), with
few showing AD-like levels of cortical amyloid. Hence Af
pathology is unlikely to be a dominant causal factor in the
majority of individuals with PD or PDD.
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PET measures of amyloid do not suggest plaques as a
primary pathology for dementia in PD, but amyloid may play
a part in conjunction with other pathologies, such as alpha-
synuclein and hyper-phosphorylated tau. It is expected that tau
deposition will correlate more directly with current cognitive
ability, due to its association with accelerating neuronal injury.
Initial tau PET imaging in PD and DLB demonstrates a spectrum
of deposition, with reports of both association (30, 52) and
lack of association (26, 61) with cognitive impairments in
PD. Thus, consideration of amyloid, tau, and alpha-synuclein
deposition in the same individuals may ultimately provide
a more complete description of how pathological processes
potentially interact to affect cognition in PD. A potential
scenario for prediction of future outcomes will most likely
synthesize an array of biomarkers representative of these and
other pathologies (21, 62).

Our results suggest that amyloid deposition is neither
necessary nor sufficient to explain cognitive decline and
dementia in PD. The current study cannot address the role
that amyloid accumulation plays in AD, but it does raise the
question as to the fundamental relationship between amyloid
plaques and dementia. While the amyloid cascade hypothesis
remains the leading candidate to explain the pathophysiology
of AD, it not universally accepted (63, 64). Amyloid beta may
be a downstream result, and not necessarily the cause, of
AD (65).

Limitations of this study include the absence of a healthy
control group. Analyses were restricted to the effects of varying
levels of cognitive impairment within PD. All comparisons
to healthy controls were based on comparable reports from
the literature. However, the primary aim of this work was to
investigate the relationship between amyloid deposition and
cognitive impairment within a group of well-characterized PD
participants. Even when following level II criteria for PD-MCI,
considerable variability exists across those diagnosed as PD-
MCI some exhibit single domain and others multi-domain
impairment (32). It is possible that different subtypes may
exhibit greater or lesser underlying AP. Nonetheless, Ap was
not associated with global cognitive ability or memory function.
We do not know the APOE genotype of our participants, which
has been shown to correlate with amyloid deposition (31, 54).
We also did not have histopathological confirmation of amyloid
plaque accumulation, although recent work demonstrates tight
agreement between visual assessment of amyloid PET and
histopathological evidence in AD (58). Lastly, recent work
suggests that partial volume correction can improve the ability
of FBB PET to discriminate between AD patients and healthy
controls (66). We did not perform this step because partial
volume correction methods are still highly variable across
centers, with no consensus on optimal methods, and have not
been incorporated into centiloid standardization procedures
yet (33).

In this cross-sectional investigation of a large, cognitively well-
characterized PD group, we found increased cortical amyloid

accumulation in PDD, but this was explained by the older
age of the PDD group. We found no associations between
amyloid load and continuous measures of cognitive performance.
This suggests that AR accumulation is not the primary cause
of cognitive impairments in PD. Low levels of amyloid may,
however, still interact synergistically with other PD pathological
processes, thereby accelerating other pathways to dementia.
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Purpose: Recently, the cerebellum’s role in Parkinson’s disease (PD) has been
highlighted. Therefore, this study sought to test the hypothesis that functional
connectivity (FC) between cerebellar and cortical nodes of the resting-state networks
differentiates PD patients from controls by scanning participants at rest using functional
magnetic resonance imaging (fMRI) and investigating connectivity of the cerebellar nodes
of the resting-state networks.

Materials and Methods: Sixty-two PD participants off medication for at least 12 h and
33 normal controls (NCs) were scanned at rest using blood oxygenation level-dependent
fMRI scans. Motor and cognitive functions were assessed with the Movement Disorder
Society’s Revision of the Unified Parkinson’s Disease Rating Scale Ill and Montreal
Cognitive Assessment, respectively. Connectivity was investigated with cerebellar seeds
defined by Buckner’s 7-network atlas.

Results: PD participants had significant differences in FC when compared to NC
participants. Most notably, PD patients had higher FC between cerebellar nodes of
the somatomotor network (SMN) and the corresponding cortical nodes. Cognitive
functioning was differentially associated with connectivity of the cerebellar SMN and
dorsal attention network. Further, cerebellar connectivity of frontoparietal and default
mode networks correlated with the severity of motor function.

Conclusion: Our study demonstrates altered cerebello-cortical FC in PD, as well as an
association of this FC with PD-related motor and cognitive disruptions, thus providing
additional evidence for the cerebellum’s role in PD.

Keywords: Parkinson’s disease, cerebellum, BOLD fMRI, resting-state connectivity, resting-state networks

INTRODUCTION

Parkinson’s disease (PD), a common progressive neurodegenerative disorder, is characterized
primarily by motor symptoms but also has cognitive symptoms. PD traditionally has three
pathological hallmarks (1). The first is the progressive loss of dopaminergic neurons in the
substantia nigra. Second, the result of nigral neuronal death is a marked depletion of dopamine
in the striatum, which has been the principal target for treatment. Third, PD is indicated by the
presence of Lewy bodies, composed of a-synuclein aggregates, in the nigra and other subcortical
and cortical regions. Neuroimaging studies have played a critical role in our understanding of how
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Cerebello-Cortical Dysfunction in Parkinson’s Disease

these trademark pathologies influence neuronal function in
humans (2). However, most studies have focused on the cortex,
even though the cerebellum has also been implicated in the
disease state of PD (3).

Studies that have investigated the cerebellum demonstrate
that PD patients have cerebellar atrophy (4, 5) and hyperactivity
(6, 7). Resting-state functional connectivity (FC) studies have
also uncovered abnormalities in the cerebellum. Initial studies
have examined the cerebellum’s primary output, the dentate
nucleus, or motor regions of the cerebellum, such as lobules
V and VI (8, 9). These studies suggest atypical connectivity
in PD patients within the various cerebellar regions, as well
as between the cerebellum and the cortex (prefrontal, parietal,
and temporal) and subcortical areas of the motor system.
However, the cerebellum has been demonstrated to be involved
in tasks beyond motor functioning, such as cognitive and
affective processes, and non-motor symptoms are observed in PD
patients (1, 10). Cerebellar involvement in cognitive functioning
is supported by supramodal zones, particularly crus I and II, that
are functionally connected to association areas, such as prefrontal
and posterior-parietal cortex (11, 12).

Recent studies have explored the FC of larger portions of the
cerebellum. In a network investigation utilizing whole cerebellar
parcellations defined by anatomical boundaries, PD patients
showed increased positive connectivity between somatomotor
regions of the cerebellum and somatomotor cortical areas
compared to controls (13). Furthermore, abnormal subcortical
connectivity was discovered within the cerebellum and between
the cerebellum and reward system (nucleus accumbens and
orbitofrontal regions). Weaker correlations between the striatum
and somatomotor cerebellar regions have also been discovered
previously in PD patients compared to controls (14). Impaired
visuospatial performance was associated with decreased positive
intracerebellar connectivity, decreased magnitude of negative
cerebellar to visual network FC, and a switch from negative
cerebellar to reward FC in controls to positive in PD (13). Other
studies investigated cerebellar regions that combine multiple
anatomical territories. Analyses using clustering methods have
uncovered unusual FC within identified cerebellar networks
and between these networks and cortical areas including
occipital, parietal, and frontal cortices in PD patients (15,
16). In a seed-based analysis, O’Callaghan et al. (17) explored
a sensorimotor subregion that included lobules V, VI, VII,
and VIII and a cognitive subregion that consisted of Crus I
and II. This study probed the cerebellum’s FC to large-scale
cortical resting-state networks (RSNs) and cerebellar atrophy.
PD patients had decreased FC between the cognitive cerebellum

Abbreviations: cSMN, cerebellar components of the somatomotor network;
CSE, cerebrospinal fluid; DMN, default mode network; DAN, dorsal attention
network; TE, echo time; FWE, family-wise error; FPN, frontoparietal network; FC,
functional connectivity; fMRI, functional magnetic resonance imaging; GM, gray
matter; TI, inversion time; MCI, mild cognitive impairment; MoCA, Montreal
Cognitive Assessment; MDS-UPDRS III, Movement Disorder Society’s Revision
of the Unified Parkinson’s Disease Rating Scale III; NC, normal control; PD,
Parkinson’s disease; ROI, region of interest; RSN, resting-state network; TR,
repetition time; PCA, principal component analysis; SMN, somatomotor network;
SMA, supplementary motor area; WM, white matter.

and somatomotor network (SMN). Cerebellar atrophy was
correlated with changes in FC between the cerebellum and SMN,
default mode network (DMN), dorsal attention (DAN), and
frontoparietal network (FPN). Finally, the Movement Disorder
Society’s Revision of the Unified Parkinson’s Disease Rating
Scale III (MDS-UPDRS III) score was negatively correlated with
cerebellar atrophy and FC between both motor and cognitive
cerebellum and the SMN. These correlations between cerebellar
FC and PD test scores are evidence that the cerebellum is
implicated in the neurophysiology of PD and may thus have
potential as a therapeutic target.

We sought to perform a network-based seed analysis of
the cerebellum’s FC to the cerebral cortex. Parcellations of the
cerebellum were determined by Buckner’s 7-network cerebellar
atlas, which defines cerebellar nodes of the dominant cerebral
RSNs (12). These seeds were not segregated by lobule, but
rather by their proper cortical RSNs. Lobular boundaries have
been found to be inconsistent with functional subdivisions in
the cerebellum (18). Instead of seeding the cortical RSNs, we
used the Buckner cerebellar atlas to seed the cerebellum for
FC. To validate the cerebellar seeds, we confirmed the RSNs
generated by these seeds. We hypothesized that such analysis
would continue to show differential FC between PD patients and
controls especially in motor areas of cortex. We also investigated
whether performance on non-motor tests was correlated with
cerebello-cortical FC.

MATERIALS AND METHODS

Participants

This study included 95 participants, who were recruited from
the Pacific Udall Center between 2016 and 2019. All participants
underwent a full neuropsychological battery [including the
Montreal Cognitive Assessment (MoCA)], a neurological
examination, and the MDS-UPDRS III. Data from these
assessments were reviewed at a diagnostic consensus conference,
attended by at least two movement disorders neurologists and
a neuropsychologist, to determine the diagnostic category [PD
or normal control (NC)] and cognitive status [normal, mild
cognitive impairment (MCI), dementia]. PD with dementia
required classification of parkinsonism prior to dementia
by at least 1 year to exclude patients with dementia with
Lewy bodies. Other exclusion criteria included individuals
who had pathogenic mutations other than apolipoprotein
E (APOE) and glucocerebrosidase (GBA) [e.g., leucine-rich
repeat kinase 2 (LRRK2), a-synuclein (SNCA), Parkinson’s
Disease gene (PARK)2, phosphatase and tensin homolog-induce
dkinase 1 (PINKI1), and PARK7] and individuals who had
contraindications to MRI (e.g., pacemaker or claustrophobia)
or were non-ambulatory. Complete descriptions of this process
and diagnostic criteria have been detailed previously (19-21).
Sixty-two participants were determined to meet UK Parkinson’s
Disease Society Brain Bank clinical diagnostic criteria for
PD, and 33 participants were classified as NC without PD
symptoms. Prior to the scan, PD patients had not taken their
dopamine replacement therapy for at least 12 h. During the scan,
participants were directed to keep their eyes open and fixate
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on a cross without thinking of anything in particular. MDS-
UPDRS III was administered on the same day as the scan without
dopamine replacement therapy for PD patients. Within 6 months
of imaging, MoCA scores were also collected for each participant.
MDS-UPDRS III and MoCA scores were used as measures of
motor dysfunction and cognitive performance, respectively
(22, 23). Higher scores on MDS-UPDRS III indicate more severe
motor symptoms, while higher scores on the MoCA imply better
cognitive performance.

Imaging

All scans were acquired on a Philips 3T Achieva scanner with
a 32-channel head coil using Sensitivity Encoding Reception.
Anatomical T1 weighted scans were 3D MPRAGE sagittal
acquisition. Spatial resolution was 1 x 1 x 1 mm?, repetition
time (TR)/echo time (TE) was 10.17/4.71 ms, and inversion time
(TT) was 900 ms. The blood oxygen level-dependent (BOLD)
functional MRI (fMRI) acquisition was a whole-brain 2D-
echo planar imaging acquisition. Resolution was 3.5 x 3.5
x 3.5 mm?, matrix size was 64 x 64 mm?2, and TR/TE
was 2,500/45.5ms. Each fMRI run acquired 240 time points
of data.

Analysis
Preprocessing was completed using FSL (v5.0), AFNI (v17.3), and
SPM12 (24-26).

Anatomical Image Processing

The anatomical T1 images were segmented into gray matter
(GM), white matter (WM), and cerebrospinal fluid (CSF) after
brain extraction. Average GM probability was calculated from the
segmented GM probability partial volume estimate.

Seed-Based fMRI Connectivity Analysis

First, fMRI data were motion corrected. Participants with motion
>1 fMRI voxel were excluded from the study. Next, baseline
drift was removed with a 0.01-Hz high pass filter in FSL. To
remove extreme motion, despiking was conducted in AFNI. The
remaining preprocessing and analysis were conducted in Conn
(v18). Functional data were co-registered to corresponding T1-
weighted anatomical images in 2-mm Montreal Neurological
Institute (MNI) space and normalized to the standard space.
The anatomical CompCor algorithm was used to remove
physiological noise using masks of WM and CSF (27). Briefly,
the masks are thresholded to ensure that mask voxels contain at
least 99% WM or 99% CSE. The CompCor routine in Conn then
extracts the time courses from the WM and CSF voxels in the
mask, constructs the covariance matrix, and performs principal
component analysis (PCA). The most significant components
from the PCA are extracted and used as estimates of physiological
noise. These components were then used as confounds and
regressed from the BOLD time series. Lastly, smoothing was
performed with an 8-mm full-width half-maximum kernel. Based
on our voxel size, a kernel of 8 mm is appropriate to reduce
bias, ensure homoscedasticity, and improve signal-to-noise ratio
for group-level analysis (28, 29). We do not expect the voxel
or smoothing kernel size to negatively impact our results, as

our seeds (~24-75 cc) are much larger than both the voxel size
(~0.043 cc) and smoothing kernel (0.512 cc). Quality assurance
involved manual inspection of data after each preprocessing step.
For a flowchart of software and commands used for each step, see
Supplementary Figure 1.

A seed-to-voxel whole-brain analysis was performed using
the cerebellar parcellations defined by Buckner’s 7-network atlas
(12). The networks included the SMN, FPN, DMN, DAN, ventral
attention, visual, and limbic networks. For this study, the visual
and limbic networks were excluded because our interests were
in investigating motor and cognitive functioning. Additionally,
the SMN, FPN, DMN, and DAN have mainly been implicated in
PD (30). The cerebellar networks are larger than the traditional
spherical regions of interest (ROIs). Our seeds are network
seeds with multiple distinct ROIs on the cerebellum, such
as bilateral ROIs (Figure 1). The averaged time series of all
the ROIs within the network seeds was obtained for seed-to-
voxel connectivity analysis. Connectivity was measured as the
correlation between the average time series of all voxels within
a cerebellar network ROI and the time series of each voxel

Coronal

= Somatomotor
== Dorsal Attention
mm Ventral Attention
= Frontoparietal
mm Default Mode

FIGURE 1 | Buckner’s 7-network cerebellar atlas seeds. Map of cerebellar
seeds produced by functional connectivity of large-scale resting-state
networks to the cerebellum (12). Montreal Neurological Institute (MNI)
coordinates are provided in the bottom left of each section. Networks included
in our analysis were the somatomotor (blue), dorsal attention (green), ventral
attention (purple), frontoparietal (orange), and default mode (red). Visual and
limbic networks were excluded from analysis because only motor and
cognitive functions were examined. These network seeds have multiple
distinct regions of interest (ROIs) on the cerebellum. Average time series for
seed-based analysis were generated using all ROls within a network.
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in the brain. While Buckner’s atlas only considered positive
correlations, both positive and negative correlations were used
in this study. Statistical tests consisted of differences between
groups, main effects of MDS-UPDRS III and MoCA scores,
and interaction between MoCA score and group condition.
Generalized linear models were adjusted for age, gender, average
motion, and average GM probability. For all comparisons, we
applied a two-sided voxel-wise thresholding at p = 0.005 and
a cluster-size family-wise error (FWE) correction for multiple
comparisons at p = 0.05.

Buckner’s cerebellar atlas was derived from cortical RSNs.
In this study, we seeded the cerebellar nodes of the RSNs
to identify connectivity in cortical regions. Therefore, we first
investigated the average connectivity of each cerebellar node
to demonstrate it would reproduce the corresponding RSN
(Supplementary Figure 2). Additionally, some previous studies
chose lateralized ROIs in the cerebellum, and evidence of distinct
functions of the left and right cerebellum exists (10). Hence, we
split the SMN cerebellar seed by hemispheres and seeded both to
investigate if our results are robust across hemispheres or have
lateralized differences.

RESULTS

Clinical and Demographic Data

Fifty-seven PD participants (male = 40; female = 17) and 30
NC participants (male = 19; female = 11) were included in the
final analysis. During quality assurance steps, eight participants
were removed due to excessive motion or poor registration. Final
analysis included six PD patients with dementia and 23 with
MCI. On the other hand, no NC participants had dementia,
but nine had MCIL. While PD participants were 67.2 £ 8.1
(mean =+ standard deviation) years old, NC participants were
70.7 £ 8.8 years old; the difference was not significant (p = 0.07).
Among PD patients, the average MDS-UPDRS III score was
31.1 4+ 12.1. Both PD (26.5 4+ 2.6) and NC (26.6 + 2.6)
participants scored similarly on the MoCA, and the difference
was not significant (p = 0.87). However, the difference in GM
probability between PD (69.6 £ 1.3%) and NC (70.1 & 1.3%)
participants was significant (p = 0.05). This was expected because
atrophy is well documented in PD (4, 5). In order to ensure
that the FC differences exist despite the GM atrophy, the
GM probabilities were included as a nuisance regressor in all
subsequent analyses.

To assess for potential differences between PD and NC
participants in movement during the scans, we compared motion
between groups. Since participants with excess motion (>voxel
size) were eliminated, the average motion (along X, Y, and Z axes)
was 0.23 £ 0.34 mm in PD patients and 0.17 & 0.13 mm in NC
participants. This difference between groups was not statistically
significant (p = 0.26). Still, the average motion estimates were
included as a nuisance regressor to minimize the association of
FC with motion. A summary of all demographic and clinical
data is located in Table 1. For clarity of all FC analyses, cortical
RSNs are denoted with abbreviations as above (e.g., SMN), while
cerebellar components are denoted with a prefix “c” (e.g., cSMN).

Group Differences Between Parkinson’s

Disease Patients and Controls

Group differences were identified in FC of ¢<SMN and ¢cDAN
to cortex. Compared to NC participants, PD patients had
higher FC between the cSMN and the bilateral precentral gyrus,
postcentral gyrus, and SMA (p = 0.01, depicted by yellow
cluster in Figure 2A). PD patients had lower FC between the
c¢SMN and the occipital lobe, specifically, bilateral intracalcarine
cortex, occipital pole, lingual gyrus, right supracalcarine cortex,
left occipital fusiform cortex, and temporal occipital fusiform
cortex (p = 0.0004, purple cluster in Figure 2A), compared to
controls. Furthermore, PD patients had lower FC between the
c¢SMN and the lobule VI, crus I, and lobule VIII on only the left
side (p = 0.0004, purple cluster in Figure 2B). PD participants
also had higher right lateralized FC between the cDAN and the
right post-central gyrus, pre-central gyrus, and superior parietal
lobule (p = 0.004, yellow cluster in Figure2C) compared to
NC participants.

Similar differences were found when seeding the left and right
hemispheres of the cSMN. For the left cSSMN, there was higher
FC to bilateral pre-central gyrus, SMA, and right post-central
gyrus (p = 0.01, yellow cluster in Supplementary Figure 3B)
but lower FC to occipital lobe (p = 0.005, purple cluster in
Supplementary Figure 3B). On the other hand, FC for the right
c¢SMN did not survive FWE correction at 0.05 but was evident at
0.07. With FWE correction at 0.07, right cSMN also had higher
FC to bilateral precentral gyrus, postcentral gyrus, and SMA but
lower FC to occipital lobe (Supplementary Figure 3C). These
results support that our findings for the cSMN are robust and
there are no major lateralized differences between the FC of the
left and right cSMN.

TABLE 1 | Table of demographic and clinical data.

Condition Male Female Age Dementia MCI No CI MDS-UPDRS Il MoCA Motion (mm) GM Prob* (%)
PD 40 17 67.2 +8.1 6 23 28 31.1+12.1 26.5+2.6 0.23+0.34 69.6 + 1.3
NC 19 11 70.7 + 8.8 0 9 21 — 26.6 + 2.6 0.17 £0.13 701 +1.3

Data are stratified by condition (Parkinson’s disease participants, PD; normal control, NC). Clinical data include cognitive diagnosis, which has three levels: dementia, mild cognitive
impairment (MCI), and no cognitive impairment (No Cl). The last two columns display average motion and gray matter probability in the two groups. Individual values were used
as nuisance regressors in our analysis. All means are given with standard deviation (mean + standard deviation). Other values are counts of participants belonging to that group.
An asterisk indicates statistically significant differences (o = 0.05). MoCA, Montreal Cognitive Assessment; MDS-UPDRS I, Movement Disorder Society’s Revision of the Unified
Parkinson’s Disease Rating Scale Ill.
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FIGURE 2 | Maps of cerebellar functional connectivity (FC) differences between Parkinson’s disease (PD) patients and normal controls (NCs). Significant differences
were found when seeding the cerebellar nodes of the somatomotor network (cSMN) and dorsal attention network (CDAN). The color bar represents z-scores, with
yellow displaying where PD patient FC values were greater than NC participant values. (A) Two cerebral clusters were observed when seeding the cSMN. Compared
to NC participants, PD patients showed greater FC between the cSMN and the precentral gyrus (o = 0.01, yellow) and lower FC between the cSMN and the right
intracalcarine cortex (p = 0.0004, purple). (B) Another cluster located within lobule VI, crus I, and lobule VIII on the left side had lower FC with the cSMN in PD
participants compared to controls (p = 0.0004, purple). (C) PD participants also had greater FC between the cDAN and the right postcentral gyrus than controls

(o = 0.004, yellow). An average cortical connectivity map for all subjects can be found in Supplementary Figure 2.

In summary, compared to NC participants, PD patients had ~ were also associated with higher FC between the cDAN and the
higher FC between the cSMN and the frontal regions of the cortex ~ right postcentral gyrus and precentral gyrus in both PD and
but lower FC from the ¢SMN to the posterior regions of the =~ NC participants (yellow cluster in Figure 4B). This correlation
cortex. Furthermore, they had higher FC between the cDAN and  in PD patients was greater compared to NC participants
the cortical somatomotor areas. (p=0.02).

Main Effects of Movement Disorder

Society’s Revision of the Unified DISCUSSION

- . .
Parkinson’s Dls:e_ase Rating Scale lll and This study identified PD-related differences in the FC of
Montreal Cognitive Assessment Scores cerebellar nodes of RSN's to cortex. As might be expected in a

Significant effects of MDS-UPDRS III score were discovered on  movement disorder, all tests identified clusters that included one
the FC of cFPN and ¢cDMN. Higher MDS-UPDRS III scores  or both paracentral lobules. FC levels were correlated with scores
(i.e., higher motor dysfunction) were associated with lower  on both MDS-UPDRS III and MoCA, providing support for the
FC between the cFPN and the left superior frontal gyrus and  cerebellum’s role in PD.

precentral gyrus (p = 0.04, purple cluster in Figure 3A). A All clusters identified in our analysis fit with previously
similar correlation was also present between MDS-UPDRS III  discovered regions of dysfunction in PD both with and
scores and FC of the cDMN to the right precentral gyrus and  without cognitive impairment. Paracentral lobules, SMA, frontal
middle frontal gyrus (p = 0.03, purple cluster in Figure 3B). No  gyrus, superior parietal, and occipital lobules have all been
significant effects of MoCA score on cerebellar resting-state node  identified as areas with abnormal metabolism, connectivity,

FC were uncovered. and/or neurotransmission (2). While occipital dysfunction is

. . not observed consistently, alterations in cholinergic activity
Interaction Between Montreal Cognitive that are hypothesized to drive memory deficits are present
Assessment Scores and Group in the occipital lobe in early PD (31, 32). This is consistent

In both PD and NC participants, higher MoCA scores (i.e., better ~ with our finding that there is decreased FC to occipital lobule
cognitive functioning) were associated with lower FC of cSSMN  in our early stage (duration = 7.7 & 4.2 years) PD cohort.
to bilateral precentral gyrus, postcentral gyrus, SMA, and right  Decreased connectivity between the cerebellum and occipital
superior parietal lobule (yellow cluster in Figure 4A). However,  lobe in PD patients compared to controls has been described
the correlation value in PD patients was significantly lower  previously and associated with visuospatial performance (13, 16).
than that in NC participants (p = 0.0004). Higher MoCA score  Furthermore, abnormal intracerebellar FC is a common finding
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FIGURE 3 | Maps of the main effect of MDS-UPDRS Ill, Movement Disorder Society’s Revision of the Unified Parkinson’s Disease Rating Scale Il (MDS-UPDRS Il)
scores on cerebellar functional connectivity (FC). There were significant main effects when seeding the cerebellar nodes of the frontoparietal (cFPN) and default mode
network (cDMN). The color bar represents z-scores, with yellow showing where higher MDS-UPDRS Il score (i.e., greater motor dysfunction) was associated with
higher FC. (A) In Parkinson’s disease patients, higher MDS-UPDRS Il scores were associated with lower FC between the cFPN and the left superior frontal gyrus

(o = 0.04, purple). (B) Higher MDS-UPDRS |l scores were also correlated with lower FC between the cDMN and the right precentral gyrus (p = 0.03, purple).
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FIGURE 4 | Maps of interaction of Montreal Cognitive Assessment (MoCA) scores and patient condition on cerebellar functional connectivity (FC). Two clusters
showed significant interactions when seeding the cerebellar nodes of the somatomotor network (cSMN) and dorsal attention network (cDAN). The color bar
represents z-score, with yellow showing where Parkinson’s disease (PD) patient correlation values were greater than normal control (NC) participant values. Interaction
plots are presented on the left of the brain maps. The y-axis is MoCA score, and the x-axis is FC. PD patients are plotted in orange and NCs in blue. (A) In both PD
and NC participants, higher MoCA scores (i.e., better cognitive functioning) were associated with lower FC between the cSMN and primarily right precentral gyrus, but
PD patients had a weaker correlation compared to controls (p = 0.0004, yellow). (B) Higher MoCA scores were also associated with higher FC between cDAN and
right postcentral gyrus and precentral gyrus; however, PD patients showed greater correlation compared to NC participants (o = 0.02, yellow).
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in the literature; however, mixed results indicating that this
connectivity is both increased and decreased warrant further
investigation (8, 13, 15).

In addition, we found that FC between cSMN and
somatomotor areas was significantly higher in PD participants
compared to that in controls, as described previously (13, 33).
FC between these areas was differentially associated with MoCA
scores between groups. These differences can be attributed
to PD symptoms because both PD and NC groups included
participants with cognitive impairment and trends were still
present after removal of patients with dementia. Relationships
between MoCA score and motor functioning have been reported
prior. One study found that motor severity scores significantly
predicted worse MoCA scores (34). Additionally, a PD-related

pattern of abnormal metabolism, associated with severity of
cognitive symptoms, has been identified in patients without
MCI or dementia and includes cortical motor areas and parts of
the cerebellum (35, 36). On the other hand, we did not detect a
significant effect of MDS-UPDRS III scores on FC between these
areas. While some studies have reported significant associations
between MDS-UPDRS III score and somatomotor cortical FC,
others have not discovered this relationship, warranting further
investigation of the correlation (13, 15, 17, 37).

The two cerebellar RSN nodes implicated with investigation
of the main effect of MDS-UPDRS III score were cFPN
and cDMN, both of which showed altered connectivity to
somatomotor cortical areas. Similar relationships have been
reported before (12, 17). In terms of function, FPN mediates the
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transition between two contrasting states: a resting state driven
by DMN and top-down attention state coordinated by DAN (38).
Consistent with these known relationships, lower MDS-UPDRS
III scores (i.e., better motor functioning) were associated with
higher connectivity between these three networks when seeding
the cFPN and cDMN.

The increased connectivity between the cerebellum and
somatomotor cortical areas could be explained by the
cerebellum’s role in error detection and correction for both
motor and cognitive functioning (39, 40). The constant error
detection and correction occurring in patients with PD would
result in strengthened connectivity between the cerebellum and
cortex. Some studies have found evidence of a compensatory
influence of the cerebellum in PD (17, 41, 42). However, further
research is required to solidify the cerebellum’s compensatory
role (43).

While our findings are congruent with prior research, our
ROIs were segregated by their proper RSN rather than traditional
cerebellar anatomical structures (12). Since investigation of
PD connectivity with a functionally defined cerebellar atlas is
novel, future studies should conduct investigations with similar
atlases to confirm our results. We chose to use Buckner’s
7-network atlas because parcellations were determined by
connectivity to large-scale RSNs (12). These networks inherently
span multiple functional domains (motor and cognitive) and
allowed the investigation of RSNs of interest. Other functionally
defined cerebellar atlases should be investigated as well
(18, 44, 45).

CONCLUSION

This study presents a novel investigation of dysfunction
in cerebellar FC to cortex in patients with PD. Analyses
conducted with the cerebellum parcellated by cortical RSNs
showed FC differences between PD and NC participants. These
FC differences were associated with MDS-UPDRS III and
MoCA scores for motor and cognitive functioning. Overall,
the study provides further evidence for the cerebellum’s role
in PD.
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Background: Indications for subthalamic nucleus deep brain stimulation (STN-DBS)
surgery are determined basically by preoperative motor function; however, postoperative
quality of life (QOL) is not necessarily associated with improvements in motor symptoms,
suggesting that neuropsychiatric symptoms might be related to QOL after surgery in
patients with Parkinson’s disease.

Objectives: We aimed to examine temporal changes in neuropsychiatric symptoms
and their associations with QOL after STN-DBS.

Materials and Methods: We prospectively enrolled a total of 61 patients with
Parkinson’s disease (mean age = 65.3 £+ 0.9 years, mean disease duration = 11.9
+ 0.4 years). Motor function, cognitive function, and neuropsychiatric symptoms were
evaluated before and after DBS surgery. Postoperative evaluation was performed at 3
months, 1 year, and 3 years after surgery.

Results: Of the 61 participants, 54 completed postoperative clinical evaluation after
3 months, 47 after 1 year, and 23 after 3 years. Frontal lobe functions, depression, and
verbal fluency significantly worsened 3 years after STN-DBS. Non-motor symptoms such
as impulsivity and the Unified PD Rating Scale (UPDRS) part | score were associated with
QOL after STN-DBS.

Conclusions: Frontal lobe functions, depression, and verbal fluency significantly
worsened 3 years after STN-DBS. The UPDRS part | score and higher impulsivity might
be associated with QOL after STN-DBS.

Keywords: Parkinson’s disease, deep brain stimulation, quality of life, neuropsychiatric symptoms, UPDRS

Frontiers in Neurology | www.frontiersin.org

51 May 2021 | Volume 12 | Article 656041


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2021.656041
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2021.656041&domain=pdf&date_stamp=2021-05-04
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:tatsuya-yamamoto@mbc.nifty.com
https://doi.org/10.3389/fneur.2021.656041
https://www.frontiersin.org/articles/10.3389/fneur.2021.656041/full

Neuropsychiatric Symptoms After STN-DBS in PD

Liu et al.
INTRODUCTION
Parkinsons  disease (PD) is a chronic, disabling

neurodegenerative disease (1). Recent several studies reported
in detail on the importance of non-motor dysfunctions such as
cognitive, neuropsychiatric, and autonomic disorders (2-4).

Deep brain stimulation (DBS) is widely used to treat
PD patients with motor complications such as wearing off
and disabling dyskinesia, for which standard pharmacological
treatment is ineffective (2). Ability to perform activities of daily
living (ADLs) and quality of life (QOL) are also known to
improve after DBS surgery (5-7).

However, our previous study showed that improvements in
QOL after DBS surgery are minor compared with improvements
in motor symptoms. We have also reported that QOL, as
evaluated with the 39-item Parkinson’s disease questionnaire
(PDQ-39), is not necessarily correlated with motor function after
DBS surgery, suggesting that non-motor symptoms might affect
QOL after DBS surgery (8).

Some studies have shown that cognitive functions and
neuropsychiatric symptoms worsen after DBS surgery in
PD patients (9-11). Other studies have demonstrated that
postoperative apathy can negate QOL improvement after
subthalamic nucleus (STN)-DBS surgery (12). Changes in the
depression and anxiety score after DBS surgery are also predictive
of QOL after STN-DBS in PD patients (13). The results of these
studies suggest that evaluation of the cognitive function and
neuropsychiatric symptoms might be helpful in examining QOL
after DBS surgery.

This study aimed to assess temporal changes in the
cognitive function and neuropsychiatric symptoms (besides
motor dysfunctions) after STN-DBS and to examine the
relationship between cognitive and neuropsychiatric symptoms
and QOL before and after STN-DBS.

MATERIALS AND METHODS

Participants

Between December 2009 and April 2019, we prospectively
enrolled 61 PD patients who underwent bilateral STN-DBS
at Chiba University Hospital. PD diagnosis was based on
the clinical diagnostic criteria of the United Kingdom PD
Society Brain Bank (14). All lead (Medtronic, Minneapolis, MN,
USA) were implanted bilaterally into the STN in one session
under local anesthesia. All participants reported medication-
resistant fluctuations and complications in motor function.
Before enrollment in the study, participants had been treated with
antiparkinson medications and were taking levodopa/carbidopa,
dopamine agonists, selegiline, istradefylline, zonisamide, and
entacapone. No participants took anticholinergics immediately
before or during the study, and motor functions in the “on”
and “off” phases while on medications were evaluated with
the Unified PD Rating Scale (UPDRS) parts I, I, III, and IV
before and after STN-DBS. All postoperative assessments were
performed under bilateral ON stimulation. Health-related QOL
was assessed with the PDQ-39 Summary Index (SI) before and
after STN-DBS, and cognitive functions were evaluated with the

Mini Mental State Examination (MMSE), the Frontal Assessment
Battery (FAB), and the Japanese version of the Montreal
Cognitive Assessment (MoCA-]). The levodopa equivalent dose
(LED) of the antiparkinson medications was calculated according
to a description elsewhere (15).

In the neuropsychiatric evaluations, we used the verbal fluency
test (VFT) to examine verbal fluency by counting the number
of words such as animal and the words beginning with a
specified word such as “fu; “a” and “ni” in Japanese (16).
Furthermore, the Barratt Impulsiveness Scale 11 (BIS11) is used
to assess the personality/behavioral construct of impulsiveness
by a questionnaire composed of 30 items. The “attentional,
“motor;’ and “non-planning” impulsiveness can be examined
with the BIS11 (17). The Behavioral Inhibition System/Behavioral
Activation System (BIS/BAS) scales evaluate impulsivity based on
the theory that it can be understood as a joint function of the
behavioral approach system (BAS) and the behavioral inhibition
system (BIS) by a questionnaire composed of 20 items (18). The
Japanese version of the Epworth Sleepiness Scale (JESS) and the
rapid eye movement (REM) sleep behavior disorder screening
questionnaire (RBD-Q) were used to assess for the presence
of sleep disorder. A score of RBD-Q higher than 5 indicates
the presence of RBD (19). The Self-Rating Depression Scale
(SDS) and an apathy scale were used to evaluate depression and
apathy, respectively.

Postoperative evaluations were performed at 3 months, 1 year,
and 3 years after STN-DBS.

Statistical Analysis

All data are expressed as the mean =+ standard errors of the mean,
and all statistical analyses were performed using SPSS version
23.0 (IBM, Armonk, USA). Analysis of variance (ANOVA) with
post-hoc analysis (Dunnet’s test in this study) were used for
comparisons between the baseline (preoperative) scores and
the postoperative PDQ-39 Summary Index (SI), UPDRS sub-
score, and cognitive functions (MMSE, FAB, and MoCA-] scores)
at each follow-up point. ANOVA with post-hoc analysis were
also used for comparisons between the baseline scores and
postoperative neuropsychiatric symptoms (VFT, BIS11, BIS/BAS,
JESS, SDS, apathy, and RBD-Q scores) at each follow-up
point. Spearman’s rank correlation coefficients were calculated to
evaluate the relationship between the changes in LED (baseline
and postoperative values) and the changes in the score of SDS.
Multivariable linear regression analysis was used to determine
which cognitive functions, neuropsychiatric symptoms besides
the UPDRS sub-score, and LED influenced the QOL (PDQ-39
SI) at baseline and each follow-up point after surgery. Statistical
significance was set at p < 0.05.

Ethical Considerations

The Chiba University Hospital Institutional Review Board
approved this study. All 61 participants provided written
informed consent, obtained during the “on” phase. The ethical
standards committee at Chiba University gave approval to
implement this study. All participants consented to the use of
their examination scores for analysis.
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RESULTS

A total of 61 patients with PD were enrolled in this study (mean
age = 65.3 + 0.9 years, mean disease duration = 11.9 & 0.4 years).
Of the 61 participants, 54 completed the postoperative clinical
evaluation after 3 months, 47 after 1 year, and 23 after 3 years.
The stimulation parameters were as follows: intensity, 2.7-3.2 V;
pulse width, 60 ps; frequency, 130 Hz.

The mean LED decreased significantly from baseline dosage at
each follow-up point after surgery (p < 0.01). The mean UPDRS
parts II and III scores during the off phase (Figures 1A,B)
and UPDRS part IV decreased significantly (p < 0.01) at each
follow-up point after surgery compared to the baseline scores.
The mean UPDRS part II scores during the on phase did not
significantly change 3 months and 1 year after surgery and
significantly increased 3 years after surgery (Figure 1A). The
mean UPDRS part III scores during the on phase significantly
decreased at 3 months and at 1 year after surgery, but the
difference was not significant 3 years after surgery (Figure 1B).
FAB scores decreased significantly 3 years after surgery (p =
0.016; Figure 1C). The cognitive functions as evaluated by the
MMSE and MoCA-]J did not change significantly from baseline
at each follow-up point after surgery. The depression (SDS) score
significantly worsened 3 years after surgery (p = 0.021). The VFT
score in the animal portion was significantly worse 3 years after
surgery than before surgery (p < 0.01; Figure 1C). The mean
PDQ-39 SI significantly decreased from baseline to 1 year after
surgery (p = 0.015; Figure 1D). An RBD questionnaire score
higher than 5 indicates the presence of RBD (19), and because
the mean score for the RBD questionnaire was around 4 before
and after STN-DBS, the PD patients in this study tended to have
RBD-related symptoms. All numerical data on the clinical scales
used in this study are represented in Table 1.

Correlation Between the Changes in LED
and the Changes in the Score of SDS

The correlation coeflicients between the changes in LED and the
changes in SDS at each follow-up point were 0.136 (p = 0.596;
baseline, 3 months after DBS), —0.051 (p = 0.828; baseline, 1 year
after DBS), and 0.066 (p = 0.847; baseline, 3 years after DBS).

Multivariable Linear Regression Analysis

At baseline, a higher UPDRS part III score during the off
phase (standardized B = 0.373, p = 0.046), a higher part IV
score (standardized B = 0.335, p = 0.018), and a higher BISI1
score (standardized f = 0.576, p = 0.022) were significantly
associated with higher PDQ-39 SI. At 3 months after DBS, a
higher UPDRS part I score (standardized f = 0.594, p = 0.022)
and a higher BIS/BAS score (standardized g = 0.822, p = 0.005)
were significantly associated with higher PDQ-39 SI. At 1 year
after DBS, although no parameters were associated with PDQ-
39 SI, a higher BIS11 score (standardized 8 = 0.590, p = 0.064)
tended to be associated with higher PDQ-39 SI. At 3 years after
DBS, a higher UPDRS part I score (standardized § = 0.686, p =
0.014) was associated with higher PDQ-39 SL

The cognitive functions as evaluated by the MMSE, FAB, and
MoCA did not significantly contribute to pre- and postoperative
QOL (Table 2).

DISCUSSION

Although motor complications dramatically improved after
DBS surgery, many PD patients are not necessarily satisfied
with their QOL (8), suggesting that QOL after the surgery
may be affected instead by non-motor parameters such as
cognitive function and neuropsychiatric symptoms. Thus, we
aimed to assess the temporal changes in cognitive function and
neuropsychiatric symptoms and to determine which cognitive
functions and neuropsychiatric symptoms were related to QOL
after DBS surgery.

The present results revealed that the scores of UPDRS parts
IT and II during the off phase and the UPDRS part IV score
decreased significantly from baseline after STN-DBS, which are
compatible with the well-known clinical effect of STN-DBS on
motor dysfunctions (1). The present study also revealed that
frontal lobe function, depression, and verbal fluency significantly
worsened 3 years after STN-DBS. Furthermore, preoperative
QOL was significantly associated with the severity of preoperative
motor symptoms (UPDRS part III during the off phase),
motor complication (UPDRS part IV), and impulsivity (BIS 11),
suggesting that worse motor complications and impulsivity led
to worse QOL preoperatively. Postoperative QOL 3 months after
surgery was significantly associated with non-motor symptoms
(UPDRS part I) and impulsivity as evaluated by BIS/BAS,
suggesting that worse non-motor symptoms and impulsivity led
to worse QOL 3 months after surgery. Although no clinical
parameters were significantly associated with postoperative
QOL 1 year after surgery, postoperative QOL at 3 years was
significantly associated with non-motor symptoms (UPDRS
part I) and impulsivity as evaluated by BIS11, suggesting that
worse non-motor symptoms and impulsivity led to worse QOL
postoperatively 3 months after surgery.

In terms of a decline in frontal lobe function 3 years after
STN-DBS, our previous report also revealed that the FAB score
tended to decrease 3 years after STN-DBS, without statistical
significance (8). Because this study included a larger number of
PD patients compared to our previous study (8), the decline in
frontal lobe function 3 years after STN-DBS compared to baseline
probably became significant in this study. Although it is difficult
to identify whether the decline in FAB score 3 years after STN-
DBS was attributable to the effect of surgery or natural disease
progression, our previous report revealed that PD patients who
underwent STN-DBS showed a decrease of cerebral blood flow
in the prefrontal and cingulate cortex 4.3 & 1.1 months (range
= 2.9-6.6 months) after STN-DBS (10). Hence, frontal lobe
functions should be carefully examined for more than 3 years
after STN-DBS.

This study also showed that depression worsened 3 years
after STN-DBS. Although a reduction in LED might partially
contribute to the worsening of depression, dopamine withdrawal
syndrome usually occurs less than 1 year after STN-DBS (20).
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FIGURE 1 | Longitudinal changes in the Unified Parkinson’s Disease Rating Scale (UPDRS) parts Il and lIl scores, neuropsychiatric symptoms, and quality of life
(QOL). The mean UPDRS parts Il and Il scores during the off phase (A,B) and the UPDRS part IV score decreased significantly (P < 0.01) at each follow-up point after
surgery compared to the baseline scores. The mean UPDRS part Il scores during the on phase did not significantly change 3 months and 1 year after surgery and
significantly increased 3 years after surgery (A). The mean UPDRS part lll score during the on phase significantly decreased 3 months and 1 year after surgery, and
the difference was not significant until 3 years after surgery (B). The depression (SDS) score significantly worsened 3 years after surgery (P = 0.021). The verbal
fluency test (VFT) score in the animal portion was significantly worse 3 years after surgery than before surgery (p < 0.01) (C). The mean PDQ-39 Sl significantly
decreased from baseline to 1 year after surgery (p = 0.015) (D).

Furthermore, the relationships between the changes in LED and ~ deteriorated ADL during the off phase. The higher impulsivity
the changes in the depression scale did not show significant ~ was also associated with worse QOL preoperatively. Although we
correlations in this study. We do not know the exact reason  do not know the exact reason why a higher impulsivity leads to
why the depression score worsened significantly only at 3 ~ worse QOL preoperatively, a possible explanation might be that
years after STN-DBS, nor whether the worsening of depression  patients with higher impulsivity were more strongly dissatisfied
scores is attributed to the effect of STN-DBS or is a natural  with preoperative mobility and ADL (23).
disease progression. On the contrary, postoperative QOL was associated with non-
Verbal fluency is well-known to worsen after STN-DBS (21).  motor symptoms, as evaluated by UPDRS part I, rather than
Although we do not know why the worsening of verbal fluency = motor symptoms or ADL. The significant positive associations
was significant only at 3 years after STN-DBS, chronic changesin ~ between the UPDRS part I score and the PDQ-39 SI were
the microlesion effect of the electrode trajectory might contribute ~ found 3 months and 3 years after STN-DBS. Because UPDRS
to verbal fluency (22). part I includes questions on cognitive functions, hallucination,
In terms of the associations between QOL and motor, depression, and motivation, we might say that non-motor
cognitive, and neuropsychiatric symptoms, deteriorated motor ~ symptoms partially contribute to QOL after STN-DBS in
symptoms during the off phase and severe motor complications ~ PD patients. Although there are few studies examining the
were significantly associated with worse QOL preoperatively,  associations between the UPDRS part I score and PDQ-39 SI
which was reasonable because the indication for STN-DBS is  before and after STN-DBS, numerous studies have reported
the presence of motor complications accompanied by a severely ~ on the effect of STN-DBS on cognitive and neuropsychiatric
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TABLE 1 | Temporal changes in levodopa equivalent dose, motor functions, cognitive functions, neuropsychiatric functions, and quality of life.

Baseline 3 months 1 year 3 years
(n =61) (n =54) (n = 47) (n =23)
LED (mg) 1,127.90 £+ 39.78 719.12 &+ 44,79 670.53 + 43.11** 839.34 + 72.93*
UPDRS Part | 1.68 +£0.29 1.22 +£0.27 1.00 £+ 0.19 2.565 +0.39
Part Il on 8.95 + 0.95 7.22 £0.94 8.58 +£0.99 13.05 £ 1.67*
Part I off 22.83 +£1.13 11.63 £1.73* 13.48 + 2.06** 17.23 £1.87
Part Il on 19.71 £1.22 12.62 + 1.20* 14.81 + 1.40* 16.23 £1.79
Part Il off 42.66 + 1.86 20.71 £ 2.26™ 22.68 £+ 2.80" 26.95 £+ 2.95"
Part IV 8.15 £ 0.38 3.45 +£ 0.28" 3.14 + 0.26™ 410 £ 0.27*
QOL PDQ-39 Sl (%) 34.00 + 2.64 28.71 £2.29 23.45 £+ 2.45* 31.68 + 3.44
(—18.15% decrease (—27.54% decrease (—10.07% decrease
from baseline) from baseline) from baseline)
Cognitive and neuropsychiatric functions MMSE 28.63 £ 0.23 28.33 £ 0.34 28.78 £ 0.25 27.95 £ 0.61
FAB 16.40 £ 0.24 15.09 + 0.49 15.50 + 0.39 14.37 £ 0.67*
MoCA-J 26.05 + 0.44 26.0 £ 0.61 25.65 + 0.53 24.65 +0.85
VFT (Katakana) 2411 £1.97 24.47 +1.93 21.94 +£2.77 21.53 £ 2.01
VFT (animal) 16.36 £ 1.15 13.70 + 1.11 15.08 + 1.04 1211 £ 1.63*
BIS11 53.50 + 3.34 48.53 £+ 2.07 53.07 + 2.64 56.44 +1.85
BIS/BAS 47.78 £ 2.07 46.27 £ 1.95 49.71 £ 1.96 49.29 + 2.85
JESS 721 +£1.24 7.47 +£1.54 9.88 + 1.60 8.18 £ 1.36
SDS 34.74 £1.13 35.40 £ 1.43 37.69 + 1.63 41.24 + 1.45*
Apathy 4.42 +0.93 7.80 + 1.46 5.88+1.16 6.29 +1.14
RBDQ 411 +£0.69 3.87 £0.49 419 £0.52 3.94 £ 0.53

Apathy, apathy scale; BIS11, Barratt impulsiveness scale 11; BIS/BAS, behavioral inhibition system/behavioral activation system,; FAB, Frontal Assessment Battery; JESS, Japanese
version of the Epworth Sleepiness Scale; LED, levodopa equivalent dose; MMSE, Mini Mental State Examination; MoCA-J, Japanese version of Montreal Cognitive Assessment; PDQ-
39, 39-item Parkinson’s disease questionnaire; QOL, quality of life;, RBDSQ, REM sleep behavior disorder screening questionnaire; SDS, Self-Rating Depression Scale; SI, Summary

Index; UPDRS, Unified Parkinson’s Disease Rating Scale; VFT, verbal fluency test.
**0 < 0.01 vs. preoperative values; *p < 0.05 vs. preoperative values.

TABLE 2 | Standardized beta values of the factors determining quality of life at each follow-up point.

Quality of life at each follow-up point Factors determining quality of life at each Standardized g p
follow-up point

PDQ-39 Sl before DBS surgery BIS11 (impulsivity) 0.576 0.022
UPDRS part Ill during the off phase 0.373 0.046
UPDRS part IV 0.335 0.018

PDQ-39 Sl 3 months after DBS surgery UPDRS part | 0.594 0.022
BIS/BAS 0.822 0.005

PDQ-39 Sl 1 year after DBS surgery None

PDQ-39 SI 3 years after DBS surgery UPDRS part | 0.686 0.014

PDQ-39 SI, 39-item Parkinson’s disease questionnaire summary index; DBS, deep brain stimulation; BIS11, Barratt Impulsiveness Scale 11, UPDRS, Unified PD Rating Scale; BIS/BAS,

behavioral inhibition system/behavioral activation system.

symptoms in PD patients (24-27). However, the effect of STN-
DBS on cognitive functions and neuropsychiatric symptoms may
differ, and a detailed interpretation of the positive associations
between the UPDRS part I score and PDQ-39 SI is difficult.
It is interesting that impulsivity, as evaluated by BIS/BAS,
was significantly associated with postoperative QOL 3 months
after surgery, whereas BIS11 was significantly associated with
postoperative QOL 3 years after surgery. BIS11 classified

impulsivity into “attentional,” “motor,” and “non-planning”
impulsiveness (16), whereas BIS/BAS evaluate impulsivity based
on the theory that it can be understood as a joint function
of the behavioral approach system (BAS) and the behavioral
inhibition system (BIS) (17). Despite the marked reductions
in LED after surgery, impulsivity was significantly associated
with postoperative QOL. Mosley et al. reported that greater
connectivity of the stimulation site with the frontostriatal
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network was related to greater postoperative impulsiveness and
disinhibition (28). Although we do not know the exact reason
why BIS/BAS was associated with postoperative QOL 3 months
after surgery, whereas BIS11 was associated with postoperative
QOL 3 years after surgery, a higher impulsivity might contribute
to postoperative QOL, and impulsivity should be carefully
examined after surgery.

Several limitations of this study should be considered. One
major limitation is that not all patients completed the follow-
up evaluations. Some patients at each follow-up point are now
under investigation. Therefore, the smaller number of patients
at each follow-up point compared to baseline does not indicate
a high prevalence of the dropout rate in this study. Another
limitation was that, although the postoperative score of UPDRS
part I was associated with QOL, the cognitive functions (MMSE,
FAB, and MoCA-]) and neuropsychiatric symptoms, except for
impulsivity, were not associated with postoperative QOL at each
follow-up point. One possible explanation for this discrepancy
might be that the MMSE, FAB, SDS, and the apathy scale
are not specific scales for PD patients, whereas UPDRS part
I is specific for PD patients. However, these points should be
further examined with a larger number of PD patients. It should
also be addressed that the present study lacks a control group,
which means that the postoperative changes in the cognitive
and neuropsychiatric symptoms and their association with QOL
may not solely result from STN-DBS, but the degeneration itself
also has a contribution. However, it might be practically very
difficult to compare advance-stage PD patients undergoing DBS
surgery with PD patients who receive only the best medical
treatment. Advance-stage PD patients who do not undergo
DBS surgery usually have cognitive impairments and severe
neuropsychiatric symptoms or less severe motor complications
in which DBS surgery is not indicated. Because DBS is a
clinically established surgery for PD patients suffering from
motor complications, randomization of PD patients into a
DBS group and a best medication group is currently difficult.
Furthermore, the selection of a stimulation target might also
result in selection bias. In our hospital, STN-DBS are basically
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Motor Symptom Lateralization
Influences Cortico-Striatal Functional
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Objective: The striatum is unevenly impaired bilaterally in Parkinson’s disease (PD).
Because the striatum plays a key role in cortico-striatal circuits, we assume that
lateralization affects cortico-striatal functional connectivity in PD. The present study
sought to evaluate the effect of lateralization on various cortico-striatal circuits through
resting-state functional magnetic resonance imaging (fMRI).

Methods: Thirty left-onset Parkinson’s disease (LPD) patients, 27 right-onset
Parkinson’s disease (RPD) patients, and 32 normal controls with satisfactory data
were recruited. Their demographic, clinical, and neuropsychological information was
collected. Resting-state fMRI was performed, and functional connectivity changes
of seven subdivisions of the striatum were explored in the two PD groups.
In addition, the associations between altered functional connectivity and various
clinical and neuropsychological characteristics were analyzed by Pearson’s or
Spearman’s correlation.

Results: Directly comparing the LPD and RPD patients demonstrated that the LPD
patients had lower FC between the left dorsal rostral putamen and the left orbitofrontal
cortex than the RPD patients. In addition, the LPD patients showed aberrant functional
connectivity involving several striatal subdivisions in the right hemisphere. The right
dorsal caudate, ventral rostral putamen, and superior ventral striatum had decreased
functional connectivity with the cerebellum and parietal and occipital lobes relative to
the normal control group. The comparison between RPD patients and the controls did
not obtain significant difference in functional connectivity. The functional connectivity
between the left dorsal rostral putamen and the left orbitofrontal cortex was associated
with contralateral motor symptom severity in PD patients.

Conclusions: Our findings provide new insights into the distinct characteristics of
cortico-striatal circuits in LPD and RPD patients. Lateralization of motor symptoms is
associated with lateralized striatal functional connectivity.

Keywords: Parkinson’s disease, functional connectivity, asymmetry, resting-state functional magnetic resonance
imaging, striatum
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Suetal.

Asymmetry and FC in PD

INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disorder
commonly seen in the elderly, which manifests as classical motor
symptoms such as bradykinesia, rigidity, and resting tremor,
together with multiple non-motor symptoms (1). Dopamine
deficiency in the striatum is a pathophysiological hallmark in
PD and underlies motor and several neuropsychiatric symptoms.
The striatum modulates motor activity, cognition, and behavior
through multiple cortico-striatal circuits, which involve several
striatal subregions (2, 3).

Lateralization is characteristic in PD. Motor symptoms usually
present initially in one side of the body, and this asymmetry
persists long after both sides show motor dysfunction (4, 5).
Lateralization is unique and a clue for differential diagnosis
from other neurological disorders presenting as parkinsonism
(6). Uneven bilateral deficiency of dopamine in the striatum
can explain this motor asymmetry (7-9), but this lateralization
affects different cortico-striatal circuits simultaneously and is also
related to various non-motor symptoms.

The interaction between cerebral hemisphere dominance
and asymmetric brain impairment leads to different
neuropsychological profiles in left-onset (LPD) PD and
right-onset (RPD) patients. Studies evaluating cognitive
function, anxiety, psychosis, and apathy symptoms showed a
series of differences between LPD and RPD patients (10-13).
Lateralization not only affects clinical profile in PD but also
modulates therapeutic responses. In a study by Hanna-Pladdy
et al. LPD and RPD patients had different responses to levodopa
in attention and even paradoxical responses in verbal memory
function (14). Due to different severities of dopamine deficiency
in the more affected hemisphere and less affected hemisphere,
levodopa may have an ameliorating or overdosing effect
to different cortico-striatal circuits (14). Therefore, a better
understanding of the effect of lateralization on various cortico-
striatal circuits can shed light on a more precise treatment
in PD.

Functional —magnetic resonance imaging (fMRI) is
increasingly used to assess cerebral activity based on the
blood oxygen level-dependent (BOLD) effect, which can reflect
cerebral blood flow and energy use (15). fMRI can be conducted
when the subject is performing a specific task (task-based fMRI)
or when the subject lies relaxed [resting-state fMRI (rs-fMRI)]
(15). Due to its convenience, rs-fMRI is increasingly used in
neurological research. Functional connectivity (FC) is defined as
the temporal dependency between different brain regions and is
an important approach to analyze rs-fMRI data (15). FC is an
ideal technique to explore the impaired cortico-striatal circuits
in PD.

There have been several studies showing altered FC between
striatum and various brain regions in PD patients, but the seeds
used in previous studies varied, and the influence of laterality
has rarely been investigated. Some researchers used the nuclei of
basal ganglia, such as putamen and caudate as the seeds (16-22);
some divided putamen and caudate to the anterior and posterior
parts as the seeds (23-29). Others chose representative seeds
of the subregions of the striatum (30-35). Most of the studies

merged LPD and RPD patients as a single group and compared
fMRI data of PD patients with the controls (16, 17, 19, 20, 22, 23,
25, 28, 29, 31, 33-35); some studies only focused on the more
severely involved striatum or combined bilateral striatal seeds
(27, 30). These approaches cannot discern whether the changed
FC was mainly contributed by the LPD or RPD patients or a
common impairment shared by LPD and RPD patients.

In the last century, anatomical labeling techniques have
demonstrated the existence of parallel cortico-striatal circuits,
which are related to motor, cognitive, and limbic functions. In
addition, these circuits display rostrocaudal and dorsoventral
patterns (36-38). With the advent of functional imaging, studies
on the striatum using rs-fMRI have been rapidly increasing.
Postuma and Dagher conducted a meta-analysis of positron
emission tomography (PET) and fMRI studies. They have
revealed that functional imaging can disclose different parallel
cortico-striatal circuits and suggested the boundaries between
dorsal and ventral caudate and putamen, as well as the boundary
between rostral and caudal putamen (39). Furthermore, Di
Martino et al. carried out an rs-fMRI study. They integrated
the results of the study by Postuma and Dagher and anatomical
characteristics of the striatum subregions and defined six seeds
in each side of the brain for the rs-fMRI study (3). The seeds
chosen by Di Martino et al. can reflect the divergence of these
striatal subdivisions and their corresponding FC profiles; these
definitions performed well in the following studies (30-35). To
date, how lateralization affects different cortico-striatal circuits
remains unclear. The present study aimed to utilize rs-fMRI to
comprehensively explore the changes of FC of distinct striatal
subregions in LPD and RPD patients, in order to reveal the
influence of asymmetry on cortico-striatal circuits in PD. The
definitions of the seeds are consistent with the studies by Di
Martino et al. (3) and Bell et al. (35).

MATERIALS AND METHODS

Participants

Between 2012 and 2014, we enrolled 63 PD patients and 33 age-
and sex-matched control subjects without history of neurological
or psychiatric disorders. All the participants were right handed
and recruited from Beijing Hospital. A movement disorder
specialist (W.S. or H.B.C) made the diagnosis based on the UK
PD Society Brain Bank diagnostic criteria (6).

We collected demographic and clinical data, including
medical history, and physical and neurological examinations
from all the subjects. The side of disease onset was identified
through retrospective medical records review and patients
reports and supported by neurological examination. The sum
of the Unified Parkinson’s Disease Rating Scale (UPDRS) part
I (including tremor, rigidity, and bradykinesia-related items)
score of the right and left limbs was calculated as right and
left motor subscores; then we calculated the laterality index
by subtracting the left motor subscore from the right motor
subscore. Usually, RPD patients had a positive laterality index,
and LPD patients had a negative laterality index (40). Patients
whose side of onset could not be confirmed concordantly or with
bilateral onset were not included. PD patients with dementia,
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severe head tremor, deep-brain stimulation, substance abuse,
head trauma, or other neurological or psychiatric diseases were
also excluded.

The MRI scans and clinical and neuropsychological
evaluations were performed in a practically defined “oft”
state, in which the patients had stopped all the antiparkinson
agents for ~12h (overnight). The Hoehn-Yahr staging, UPDRS,
Mini-Mental State Examination (MMSE), Hamilton Depression
Rating Scale (HAMD), Hamilton Anxiety Rating Scale (HAMA),
and Non-Motor Symptoms Questionnaire (NMSQ) were used to
measure motor and non-motor symptoms. MMSE was employed
to assess cognitive function of the control subjects.

The study was approved by the Ethics Committee of Beijing
Hospital, and we conducted the study in keeping with the
Declaration of Helsinki. All the subjects signed informed consent
prior to participation.

Image Acquisition

An Achieva 3.0T MRI scanner (Philips Medical Systems, Best,
Netherlands) was used for data acquisition. Foam pads were
utilized to reduce head motion, and headphones were employed
to decrease the scanning noise. The participants were required
to lie still with eyes closed, relaxed, and stay awake. A high-
resolution T'1-weighted anatomical image was acquired using the
following parameters: repetition time (TR) = 7.4 ms, echo time
(TE) = 3.0 ms, flip angle (FA) = 8°, field of view (FOV) = 240
x 240 mm, matrix size = 256 x 256, voxel dimensions = 0.94
x 0.94 x 1.20 mm, slice thickness = 1.2 mm, and slices = 140.
For the rs-fMRI scan, echo-planar imaging (EPI) was performed
with the following parameters: TR = 3,000 ms, TE = 35ms,
FA = 90°, FOV = 240 x 240 mm, matrix size = 64 x 64, voxel
dimensions = 3.75 x 3.75 x 4.00 mm, slice thickness = 4 mm,
slices = 33, and time points = 210 (41).

rs-fMRI Data Preprocessing

Images were preprocessed using RESTPlus version 1.2 (42),
which was based on SPM 12 (http://www.fil.ion.ucl.ac.uk/
spm). The preprocessing steps included removing the first 10
volumes to allow for magnetization stabilization, slice-timing to
correct for interleaved acquisition, realignment for 3D motion
correction, spatial normalization to the Montreal Neurological
Institute (MNI) standard space using the co-registered T1 images
(43), resampling to 3 x 3 x 3 mm?>, smoothing with a Gaussian
kernel (full-width at half-maximum 6 mm), time course
detrending, nuisance covariate regression [Friston-24 parameters
(44) and cerebrospinal fluid and white matter signals], and
bandpass filtering (0.01 < f < 0.1 Hz). We excluded the subjects
whose head movement exceeded 2 mm of displacement or 2°
of rotation.

FC Analysis

FC maps were obtained using RESTPlus version 1.2, using a
seed voxel correlation approach. Because of the dorsoventral
and rostrocaudal differences in striatal function and dopamine
loss in PD, we chose seeds distributing various locations of the
striatum. Di Martino et al. have defined six seeds, including
ventral striatum inferior (VSi), ventral striatum superior (VSs),

TABLE 1 | The co-ordinates of the regions of interest.

Regions of interest MNI coordinates

X Y z
VSi +9 9 -8
VSs + 10 15 0
DC +13 15 9
DCP + 28 1 3
DRP + 25 8 6
VRP + 20 12 -3
PCP + 26 -4 8
VS, ventral striatum inferior; V/Ss, ventral striatum superior; DC, dorsal caudate; DCF,

dorsal caudal putamen,; DRF, dorsal rostral putamen; VVRE, ventral rostral putamen; PCR,
post-commissural putamen.

dorsal caudate (DC), dorsal caudal putamen (DCP), dorsal
rostral putamen (DRP), and ventral rostral putamen (VRP)
(3). We defined six seeds of each hemisphere consistent with
Di Martino et al. Since postcommissural putamen (PCP) is
especially susceptible in PD and is closely related to motor
symptoms (38, 45, 46), we selected a seed of PCP in accordance
with Bell et al. (35). The coordinates of the seeds are shown
in Table1, and the positions of the seeds are illustrated in
Figure 1. The mean time series of each seed were extracted;
then voxel-wise FC analyses were conducted by calculating
the temporal correlation between the time series of each seed
and those of each voxel within the whole brain. Correlation
coeflicients were further transformed to z-values via Fisher’s z-
transformation.

Statistical Analysis

We used SPSS (version 23.0, IBM Corp, Armonk, NY) to
analyze demographic and clinical information, as well as
extracted FC values. The continuous variables are shown as
mean =+ standard deviation. Data normality was detected by
the Kolmogorov-Smirnov test. One-way ANOVA, Kruskal-
Wallis test, t-test, or Mann-Whitney U-test was employed
for between-group comparisons on continuous data when
applicable. Fisher’s exact test or a chi-square test was used
for analyses of categorical variables. P < 0.05 was considered
statistically significant.

FC analyses were performed using DPABI version 4.2 (47).
Analysis of covariance (ANCOVA) was employed to analyze
between-group (LPD, RPD, and control groups) differences in FC
of the 14 seeds, with age and gray matter density as covariates.
The gray matter mask in DPABI version 4.2 was used in the
analyses. Post hoc pairwise analyses were performed using the
least significant difference (LSD) method. Multiple comparisons
were corrected according to the Gaussian random field (GRF)
theory (voxel level P < 0.001; cluster level P < 0.05; two-
tailed) (48, 49). Cohen’s 2 was used to evaluate the effect sizes,
which was given by DPABI. Pearson’s correlation or Spearman’s
rank correlation was used to investigate the association between
the average FC values of significant clusters and clinical and
neuropsychological data.
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DRP, VRP, and PCP, respectively.

FIGURE 1 | Representations of the seven striatal seed regions. (A,B) are sagittal brain views at x = 9 and 24, respectively. (A) illustrates the positions of the three
caudate subdivisions; 1, 2, and 3 represent VSi, VSs, and DC, respectively. (B) illustrates the positions of the four putamen subdivisions; 1, 2, 3, and 4 represent DCP,

TABLE 2 | Demographic and clinical information of PD patients and controls.

LPD RPD Controls P-value
Number of subjects 30 27 32
Age 62.63 + 8.88 65.85 + 6.982 62.41 +7.07 0.056
Gender (male/female) 14/16 14/13 16/16 0.924
Disease duration 6.80 + 3.62 6.15 £ 3.59 0.499
Hoehn-Yahr staging 213+ 0.71 2.28 £ 0.67 0.416
UPDRS 49.90 + 18.82 48.85 + 12.83 0.809
Laterality index —5.62 £ 3.57 5.74 £3.40 <0.001
MMSE 28.50 £ 1.50 27.56 +£2.28 27.78 £2.25 0.208
HAMD 9.07 £5.27 9.66 + 5.09 0.724
HAMA 9.93 + 5.04 10.52 £ 6.03 0.691
NMSQ 11.07 £ 56.77 11.56 + 4.86 0.732

HAMA, Hamilton Anxiety Rating Scale; HAMD, Hamilton Depression Rating Scale; LPD, left-onset Parkinson’s disease; MMSE, Mini-Mental State Examination; RPD, right-onset
Parkinson’s disease; NMSQ, Non-Motor Symptoms Questionnaire; UPDRS, Unified Parkinson’s Disease Rating Scale.

RESULTS

Demographic and Clinical Characteristics
Finally, 57 PD patients and 32 controls were enrolled in the
analysis, and seven subjects were excluded due to the following
reasons: five PD patients and one control participant because of
excessive head motion and one PD patient due to unsatisfactory
image quality. Thirty PD patients were in the LPD group, and 27
PD patients were in the RPD group.

Table 2 illustrates the demographic and clinical information.
The laterality index differed significantly between the two PD
groups. Age, sex, and MMSE scores were comparable between
the three groups. The LPD and RPD patients had similar mean
disease duration, UPDRS score, Hoehn-Yahr staging, HAMD,
HAMA, and NMSQ scores.

Group Differences in FC

ANCOVA and the followed post hoc pairwise analyses disclosed
significant differences in FC between the two PD groups, as well
as between the LPD patients and the controls.

In the comparison between the LPD patients and the RPD
patients, only one seed showed significant difference in FC
between the two groups. The LPD patients had lower FC between
the left DRP and the left orbitofrontal cortex than the RPD
patients (Figure 2 and Table 3).

Compared with the controls, LPD patients showed altered
FC in three seeds: the right DC, the right VRP, and the right
VSs, all in the right side. The aberrant FCs in LPD patients
were as follows: (1) decreased FC between the right DC and the
cerebellum posterior lobe, the left occipital lobe, the left inferior
parietal lobe, and the left superior parietal lobe compared with
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FIGURE 2 | Differences in the FC patterns between LPD and RPD patients and controls. The seed regions are indicated in the left side of the figure. LPD patients had
lower FC between the left DRP and the left orbitofrontal cortex compared with RPD patients. LPD patients had lower FCs between the right DC, VRP, VSs, and
various brain areas compared with controls. HC, healthy controls; DC, dorsal caudate; DRP, dorsal rostral putamen; L, left side of the brain; LPD, left-onset
Parkinson’s disease; RPD, right-onset Parkinson’s disease; VRP, ventral rostral putamen; VSs, ventral striatum superior.
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TABLE 3 | Differences in FC among PD patients and controls.

Seed regions Connected area Peak MNI coordinates Number of voxels T-value Effect size (Cohen’s f?)
X Y z

LPD < RPD

Left DRP Left orbitofrontal cortex —36 51 -15 42 —4.22 0.23

LPD < HC

Right DC Cerebellum posterior lobe 18 -90 —45 231 —4.34 0.21
Left occipital lobe -15 -102 -6 186 —4.26 0.23
Left inferior parietal lobe —-30 —45 39 76 —4.28 0.22
Left superior parietal lobe —15 —54 60 65 —-4.18 0.24

Right VRP Right parietal lobe 36 —42 36 50 —4.53 0.26

Right VSs Cerebellum posterior lobe 0 —75 -39 110 —-3.96 0.20
Left occipital lobe —-30 —-99 -9 129 —-4.14 0.22
Right occipital lobe 30 —-90 -9 60 —4.08 0.22

HC, healthy controls; DC, dorsal caudate; DRF, dorsal rostral putamen; LPD, left-onset Parkinson’s disease; MNI, Montreal Neurological Institute; RPD, right-onset Parkinson’s disease;

VRR, ventral rostral putamen; V/Ss, ventral striatum superior.

the controls (Figure 2 and Table 3); (2) decreased FC between the
right VRP and the right parietal lobe (Figure 2 and Table 3); (3)
decreased FC between the right VSs and the cerebellum posterior
lobe, the left occipital lobe, and the right occipital lobe (Figure 2
and Table 3).

Correlation Analysis

Pearson’s correlation or Spearman’s rank correlation was used to
investigate the relationship between the left DRP-orbitofrontal
cortex FC and Hoehn-Yahr staging, contralateral motor subscore
of UPDRS part I1I, laterality index, MMSE, HAMD, HAMA, and
NMSQ scores.

FC between the left DRP and the left orbitofrontal cortex was
significantly associated with the right motor subscore of UPDRS
part III and laterality index in PD patients (r = 0.387 and 0.418;
p =0.003 and 0.001, respectively) (Figure 3).

DISCUSSION

To the best of our knowledge, this is the first study systematically
exploring FC related to striatal subregions in LPD and RPD
patients separately. We demonstrated that FC between the left
DRP and the left orbitofrontal cortex was different between LPD
and RPD patients, and LPD patients had a series of differences
in FC between various brain regions and the right DC, the
right VRP, and the right VSs compared with the controls. The
changed FC between the left dorsal rostral putamen and the
left orbitofrontal cortex was associated with contralateral motor
symptom severity and laterality index.

In healthy subjects, the activity of DRP is predominantly
associated with sensorimotor areas (3), but in PD, the specificity
of its connectivity is reduced and the FC of DRP extends to the
ventromedial prefrontal cortex (3, 31). Our results showed that
LPD and RPD patients differed in the FC between left DRP and
left orbitofrontal cortex. In addition, the FC between left DRP
and left orbitofrontal cortex was significantly associated with the
severity of contralateral motor symptoms; the higher the FC,

the more severe the contralateral motor symptoms. These results
confirm the role of DRP in regulating movement and indicate
that the altered left DRP-orbitofrontal cortex FC might be a
pathological change in PD. The significant association between
left DRP-orbitofrontal cortex FC and laterality index affirms
our hypothesis that motor asymmetry can influence cortico-
striatal circuits.

It is noteworthy that several aberrant FCs were identified
only in LPD patients compared with the controls, and these
abnormal FCs all involved the striatal seeds of the more severely
impaired hemisphere. This finding corroborates our hypothesis
that uneven impairment of the bilateral nigrostriatal function
leads to lateralized FC changes in PD. On the other hand, the
comparison between RPD patients and the controls obtained
no significant difference. These two comparisons indicate that
LPD patients might have more severe FC impairments than
RPD patients, especially in the right hemisphere. Some clinical
observations demonstrated that LPD and RPD patients might
have different disease severities and risks of future motor
complications and that RPD might be a slightly more benign
subtype than LPD (50, 51). A study by Lee et al. compared gray
matter volume across controls and LPD and RPD patients. They
found several abnormalities of gray matter volume also in the
right hemisphere in LPD patients, but they did not identify any
significant difference between the two PD groups or between
the controls and the RPD patients (52). Two additional MRI
studies using structural and functional imaging techniques also
showed more impairments in LPD patients than in RPD patients
(41, 53). Our findings are consistent with the above studies;
LPD patients may have more severe neurodegeneration or less
compensation than RPD patients. Maybe a larger sample can
better discriminate impaired FC in RPD patients. Additionally,
we need to be aware that some controversy exists regarding which
type is more susceptible; a study by Baumann et al. showed that
RPD patients had a more rapid decline (54). Nevertheless, more
clinical and imaging research is needed to clarify the role of
laterality in PD.
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FIGURE 3 | (A,B) illustrate the scatterplots showing the associations between the left DRP-orbitofrontal cortex FC and the UPDRS part Il score of the right side (RM
in the figure, represents right motor score) and laterality index (LI), respectively.

On the whole, only one different FC was identified between  this might account for the large number of positive findings.
the two PD groups; however, there were much more significant ~ This issue was raised by a widely concerned article published by
differences in the comparison between LPD patients and the  Eklund et al. (57), in which several popular multiple comparison
controls. This phenomenon is not uncommon. Some previous  correction approaches had an unsatisfactory performance. For
studies using structural imaging and fMRI techniques failed  instance, the AlphaSim correction was popular (16, 17, 22, 25,
to identify significant differences in the direct comparison 31, 58) and was not recommended by recent methodological
between LPD and RPD patients, although these two groups  studies (49, 57). Based on these methodological studies, we
showed different patterns of abnormalities compared with the  corrected for multiple comparisons based on GRF theory, with
controls (41, 52, 53, 55). In the present study, both PD  stringent thresholds (voxel level P < 0.001; cluster level P <
groups had an average disease duration of more than 6 years  0.05; two-tailed). The stringent thresholds and small sample size
and an average Hoehn-Yahr stage higher than 2. At the  may limit the sensitivity to disclose aberrant cortico-striatal FC
time of examination, most of the PD patients had bilateral in RPD patients. Future studies with a larger sample size and
striatal impairments. Although the laterality index showed that  strict control for multiple comparisons may better reveal FC
there was still obvious asymmetry in the PD patients, the impairments in RPD patients. Finally, as we have mentioned,
impairments and compensation mechanism are complicated  RPD patients may have a better neural reserve and/or greater
in this stage. The effects of asymmetry might be minor and  neural plasticity than LPD patients. The impairment of FC of
difficult to detect sufficiently with a relatively small sample size ~ RPD patients may be milder than that of LPD patients and need
and stringent multiple comparison corrections. Additionally,  alarger sample size to be detected.
conflicting results exist on the persistence of laterality in PD; Some limitations should be noted. First, the number of
some researches showed a decreased degree of asymmetry  participants in this study is relatively small, and only right-
with disease progression (5, 56). The laterality of FC might handed PD patients were enrolled. Future studies recruiting
also decrease with disease progression. Maybe future studies  more subjects and including left-handed PD patients can provide
recruiting PD patients in an earlier stage can better demonstrate = new insights on the topic of lateralization in PD. Second,
the influence of lateralization on striatal FC. the enrolled patients underwent chronic dopaminergic drugs,

There has been a variety of abnormal FCs reported in PD, from  and the medications might interfere with the rs-fMRI results.
the early to late stages, but our comparison between RPD patients ~ To control the pharmacological effects, we evaluated the PD
and the controls attained no significant findings. We need to take ~ patients during the off period. Although the influence of these
the methodological details into consideration. First of all, most ~ medications cannot be completely eliminated, this is a commonly
of the previous studies combined LPD and RPD patients into  used approach and helps compare with similar studies from
a single group. This approach could increase the sensitivity of  other researchers. Furthermore, similar alterations of rs-fMRI
discovering impaired cortico-striatal FC in PD, particularly those  results in de novo PD patients, and oft-medication patients have
impairments shared by LPD and RPD patients. Dividing the two ~ been reported (59). Therefore, the influence of dopaminergic
subgroups according to the side of onset decreases the sample  drugs should not be a major concern, and future studies using
size of each group; this might partially contribute to our negative ~ drug-naive PD patients can better address this issue. Third, the
results in the comparison between RPD patients and the controls.  cognitive function was evaluated with MMSE, which was not
Second, previously, a large number of the FC studies on PD  fully recommended by the Movement Disorder Society (MDS)
used less strict multiple comparison corrections. To some extent,  task force (60). MMSE has limited coverage of executive function.
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This is a limitation of the present study. The study was designed
in 2011 and conducted between 2012 and 2014. In a review article
published in 2007 (61), MMSE was proposed as a level 1 testing
for the diagnosis of PD dementia. Therefore, MMSE was used as
a screening instrument for cognitive dysfunction in the study. In
future studies, we will use the Montreal Cognitive Assessment
(MoCA) instead of MMSE. In addition, apathy is an important
non-motor symptom in PD, but we did not assess apathy in
this study. This insufficiency prevents us from analyzing the
relationship between changed FC and apathy.

In conclusion, we found different cortico-striatal FC profiles
between LPD and RPD patients and between LPD patients and
controls. Lateralization of motor symptoms is associated with
lateralized striatal FC. These results emphasize the necessity of
separate investigations of the characteristics of brain activities
of LPD and RPD patients in future studies using functional
imaging modalities.
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Introduction:The amygdala is implicated in psychiatric illness. Even as the amygdala
undergoes significant atrophy in mild dementia, amygdala volume is underexplored as a
risk factor for neuropsychiatric symptoms (NPS).

Objective : To analyze the association between baseline amygdala volume and the
longitudinal trajectories of NPS and cognitive decline in Alzheimer’s disease (AD) and
dementia with Lewy bodies (DLB) over 5 years.

Methods: Eighty-nine patients with mild dementia were included (AD 55;
DLB = 34). Amygdala volume was segmented from structural magnetic resonance
images (sMRI) using a semi-automatic method (Freesurfer 6.0) and normalized by
intracranial volumes. The intracranial volume-normalized amygdala was used as a
predictor of the Neuropsychiatric Inventory (NPI) total score, ordinal NPI item scores
(0 = absence of symptoms, 1-3 = mild symptoms, >4 = clinically relevant symptoms),
and Mini-Mental State Examination (MMSE) as measured annually over 5 years using
gamma, ordinal, and linear mixed-effects models, respectively. The models were
adjusted for demographic variables, diagnosis, center of sSMRI acquisition, and cognitive
performance. Multiple testing-corrected p-values (g-values) are reported.

Results: Larger intracranial volume-normalized amygdala was associated with less
agitation/aggression (odds ratio (OR) = 0.62 [0.43, 0.90], p = 0.011, g = 0.038) and
less MMSE decline per year (fixed effect = 0.70, [0.29, 1.03], p = 0.001, g = 0.010) but
more depression (OR = 1.49 [1.09, 2.04], p = 0.013, g = 0.040).
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Amygdala and Neuropsychiatric Symptoms in Dementia

Conclusions: Greater amygdala volume in mild dementia is associated with lower odds
of developing agitation/aggression, but higher odds of developing depression symptoms
during the 5-year study period.

Keywords: magnetic resonance imaging, amygdala, neuropsychiatric symptoms, Alzheimer’s disease, dementia

with lewy bodies

INTRODUCTION

Among structural imaging markers for neurodegenerative
dementias, the hippocampal volume has been extensively
investigated in Alzheimer’s disease (AD) and dementia
with Lewy bodies (DLB) (1, 2). Clinical correlates of
hippocampal atrophy include disease progression and
decline in various cognitive functions, for instance,
episodic memory impairment in AD (3, 4). However,
much less is known about medial temporal lobe
structures of the limbic system such as the amygdala,
localized in the anterior portion of the medial temporal
lobe (5, 6).

Multicenter studies using structural magnetic resonance
imaging (sMRI) have reported that the extent of the atrophy in
the amygdala seems to be comparable to hippocampal atrophy
in patients with mild AD (7). Nevertheless, the amygdala
volume has received less attention than hippocampal volume,
even as amygdala volume also predicts AD progression
(8), and is associated with cognitive performance (9).
Importantly, the amygdala is an essential structure for emotion
regulation and is part of the salience neural network (9).
Of note, several systematic reviews and meta-analyses have
linked amygdala structure and function with psychiatric
disorders such as major depressive disorder, depression with
comorbid anxiety, schizophrenia, and bipolar disorder (10-
13). However, the role of the amygdala as a potential marker of
neuropsychiatric symptoms (NPS) during the course of dementia
remains elusive.

A few cross-sectional studies have suggested associations
between the amygdala volume and NPS in AD, including
aberrant motor behavior (7), irritability, aggression/agitation
(14), anxiety (15), and apathy (16). In spite of it, less is
known about these relationships in the early stage of dementia.
Furthermore, as NPS fluctuate considerably (17, 18), it is essential
to evaluate these associations in longitudinal studies. Especially
in DLB, this association has not been studied as far as we
know. Understanding such association is important to elucidate
the role of early patterns of volume reduction that could
be relevant markers of the risk of NPS in clinical practice,
which could help to implement specific interventions in at-
risk patients.

Based on previous reports in AD showing that amygdala
lesions are involved in NPS (9, 19), and considering our
preliminary findings that NPS are common and fluctuate during
the course of AD and DLB (17, 18), here we aimed to analyze
the association between amygdala volumes and the longitudinal
development of NPS in AD and DLB.

MATERIALS AND METHODS
Study Design and Setting

This is a secondary analysis of the “The Dementia Study of
Western Norway” (DemVest) cohort (20). The latter included
patients with mild dementia due to different etiologies recruited
between 2005 and 2007 across all the dementia clinics in
Hordaland and Rogaland counties in Norway. All patients had
annual follow-up until death. Exclusion criteria consisted of
absence of dementia, moderate or severe dementia, delirium,
personal history of bipolar or psychotic disorder, terminal illness,
or recently diagnosed major somatic disease. Details of the
design, recruitment, and assessments are stated elsewhere (20).
The study was approved by the regional ethics committee and
the Norwegian authorities. All patients signed informed consent
before enrollment in the study.

In the current analysis, we did not include patients with other
causes of dementia recruited in the DemVest cohort (n = 26)
since segmentation of sMRI was only available for AD and DLB
patients; more details about imaging availability can be found
elsewhere (21).

Sample

Only subjects with an available baseline high-resolution sMRI
were included. Thus, we included a total sample of 89 subjects
with mild dementia who had a clinical diagnosis of AD (n =
55) or DLB (n = 34). Data from the first 5 years (i.e., Baseline
+ 5 annual follow-ups) of the DemVest study were used in the
current study.

Clinical Assessment
Four clinical specialists independently applied diagnostic criteria.
Dementia diagnosis was mainly established using the DSM-
IV criteria (22). When non-amnesic features were present,
diagnosis of dementia was made through consensus based
on the DLB operationalized diagnostic criteria (23). Subjects
were further classified as AD (according to the National
Institute of Neurological and Communicative Disorders, Stroke-
Alzheimer’s Disease and Related Disorders Association) (24) or
DLB (according to the International consensus criteria) (23).
Patients with a Mini-Mental State Examination (MMSE) (25)
score >20 or a Clinical Dementia Rating scale (CDR) (26) global
score equal to 1 were considered to have a mild stage of dementia.
A subset (AD = 36; DLB = 20) had autopsy confirmation.
High congruency between the clinical, imaging, and
neuropathological diagnosis was achieved as previously
reported (20, 27). Diagnosis was re-assessed regularly during the
follow-up by four specialists in geriatric medicine and psychiatry.
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The final diagnosis (used for analysis in the current study) was
based on the last consensus diagnosis, considering clinical
and imaging findings but giving priority to neuropathological
diagnosis when available.

Annual structured medical evaluations, relevant information
regarding past medical history and medical records were used to
obtain complete and detailed medical background.

Global cognition was assessed using the MMSE score.

NPS Assessment

NPS were assessed annually over 5 vyears with the
Neuropsychiatric Inventory (NPI) (28). The NPI was based
on the carer report and includes 10 items (in its original
version) for various NPS (i.e.,, Delusions, Hallucinations,

Agitation/aggression, Dysphoria/depression, Anxiety,
Euphoria/elation, Apathy/indifference, Disinhibition,
Irritability/lability, and Aberrant motor behavior). Each

symptom is rated in severity (ranging 0-3) and frequency
of presentation (ranging 0-4). Thus, multiplying severity by
frequency, a resulting item score (or domain score) can be
obtained for each symptom (ranging 0-12).

For our analyses, item scores > 4 were considered
“clinically relevant symptoms,” item scores between 1
and 3 were considered “mild symptoms,” and item scores
0 were considered “absence of symptoms” following
previously reported methods (17, 18, 29-32). Thus,
individual trajectories of NPS were estimated for each
of the NPI domains, based on the item scores (and NPI
total score) of each patient at each time point of the study
(i.e., Baseline + 5 annual follow-ups).

Amygdala Volumes Segmentation

Baseline sMRI were acquired in three different research centers
using 1.5-T scanners at the three involved research centers
(Philips Intera in Stavanger and Haugesund, and General Electric
Signa Excite in Bergen), with a voxel resolution of 1 x 1 x ~
1.5mm. Detailed sMRI protocols for each center were available
elsewhere (21). The sMRI were acquired in coronal planes in the
three research centers. Images with artifacts on visual inspection
were excluded. The standardized processing pipeline from
FreeSurfer 6.0 (http://surfer.nmr.mgh.harvard.edu/) was applied
to multicenter sMRI data as follows: movement correction,
non-brain tissues removal, automated calculation of Talairach
transformation, intensity normalization, subcortical white and
gray matter segmentation, cortex boundary tessellation, fully
automatic topology correction, and surface deformation to
determine CSF/gray matter and gray/white matter boundaries
(33-35). For amygdala segmentation and volume calculation,
the FreeSurfer 6.0 automated pipeline for subcortical structures
segmentation was implemented. A detailed explanation of the
FreeSurfer 6.0 subcortical segmentation methods can be found
elsewhere (33). Visual inspection of the final Freesurfer amygdala
segmentation was conducted by one researcher blinded to
diagnosis for accuracy verification. The right and left amygdala
volumes of each hemisphere were summed to obtain the
total amygdala volume. To control for the effect of head
size and gender differences, the intracranial volume-normalized

amygdala was estimated as follows: [Total amygdala volume
in mm3/total intracranial volume in mm?3] * 100%, based
on previously published evidence and recommendations on
studying the amygdala volume in neurodegenerative diseases
(36, 37).

Statistical Analysis

Baseline demographic (i.e., age, gender, and years of education)
and sMRI variables were compared between the AD and DLB
subgroups using independent samples t-test for continuous
variables and Chi-square test for categorical variables. Diagnosis-
related differences in the intracranial volume-normalized
amygdala were adjusted using ANCOVA followed by post-
hoc pairwise Tukey test given the possible confounder
effect of covariates such as gender, age, and center of sMRI
acquisition. Non-parametric subgroup differences in clinical
variables (i.e., MMSE, and NPI total) were examined using the
Mann-Whitney U-test.

To assess the trajectories of NPS, each NPI item score (i.e.,
frequency x severity) was collapsed into an ordinal variable
with three levels that indicate the “absence of symptoms” (NPI
item score = 0), “mild symptoms” (NPI item score = 1-3), or
“clinically relevant symptoms” (NPI item score > 4). Frequency
plots for clinically relevant symptoms were created overall and by
diagnosis subgroup.

As repeated observations of individuals are not independent
(i.e., correlated), and each patient had a subject-specific trajectory
of NPS over time (varying not only in the baseline NPS), mixed-
effects models were used to estimate the mean of per-person
means over 5 years. Mixed-effects models consider the mean
population response for ordinal NPI domains over time (fixed
effect), as well as the error in that trajectory associated with
differences in patient characteristics (random effect). Detailed
revision of the application of mixed models in medicine can be
found elsewhere (38).

After the exploratory analysis of our dataset, the center of
sMRI acquisition was observed as a possible source of variability
in demographic and volumetric variables across individuals
(supplementary Figures 1, 2 and supplementary tables 1, 2).
Therefore, subsequent analyses (i.e., mixed-effects models)
included this factor as covariate. Time in the study was also
included as a covariate, and the random effects of time were
also considered.

For statistical purposes, the intracranial volume-normalized
amygdala values were rescaled, multiplying them by 1,000
to avoid the boundary value problem in the subsequent
models’ estimations.

First, to analyze the associations between amygdala volumes
and global NPS in the total sample, we conducted generalized
mixed-effects models. In these models, the intracranial volume-
normalized amygdala was used as the independent variable and
the absolute NPI total score at each time point of the study
was used as the dependent variable (added a constant of one to
obtain a strictly positive distribution). These generalized mixed-
effects models were based on gamma distribution with random
intercepts and slopes in an unstructured variance-covariance
matrix. Time in study, center of sMRI acquisition, gender,
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TABLE 1 | Baseline characteristics of the AD and DLB subgroups.

Total sample (N = 89) AD(N = 55) DLB (N = 34) p-value Adjusted p-value °
Age 75.4 (7.17) 74.9 (7.28) 76.3 (7.01) 0.383 -
Gender <0.001 -
Women (%) 53 (59.55) 41 (74.55) 12 (35.29) - -
Men (%) 36 (40.45) 14 (25.45) 22 (64.71) - -
Years of education 9.5 (2.79) 9.5 (2.55) 9.4 (3.02) 0.864 -
MMSE 2 24 (2.62) 24 (3) 24 (5) 0.966 -
NPI total @ 12(17) 8(16.5) 16.5 (16) 0.006 -
Amygdala (% ICV) 0.154 (0.042) 0.152 (0.045) 0.158 (0.039) 0.487 0.569

AD, Alzheimer's disease; DLB, Dementia with Lewy bodies; SD, Standard deviation, IQR, Interquartile range; MMSE, Mini-Mental State Examination; NPI, Neuropsychiatric inventory;

ICV, Total intracranial volume.

Values are presented as mean (SD), and frequency (%) for gender.
p < 0.05 are printed in bold.

a\Values are presented as median (IQR), Mann-Whitney U.

bANCOVA (df = 6), controlling for age, gender, and center of sMRI acquisition with post-hoc Tukey pairwise test by diagnosis.

diagnosis, and MMSE total score were included as covariates in a
fully adjusted model.

Second, we conducted separate ordinal mixed-effects
models using intracranial volume-normalized amygdala as
the independent variable and each of the ordinal NPI items
(i.e., delusions, hallucinations, agitation/aggression, depression,
anxiety, apathy, disinhibition, irritability, and aberrant motor
behavior) at each time point of the study as the outcome variable.
Euphoria was not included in analyses due to its low frequency
and thus lack of power in this study to detect any relevant
finding. We again used random intercepts and slopes in an
unstructured variance-covariance matrix. All these models were
conducted as unadjusted, partly adjusted, and fully adjusted
models as follows: The unadjusted models included time and
center of sMRI acquisition as covariates. The partly adjusted
models also included age, gender, and diagnosis as covariates.
The fully adjusted models included the same above covariates
as well as longitudinal MMSE scores (i.e., the absolute score of
MMSE at each time point of the study). All models included any
significant interactions.

Considering potential confounder effects of MMSE on the
NPI total and the NPI items estimations, we also examined the
associations between intracranial volume-normalized amygdala
(independent variable) and the absolute score of MMSE at
each study time point (dependent variable) using linear mixed-
effects models. Again, we included random intercepts and
slopes in an unstructured variance-covariance matrix. This
unadjusted model included time and center of sMRI as
covariates, and an adjusted model included also age, gender,
and diagnosis.

Time interactions with intracranial volume-normalized
amygdala were also evaluated in the NPI total score and the
MMSE models based on the Akaike Information Criterion (AIC)
and the Bayesian Information Criterion (BIC). Significant time *
diagnosis, time * MMSE, and time * NPI total score interactions
were considered for analysis.

Effect sizes are reported as fixed effects (FE, for NP1 total score
and MMSE) and odds ratios (OR, for each of the NPI items).

The resulting p-values of the predictors in all the above
mixed-effects models were corrected for multiple testing using
the false discovery rate (FDR) (39). Given the dependence of
these p-values, we used a tail-area-based FDR (40). The statistical
significance level was defined as alpha = 0.05 for all analyses.
FDR-adjusted p-values (g-values) are reported.

Missing data during follow-up, mostly due to death, were
assumed to be missing at random, supported by previous
publications showing that age, gender, diagnosis, and cognitive
decline all predict mortality in this cohort (41).

Additional exploratory analyses for ordinal NPI items, NPI
total, and MMSE were conducted stratified by diagnosis. Given
the small sample size of each subgroup, these models only
included time and center as covariates. Also, considering the
exploratory nature of analyses, the resulting p-values were not
corrected for multiple testing.

Statistical analyses were performed using Stata © version 15.1.
RStudio © version 1.1.456 was used for the FDR correction
(fdrtool package) and illustrations (ggplot2, seaborn) (40-43).

The current study is reported following the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
statement (44).

RESULTS

Participants

A total of 89 patients with mild dementia were included
(AD 55; DLB =34). Demographic and clinical baseline
characteristics, as well as the intracranial volume-normalized
amygdala, are presented in Table 1. At baseline, age and MMSE
were comparable in AD and DLB subgroups. There were
significant group differences in gender (p < 0.001), where the
DLB subgroup had a higher number of men compared to AD.
In the DLB subgroup, the baseline NPI total score was higher (p
= 0.006), but MMSE at baseline was comparable between AD
and DLB patients (p = 0.966). Figure 1 shows the number of
individuals at each time point of the study including dropouts
due to death and loss to follow-up. The dropout rate at the latest
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FIGURE 1 | Flowchart of patients at each time point of the study including
dropouts. AD, Alzheimer’s disease; DLB, Dementia with Lewy bodies; Loss
FU, Loss to follow-up.

follow-up examination was 62.9% (n
death, which represents the 64.3% (n
of dropout.

56), especially due to
36) among the causes

Amygdala Volume at Baseline

Figure 2 illustrates the values of the intracranial volume-
normalized amygdala in the total sample and by diagnosis
subgroup. Intracranial volume-normalized amygdala was
comparable between the AD and the DLB subgroups (¢
—0.699, p = 0.487). Similar results were obtained when including
age, gender, and center of sMRI acquisition as covariates
(ANCOVA - Pryjey = 0.569) (Table 1).

Significant group differences were observed for the center
of sMRI acquisition (t-test, p < 0.001) but these differences
disappeared (ANCOVA, p = 0.205) after controlling for age,
gender, diagnosis proportion in each center, as well as age
* gender, center * diagnosis, and center * age interactions
(supplementary Figure 1 and supplementary table 1).
Descriptive statistics of the intracranial volume-normalized
amygdala by gender are presented in supplementary Figure 2
and supplementary table 2.

NPS Over Time

Detailed graphical abstract of the frequency of clinically
relevant symptoms is presented in Figure3, as well as
supplementary table 3. Figure3 depicts the frequency (in
percent of symptomatic) of individuals with clinically relevant
NPS (i.e, a domain score >4) at each time point of the

study. Overall, the most frequent symptom in the total sample
was apathy.

At baseline, the more frequent clinically relevant symptoms
were apathy (30.3%), followed by depression (19.1%) and
irritability (18%), whereas euphoria (0%), agitation (5.6%), and
disinhibition (7.9%) were the less frequent clinically relevant
symptoms. Similarly, at the first annual follow-up, apathy
(39.3%), depression (21.4%), and irritability (19.1%) were the
more frequent clinically relevant symptoms, while euphoria
(3.4%), agitation (11.2%), and disinhibition (4.5%) were the less
frequently presented. At the second annual follow-up, apathy
was consistently the most presented symptom (47.6%), followed
by aberrant motor behavior (32.9%), and depression (25.6%),
while clinically relevant euphoria (0%), hallucinations (12.2%),
and agitation (13.4%) were the less presented symptoms. In
line with this, the higher frequency of presentation at the
third annual follow-up was accounted by clinically relevant
apathy (53.4%), aberrant motor behavior (32.9%), and depression
(26%), but clinically relevant euphoria (4.1%), disinhibition
(11%), and delusions (13.7%) were the less frequently presented
symptoms. At the fourth annual follow-up, the increasing trend
of presenting clinically relevant apathy (48.3%) and aberrant
motor behavior (31%) was slightly reduced, but the frequency
of clinically relevant depression augmented (27.6%). Besides,
clinically relevant euphoria (5.7%), disinhibition (12.1%), and
delusions (15.5%) were the less presented symptoms. Finally,
at the end of follow-up, clinically relevant apathy (48.3%),
irritability (33.3%), and aberrant motor behavior (27.3%)
were the more frequent symptoms whereas euphoria (6.1%),
delusions (18.2%), and depression (18.2%) were symptoms
with the lower frequency of presentation (Figure3A and
supplementary table 3).

In both AD and DLB subgroups, the most frequent symptom
during the follow-up was apathy. In DLB patients, the frequency
of hallucinations was greater when compared to AD, while
aberrant motor behavior was more common in the AD subgroup
(Figure 3B, C and supplementary table 3).

These results were consistent with previously published
analyses of the total DemVest cohort (17, 18).

Association Between Amygdala Baseline

Volume and Trajectories of Global NPS

In an unadjusted model with time and center as predictors,
the intracranial volume-normalized amygdala had a significant
association with the NPI total score (fixed effect—FE—of —0.14,
95% confidence interval [—0.25, —0.02], p = 0.014, g = 0.041).
Table 2A summarizes the results of the partly adjusted (Model 1)
and fully adjusted model (Model 2) for predicting trajectories of
the NPI total score in the total sample.

A partly adjusted model showed that the intracranial volume-
normalized amygdala had a significant effect over the NPI
total score (FE = —0.14 [—0.25, —0.04], p = 0.049), but this
effect was no longer significant after multiple testing correction
(g = 0.091). A fully adjusted model did not show significant
findings, but a significant effect of MMSE was observed as
reported in Table 2A, Model 2.
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FIGURE 2 | Amygdala volumes after normalization for total intracranial volume in the total sample as well as the AD and DLB groups. Intracranial volume-normalized
amygdala (.., [Total amygdala volume in mm?3/total intracranial volume in mm?®] * 100%). AD, Alzheimer’s disease; DLB, Dementia with Lewy bodies; ICV, Total
intracranial volume in mm?®.

Association Between Amygdala Baseline No other NPI domains were significantly predicted by the
Volume and Trajectories of Various NPS intracranial volume-normalized amygdala in the main analysis.

Figure 4 summarizes the results of the unadjusted, partly A .
adjusted, and fully adjusted models for predicting trajectories Association Between Amygdala Baseline

of NPS in the total sample. The odds ratio (OR) refers to the Volume and Trajectorles of Global
risk of being in a one-level higher group on the ordinal NPI ~ Cognition
domains (i.e., presenting mild symptoms or developing clinically =~ The unadjusted model showed the interaction of intracranial
relevant symptoms). volume-normalized amygdala and time interaction (FE = 0.70
The unadjusted model showed that patients with higher  [0.24, 1.16], p = 0.003, g = 0.020, see Table 2B, Model 3).
intracranial volume-normalized amygdala had a reduced odds  After adjusting for age, gender, diagnosis, and their significant
for presenting mild symptoms of agitation/aggression or  time interactions, the intracranial volume-normalized amygdala
developing clinically relevant agitation/aggression over 5 years  showed a significant FE of 0.66 [0.29, 1.03], p = 0.001, g = 0.010,
(OR = 0.55, 95% confidence interval [0.32, 0.84], p = 0.006,  Table 2B, Model 4.
q = 0.030). Similar results were obtained for agitation/aggression In the total sample, Figure 5A shows the predicted MMSE
in the partly adjusted model (OR = 0.54 [0.36, 0.80], p = 0.002,  score over 5 years according to the intracranial volume-
q=0.018), as well as in the fully adjusted model (OR = 0.62 [0.43,  normalized amygdala. Patients with higher intracranial
0.90], p =0.011, g = 0.038). volume-normalized amygdala had lesser MMSE decline per
Besides, those patients with greater intracranial volume-  year after adjusting for the time in study, center of sMRI
normalized amygdala had an increased odds for presenting  acquisition, age, gender, and diagnosis. Consistently, Figure 5B
mild symptoms of depression or developing clinically relevant  depicts the predicted MMSE score over 5 years according to
depression as observed in the fully adjusted model (OR = 1.49  the intracranial volume-normalized amygdala in both AD
[1.09, 2.04], p = 0.013, g = 0.040). Consistent results were and DLB subgroups. In the DLB subgroup, the predicted
observed in the unadjusted (OR = 1.41 [1.04, 1.90], p = 0.026, MMSE score over 5 years according to the intracranial
q = 0.061) and partly adjusted models for depression (OR =1.37  volume-normalized amygdala was lower compared to the
[1.03, 1.80], p = 0.034, g = 0.070) with a trend to significancein ~ AD subgroup.
the multiple testing-corrected g-values. . .
In addition, the partly adjusted models showed lower Exploratory Analyses by Diagnosis
odds for presenting mild symptoms of apathy or developing Subgroup
clinically relevant apathy trajectories in those patients with  Supplementary Table4 summarizes the results of the
higher amygdala volumes (OR = 0.67 [0.46, 0.97], p = 0.033).  additional exploratory analyses conducted separately in
However, these results were not significant following correction ~ the DLB and AD subgroups. The intracranial volume-
for multiple testing (g = 0.069). normalized amygdala showed a statistically significant
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effect predicting the MMSE * time interaction (representing
points decline per year per unit of amygdala volume) in
AD (FE = 0.53 [0.13, 093], p 0.010), and stronger
in DLB (FE 1.19 [0.31, 2.07], p 0.008). The
NPI total was only significantly predicted in the DLB
subgroup (FE = —0.13 [—0.25, —0.02], p = 0.027).

The lower odds of presenting mild symptoms of agitation
or developing clinically relevant agitation with higher amygdala
volumes were similar in AD (OR 0.57 [0.36, 0.90],
p 0.015) and DLB (OR 047 [0.18, 122], p
0.120) but not significant in DLB, likely due to the small
sample size. Similar findings were observed in both AD

(OR = 1.45 [1.02, 2.06], p = 0.041) and DLB groups (OR
1.38 [0.83, 2.29], p 0.211) for the higher odds of
presenting mild symptoms of depression or developing clinically
relevant depression.

Interestingly, the DLB subgroup showed a reduced odds
of presenting mild symptoms of hallucinations or developing
clinically relevant hallucinations in those individuals with
a higher intracranial volume-normalized amygdala (OR =
0.49 [0.31, 0.78], p 0.002), which was not observed
in AD (OR = 0.94 [0.49, 1.78], p = 0.845). Intracranial
volume-normalized amygdala was not a significant predictor
for other NPS.
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TABLE 2A | Amygdala volume and the Neuropsychiatric Inventory total score over 5 years.

Model 12 Model 22

FE 95% ClI p-value g-value FE 95% CI p-value g-value
Time 0.14 0.08, 0.19 < 0.001 0.07 0.02,0.13 0.010
Center®
1 -0.22 —0.56, 0.13 0.223 -0.15 —0.49, 0.19 0.380
2 —0.47 —0.82, —0.12 0.008 —0.44 —0.80, —0.08 0.017
Age 0.03 0.01, 0.04 0.002 0.02 0.01, 0.04 0.006
Gender (female) -0.22 —0.47,0.03 0.082 —0.21 —0.44,0.02 0.088
DLB 0.19 —0.04, 0.42 0.102 0.18 —0.03, 0.39
MMSE —-0.03 —0.04, —0.02 <0.001
Amygdala (%ICV) -0.14 —0.25,—0.04 0.049 0.091 —0.10 —0.22, 0.01 0.072 0.118

TABLE 2B | Amygdala volume and MMSE over 5 years.

Model 3° Model 4°

FE 95% CI p-value qg-value FE 95% CI p-value g-value
Time (T) —-3.01 —3.41, —2.59 <0.001 —2.64 -3.08, —2.20 <0.001
Center®
1 0.25 —2.40, 2.90 0.852 1.20 —1.49, 3.91 0.381
2 —0.32 —2.77,2.13 0.797 0.16 —2.22,2.55 0.894
Age —0.16 —0.23, —0.09 <0.001
Age x T 0.07 0.01,0.14 0.025
Gender (female) 0.66 -0.69, —2.01 0.336
Diagnosis (DLB) 0.74 —0.65, 2.13 0.295
Diagnosis (DLB) x T —-1.07 —1.99, -1.16 0.022*
Amygdala (% ICV) 0.06 —0.95, 1.07 0.906 NA 0.16 -0.81, 1.12 0.747 NA
Amygdala (% ICV) x T 0.70 0.24,1.16 0.003 0.020 0.66 0.29, 1.08 0.001 0.010

DLB, Dementia with Lewy bodies; FE, Fixed effect; Cl, Confidence interval; MMSE, Mini-mental State Examination,; NPI, Neuropsychiatric inventory; ICV, Total intracranial volume; T, Time.
4Generalized mixed-effects model with the absolute NPI total score (added a constant of one to provide strictly positive distribution) at each time point of the study as the dependent
variable, and intracranial volume-normalized amygdala as independent variable, based on gamma distribution and log-link with random intercepts and slopes in an unstructured
variance—covariance matrix with covariates as listed. In a model with time and center as predictors (not in Table), Amygdala (% ICV) had an FE of —0.14 [-0.25, —0.02], p = 0.014,
q=0.041.

b Twenty-three participants from reference center (Bergen), 11 in center coded as 1 (Haugesund), 55 in center coded as 2 (Stavanger).

CLinear mixed-effects model with the absolute MMSE score at each time point of the study as the outcome variable, intracranial volume-normalized amygdala as independent variable,
random intercepts, and slopes in an unstructured variance—covariance matrix and covariates as listed.

Time interactions with intracranial volume-normalized amygdala were also evaluated in the NPI total score and the MMSE models based on the Akaike Information Criterion (AIC) and
the Bayesian Information Criterion (BIC). Any significant interaction was included in the above models.

p-values and q < 0.05 are printed in bold. Multiple testing corrected p-values (q-values) are listed only for Amygdala (% ICV) (Models 1 and 2), or its interaction with time (Models 3
and 4).

DISCUSSION (48) that might be attributed to differences in study designs and
methods of analysis. In line with our findings, a preliminary study
This study analyzed the associations between amygdala volume  yyith a matched-sample design combined manual and automatic
and NPS in AD and DLB, over 5 years of follow-up. We have  segmentation and did not find group differences in the amygdala
found that amygdala volumes were comparable between AD and  yolumes of AD and DLB patients (47). By contrast, two studies
DLB patients at the mild stage of dementia. Greater baseline  found larger amygdala volumes in DLB (45-47), but the lack of
amygdala volume in patients with mild dementia was associated  adjustment for gender could have influenced their results.

with lower odds for developing agitation/aggression symptoms. Amygdala atrophy has been demonstrated in moderate and
Besides, higher odds for developing symptoms of depression were  severe AD, but it is also prominent in the early stages of AD
associated with greater baseline amygdala volume. (7,49). Functional and structural brain abnormalities may reflect

The reduction of amygdala volume has been widely studied  the neuropathological features of dementia (i.e., Lewy bodies,
in AD, but few cross-sectional studies have compared amygdala  tau, and amyloid-beta), and a relationship between the burden of
volume in AD and DLB (45-47), reporting conflicting results  Lewy bodies in the amygdala and reduced amygdala volume has
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NPI-items

and Models OR (95% Cl) p-val q-val

Agitation

Unadjusted 4 0.55(0.32, 0.84) 0.006 0.030

Partly adjusted 4~ 0.54 (0.36, 0.80) 0.002 0.018

Fully adjusted 4- 0.62 (0.43, 0.90) 0.011 0.038

Anxiety

Unadjusted 4 0.92(0.60, 1.42) 0.719

Partly adjusted - 0.92 (0.60, 1.42) 0.719

Fully adjusted -4~ 0.93(0.60, 1.43) 0.730

Apathy

Unadjusted - 0.73(0.47, 1.14) 0.173

Partly adjusted 4 0.67 (0.46, 0.97) 0.033 0.069

Fully adjusted - 0.71(0.48, 1.03) 0.071

Delusion

Unadjusted -4~ 0.92 (0.55, 1.54) 0.754

Partly adjusted < 0.94 (0.56, 1.59) 0.830

Fully adjusted 0.97 (0.57, 1.65) 0.917

Depression

Unadjusted - 1.41(1.04, 1.90) 0.026 0.061

Partly adjusted -9~ 1.37 (1.03, 1.80) 0.034 0.070

Fully adjusted - 1.49 (1.09, 2.04) 0.013 0.040

Disinhibition

Unadjusted 4- 0.70 (0.34, 1.47) 0.345

Partly adjusted -4 0.70 (0.34, 1.42) 0.320

Fully adjusted < 0.74 (0.36, 1.51) 0.404

Hallucination

Unadjusted - 0.58 (0.27, 1.27) 0.171

Partly adjusted - 0.70(0.37, 1.32) 0.274

Fully adjusted -4- 0.78 (0.42, 1.46) 0.438

Irritability

Unadijusted <- 0.83 (0.53, 1.31) 0.431

Partly adjusted 4- 0.80 (0.52, 1.23) 0.307

Fully adjusted —4— 0.96 (0.91, 1.00) 0.093

Motor

Unadjusted - 0.78 (0.51, 1.21) 0.271

Partly adjusted 9 0.81(0.53, 1.24) 0.499

Fully adjusted $- 0.89 (0.60, 1.32) 0.558

| | | I | |
- | 5 o 1 14 18 22
Negative Positive

FIGURE 4 | Association between amygdala volume and trajectories of neuropsychiatric symptoms in the total sample. NPI, Neuropsychiatric inventory; OR, Odds
ratios; Cl, Confidence interval. Unadjusted model included amygdala and time as covariates; partly adjusted model also included age, gender, and diagnosis as
covariates; fully adjusted model included MMSE score over 5 years as covariate. The OR (95% CI) refers to the risk of being in a one-level higher group on each of the
ordinal NPI items (i.e., presenting mild symptoms, or developing a clinically relevant symptom). Multiple testing-corrected p-values (q-values) > 0.1 are listed.

been demonstrated in postmortem studies (48). Examining brain ~ 49), including agitation/aggression (7, 9, 50). However, none of
volumes in key regions can contribute to the understanding of  the available studies have investigated the amygdala volume as
the structural substrates of different NPS in dementia. an early marker of long-term risk of NPS, and follow-up periods

In AD, one longitudinal (2-year study) and several cross-  are relatively smaller compared to ours, which can affect the
sectional studies suggest close relationships between amygdala  results considering the within-subject fluctuation of NPS over
volume, cognitive performance, and presence of NPS (7, 9, 19,  time (17).
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FIGURE 5 | Association between amygdala volume and trajectories of global cognition in the total sample and each diagnosis subgroup. MMSE, Mini-mental state
examination; SD: Standard deviation. (A) Predictions in the total sample. (B) Predictions in the AD and DLB subgroups. This plot is based on the estimations
presented in Table 2B, Model 4 (adjusted for time in study, age, gender, diagnosis, and center of sMRI acquisition).

We found that baseline amygdala volume had a significant
inverse association with the trajectories of agitation/aggression
in the total sample, as well as in the AD subgroup. This
might reflect damage in circuits underlying behavioral and
cognitive avoidance, which could explain clinical features
present in agitated/aggressive patients such as overestimation
and overreaction to threats, difficulties to modulate strong
emotional responses, or increased vigilance and reactivity
(9, 50). Aggression circuits involve the amygdala, as well
as the insular, anterior cingulate, and orbitofrontal cortexes,
which are also described in apathy (9, 19, 50). Thus,
an imbalance between the default mode network and the
salience network, characterized by increased connectivity in
the latter, is hypothesized in those patients with agitation and
apathy (9).

An association between baseline amygdala volume and
the trajectories of depression was also observed in this

study. Of note, this has not been previously reported in
dementia patients with longitudinal data. Prior reports in
young patients or patients with a first depressive episode
linked depression to enlarged amygdala volume (51, 52).
Nevertheless, conflicting results also reported an opposite
direction for this relationship (53). Large meta-analyses
concluded that a direct association between amygdala
volume and major depression was particularly observed
in depressed patients with comorbid anxiety (10), or
those who were under antidepressive treatment (13). In
AD, the presence of concomitant Lewy pathology in the
amygdala increases the risk for major depression (54).
Therefore, longitudinal designs will contribute to filling
current knowledge gaps in specific imaging markers of
depression in patients with cognitive decline, those with
a history of early- and late-onset depression, and healthy
older adults.
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We adjusted the final models for cognitive decline under
the assumption that cognitive deterioration could confound the
amygdala volume/NPS association. However, it is equally if not
more plausible that cognitive deterioration is an intermediate
variable (55), in which case the partially adjusted models would
be more appropriate. Therefore, we highlight the findings of
the partly adjusted models in agitation/aggression, which are
robust across all levels of adjustment and are supported by
the available evidence. Also, interesting findings were observed
in the partly adjusted models for the trajectories of apathy
and depression with a trend to significance after correction for
multiple testing.

Previously published cross-sectional evidence has linked
apathy and the amygdala (16, 19, 56). In the behavioral
variant of frontotemporal dementia, apathy has been considered
the result of a disruption of emotional-affective mechanisms
functionally linked to the ventromedial prefrontal cortex, the
amygdala, and the ventral striatum (57). However, a recent review
has pointed out that both emotional-affective and cognitive
aspects may lead to impaired motivation and reduced self-
generated goal-oriented behaviors that depend on the integrity
of cortical and subcortical structures connecting the limbic
system and the prefrontal cortex (56). Dopaminergic deficits in
the mesolimbic system, especially in the basal amygdala, have
also been suggested as a possible underlying mechanism for
apathy (58).

Exploratory subgroup analyses showed consistent results in
the AD subgroup for agitation and depression. In the DLB group,
amygdala volume seems to be associated with the trajectories
of hallucinations, but not with other NPS. Remarkably, visual
hallucinations have been described as a strong predictor of
Lewy pathology; thus, increased burden of Lewy bodies in
the amygdala has been reported in DLB patients with visual
hallucinations (59).

In conclusion, greater amygdala volume in mild dementia is
associated with lower odds of developing agitation/aggression
but higher odds of developing depression symptoms during the
5-year study period (particularly in AD). We encourage future
works studying NPS in dementia to examine the external validity
of our findings.

STRENGTHS AND LIMITATIONS

Assessing NPS through a standardized, valid, reliable, and widely
available instrument contributes to the reproducibility and
external validity of our findings. From the clinical standpoint,
defining NPS as “clinically relevant” favors a consistent
distinction between overlapping symptoms such as depression
and apathy (17); it also facilitates the interpretation of the
results. These cutoffs have been widely used in previously
published studies (17, 18, 29-32) but have not been validated yet.
Conversely, the NPI does not capture the whole spectrum of NPS
of dementia and was based on the carer report.

We included patients with a sufficiently long follow-up,
considering NPS present from the early to the severe stage
of dementia. However, sSMRI segmentation from other causes

of dementia with remarkable NPS, such as frontotemporal
dementia, was not available. In addition, the small sample
size and rate of dropouts due to mortality, especially in the
DLB group, could lead to underestimations of the trajectories
of NPS. Besides, a potential recruitment bias may be present
in our data due to the referrals of patients with complicated
dementia or NPS from primary care units. However, psychiatric,
geriatric, and neurology clinics, as well as GPs, were invited to
refer every patient with suspected dementia to minimize this
potential source of bias. Also, no control group was available for
contrasting our results with normal aging, but clinically relevant
NPS were not expected in normal aging (31).

On the other hand, preliminary reports have shown that
the amygdala volumes based on the FreeSurfer pipeline have
higher validity (i.e., strongly correlations to manual tracing)
than other automatic segmentation tools (60, 61). Nevertheless,
automatic methods for sMRI segmentation seem to overestimate
amygdala volumes, but this does not necessarily imply a lack of
validity with adequate visual quality control (61). Also, we are
aware of various normalization methods for structural volumes
that control for gender differences and head size. However, we
conducted amygdala/ICV ratios as it has been demonstrated
to control for gender differences in the amygdala volume and
facilitate interpretation of the results (36, 37). Further studies
with standardized and harmonized normalization protocols can
address these limitations. Finally, longitudinal sMRI could be
used to estimate atrophy rates and elucidate the potential effects
of volume changes over time and the severity of NPS.

DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available
because we do not have ethical approval to freely share data to
non-related groups. Requests to access the datasets should be
directed to Dag Aarsland, daarsland@gmail.com.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Stavanger University Hospital. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

AJ-J: conception of work, visualization, formal analysis,
methodology, preparation of the initial draft, writing, reviewing,
and approval. LG and DT-R: formal analysis, methodology,
writing, reviewing, editing, and approval. MB: conception of
work, writing, reviewing, and approval. DF, KB, KO, and DA:
supervision, methodology, visualization, writing, reviewing, and
approval. All authors contributed to the article and approved the
submitted version.

Frontiers in Neurology | www.frontiersin.org

18

July 2021 | Volume 12 | Article 679984


mailto:daarsland@gmail.com
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Jaramillo-Jimenez et al.

Amygdala and Neuropsychiatric Symptoms in Dementia

FUNDING

This paper represents independent research supported by the
Norwegian government, through hospital owner Helse Vest
(Western Norway Regional Health Authority). Also, this work
is funded by the National Institute for Health Research (NIHR)
Biomedical Research Centre at South London and Maudsley
NHS Foundation Trust, Kings College London, and Center for
Innovative Medicine (CIMED). The views expressed are those of
the author(s) and not necessarily those of the NHS, the NIHR, or
the Department of Health and Social Care.

REFERENCES

1. Chow N, Aarsland D, Honarpisheh H, Beyer MK, Somme JH, Elashoff
D, et al. Comparing hippocampal atrophy in Alzheimer’s dementia and
dementia with lewy bodies. Dement Geriatr Cogn Disord. (2012) 34:44-
50. doi: 10.1159/000339727

2. Oppedal K, Ferreira D, Cavallin L, Lemstra AW, ten Kate M, Padovani A, et
al. A signature pattern of cortical atrophy in dementia with lewy bodies: a
study on 333 patients from the european dLB consortium. Alzheimers Dement.
(2019) 15:400-9. doi: 10.1016/j.jalz.2018.09.011

3. Dawe RJ, Bennett DA, Schneider JA, Arfanakis K. Neuropathologic correlates
of hippocampal atrophy in the elderly: a clinical, pathologic, postmortem
mRI study. PLoS ONE. (2011) 6:e26286. doi: 10.1371/journal.pone.00
26286

4. Peng GP, Feng Z, He FP, Chen ZQ, Liu XY, Liu P, et al. Correlation of
hippocampal volume and cognitive performances in patients with either
mild cognitive impairment or Alzheimer’s disease. CNS Neurosci Ther. (2015)
21:15-22. doi: 10.1111/cns.12317

5. Oler JA. “Medial Temporal Lobe,” in Encyclopedia of Clinical Neuropsychology,
eds J. S. Kreutzer, J. DeLuca, B. Caplan (New York, NY: Springer New York),
1538-40.

6. Raslau FD, Mark IT, Klein AP, Ulmer JL, Mathews V, Mark LP. Memory part
2: the role of the medial temporal lobe. Am J Neuroradiol. (2015) 36:846.
doi: 10.3174/ajnr.A4169

7. Poulin SP, Dautoff R, Morris JC, Barrett LE Dickerson BC.
Amygdala atrophy is prominent in early Alzheimers disease and
relates to symptom severity. Psychiatry Res Neuroimaging. (2011)
194:7-13. doi: 10.1016/j.pscychresns.2011.06.014

8. Rodriguez JJ, HN, Verkhratsky A. The
system in ageing and Alzheimers disease. Prog Neurobiol.
99:15-41. doi: 10.1016/j.pneurobio.2012.06.010

9. Rosenberg PB, Nowrangi MA, Lyketsos CG. Neuropsychiatric symptoms in
Alzheimer’s disease: what might be associated brain circuits? Mol Aspects Med.
(2015) 43-44:25-37. doi: 10.1016/j.mam.2015.05.005

10. Espinoza Oyarce DA, Shaw ME, Alateeq K, Cherbuin N. Volumetric
brain differences in clinical depression in association with anxiety: a
systematic review with meta-analysis. J Psychiatry Neurosci. (2020) 45:406—
29. doi: 10.1503/jpn.190156

11. Ho NE Chong PLH, Lee DR, Chew QH, Chen G, Sim K. The amygdala in
schizophrenia and bipolar disorder: a Synthesis of structural mRI, diffusion
tensor imaging, and resting-State functional connectivity findings. Harv Rev
Psychiatry. (2019) 27:150-64. doi: 10.1097/HRP.0000000000000207

12. Anticevic A, Van Snellenberg JX, Cohen RE, Repovs G, Dowd EC, Barch DM.
Amygdala recruitment in schizophrenia in response to aversive emotional
material: a meta-analysis of neuroimaging studies. Schizophr Bull. (2012)
38:608-21. doi: 10.1093/schbul/sbq131

13. Hamilton JP, Siemer M, Gotlib IH. Amygdala volume in major depressive
disorder: a meta-analysis of magnetic resonance imaging studies. Mol
Psychiatry. (2008) 13:993-1000. doi: 10.1038/mp.2008.57

14. Wright CI, Dickerson BC, Feczko E, Negeira A, Williams D. A functional
magnetic resonance imaging study of amygdala responses to human faces

Noristani serotonergic

(2012)

ACKNOWLEDGMENTS

thank all the
staf who have

researchers,
DemVest

We want to
and technical
study possible.

participants,
made the

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2021.679984/full#supplementary-material

in aging and mild Alzheimer’s disease. Biol Psychiatry. (2007) 62:1388-
95. doi: 10.1016/j.biopsych.2006.11.013

15. Davidson R]. Anxiety and affective style: role
cortex and amygdala. Biol Psychiatry.
80. doi: 10.1016/S0006-3223(01)01328-2

16. Kile SJ, Ellis WG, Olichney JM, Farias S, Decarli C. Alzheimer
abnormalities of the amygdala with kliver-Bucy syndrome symptoms:
an amygdaloid variant of alzheimer disease. Arch Neurol. (2009)
66:125-29. doi: 10.1001/archneurol.2008.517

17. Vik-Mo AO, Giil LM, Ballard C, Aarsland D. Course of neuropsychiatric
symptoms in dementia: 5-year longitudinal study. Int | Geriatr Psychiatry.
(2018) 33:1361-9. doi: 10.1002/gps.4933

18. Vik-Mo AO, Giil LM, Borda MG, Ballard C, Aarsland D. The individual
course of neuropsychiatric symptoms in people with Alzheimer’s and lewy
body dementia: 12-year longitudinal cohort study. Br ] Psychiatry. (2020)
216:43-8. doi: 10.1192/bjp.2019.195

19. Tascone L dos S, Bottino CM de C. Neurobiologia dos sintomas
neuropsiquidtricos na doenga de Alzheimer: uma revisio critica com
foco na neuroimagem. Dement e Neuropsychol. (2013) 7:236-43.
doi: 10.1590/51980-57642013DN70300002

20. Aarsland D, Rongve A, Piepenstock Nore S, Skogseth R, Skulstad S, Ehrt
U, et al. Frequency and case identification of dementia with lewy bodies
using the revised consensus criteria. Dement Geriatr Cogn Disord. (2008)
26:445-52. doi: 10.1159/000165917

21. Borda MG, Jaramillo-Jimenez A, Tovar-Rios DA, Ferreira D, Garcia-
Cifuentes E, Vik-Mo AO, et al. Hippocampal subfields and decline in
activities of daily living in Alzheimers disease and dementia with lewy
bodies. Neurodegener Dis Manag. (2020) 10:357-67. doi: 10.2217/nmt-2020-0
039

22. Diagnostic statistical manual of mental disorders: DSM-IV. 4th Edn.
Washington, DC : American Psychiatric Association, (1994) Available online
at: https://search.library.wisc.edu/catalog/999733358502121

23. McKeith IG, Dickson DW, Lowe J, Emre M, O’Brien JT, Feldman
H, et al. Diagnosis and management of dementia with lewy
bodies: third report of the dLB consortium. Neurology. (2005)
65:1863-72. doi: 10.1212/01.wnl.0000187889.17253.b1

24. McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan
EM. Clinical diagnosis of Alzheimer’s disease: report of the nINCDS-
ADRDA work group? under the auspices of department of health and
human services task force on Alzheimer’s disease. Neurology. (1984) 34:939-
44. doi: 10.1212/WNL.34.7.939

25. Folstein ME, Folstein SE, McHugh PR. “Mini-mental state”. A practical
method for grading the cognitive state of patients for the clinician. J Psychiatr
Res. (1975) 12:189-98. doi: 10.1016/0022-3956(75)90026-6

26. Hughes CP, Berg L, Danziger WL, Coben LA, Martin RL. A new
clinical scale for the staging of dementia. Br ] Psychiatry. (1982) 140:566—-
572. doi: 10.1192/bjp.140.6.566

27. Skogseth R, Hortobagyi T, Soennesyn H, Chwiszczuk L, Ffytche D,
Rongve A, et al. Accuracy of clinical diagnosis of dementia with
lewy bodies versus neuropathology. ] Alzheimers Dis. (2017) 59:1139-
52. doi: 10.3233/JAD-170274

of prefrontal
(2002)  51:68-

Frontiers in Neurology | www.frontiersin.org

July 2021 | Volume 12 | Article 679984


https://www.frontiersin.org/articles/10.3389/fneur.2021.679984/full#supplementary-material
https://doi.org/10.1159/000339727
https://doi.org/10.1016/j.jalz.2018.09.011
https://doi.org/10.1371/journal.pone.0026286
https://doi.org/10.1111/cns.12317
https://doi.org/10.3174/ajnr.A4169
https://doi.org/10.1016/j.pscychresns.2011.06.014
https://doi.org/10.1016/j.pneurobio.2012.06.010
https://doi.org/10.1016/j.mam.2015.05.005
https://doi.org/10.1503/jpn.190156
https://doi.org/10.1097/HRP.0000000000000207
https://doi.org/10.1093/schbul/sbq131
https://doi.org/10.1038/mp.2008.57
https://doi.org/10.1016/j.biopsych.2006.11.013
https://doi.org/10.1016/S0006-3223(01)01328-2
https://doi.org/10.1001/archneurol.2008.517
https://doi.org/10.1002/gps.4933
https://doi.org/10.1192/bjp.2019.195
https://doi.org/10.1590/S1980-57642013DN70300002
https://doi.org/10.1159/000165917
https://doi.org/10.2217/nmt-2020-0039
https://search.library.wisc.edu/catalog/999733358502121
https://doi.org/10.1212/01.wnl.0000187889.17253.b1
https://doi.org/10.1212/WNL.34.7.939
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1192/bjp.140.6.566
https://doi.org/10.3233/JAD-170274
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Jaramillo-Jimenez et al.

Amygdala and Neuropsychiatric Symptoms in Dementia

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Cummings JL, Mega M, Gray K, Rosenberg-Thompson S, Carusi
DA, Gornbein J. The neuropsychiatric inventory: comprehensive
assessment of psychopathology in dementia. Neurology. (1994)
44:2308-14. doi: 10.1212/WNL.44.12.2308

Zhang M, Wang H, Li T, Yu X. Prevalence of neuropsychiatric symptoms
across the declining memory continuum: an observational study in a
memory clinic setting. Dement Geriatr Cogn Dis Extra. (2012) 2:200-
8. doi: 10.1159/000338410

Teipel SJ, Thyrian JR, Hertel ], Eichler T, Wucherer D, Michalowsky
B, et al. Neuropsychiatric symptoms in people screened positive
for dementia in primary care. Int  Psychogeriatrics.  (2015)
27:39-48. doi: 10.1017/51041610214001987

Lyketsos CG, Lopez O, Jones B, Fitzpatrick AL, Breitner ], Dekosky S.
Prevalence of neuropsychiatric symptoms in dementia and mild cognitive
impairment: results from the cardiovascular health study. ] Am Med Assoc.
(2002) 288:1475-83. doi: 10.1001/jama.288.12.1475

Aalten P, Verhey FRJ, Boziki M, Bullock R, Byrne EJ, Camus V, et
al. Neuropsychiatric syndromes in dementia: results from the european
alzheimer disease consortium: part i. Dement Geriatr Cogn Disord. (2007)
24:457-63. doi: 10.1159/000110738

Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove
C, et al. Whole segmentation: labeling  of
neuroanatomical structures in the human brain. (2002)
33:341-55. doi: 10.1016/50896-6273(02)00569-X

Fischl B, van der Kouwe A, Destrieux C, Halgren E, Ségonne F, Salat DH, et
al. Automatically parcellating the human cerebral cortex. Cereb Cortex. (2004)
14:11-22. doi: 10.1093/cercor/bhg087

Jovicich J, Czanner S, Greve D, Haley E, van der Kouwe A, Gollub R, et
al. Reliability in multi-site structural mRI studies: effects of gradient non-
linearity correction on phantom and human data. Neuroimage. (2006) 30:436-
43. doi: 10.1016/j.neuroimage.2005.09.046

Whitwell JL, Crum WR, Watt HC, Fox NC. Normalization of cerebral
volumes by use of intracranial volume: implications for longitudinal
quantitative mR imaging. Am ] Neuroradiol. (2001) 22:1483.

Voevodskaya O. The effects of intracranial volume adjustment approaches on
multiple regional mRI volumes in healthy aging and Alzheimer’s disease. Front
Aging Neurosci. (2014) 6:264. doi: 10.3389/fnagi.2014.00264

Brown H, Prescott R. Applied Mixed Models in Medicine, 3rd Edn. Chichester,
England:Wiley Blackwell. (2015).

Storey JD. A direct approach to false discovery rates. ] R Stat Soc Ser B Stat
Methodol. (2002) 64:479-98. doi: 10.1111/1467-9868.00346

Strimmer K. fdrtool: a versatile r package for estimating local and
tail area-based false discovery rates. Bioinformatics. (2008) 24:1461-2.
doi: 10.1093/bioinformatics/btn209

Ibrahim JG, Molenberghs G. Missing data methods in longitudinal studies: a
review. Test. (2009) 18:1-43. doi: 10.1007/s11749-009-0138-x

Wickham H. ggplot2: Elegant Graphics for Data Analysis. (2016) Available
online at: https://ggplot2.tidyverse.org

Waskom M. Seaborn: statistical data visualization. J. Open Source Soft.
6(60):3021. https://doi.org/10.21105/joss.03021

Vandenbroucke JP, Von Elm E, Altman DG, Gotzsche PC, Mulrow CD,
Pocock §J, et al. Strengthening the reporting of observational studies in
epidemiology (STROBE): explanation and elaboration. PLoS Med. (2007)
4:1628-1654. doi: 10.1371/journal.pmed.0040297

Burton EJ, Karas G, Paling SM, Barber R, Williams ED, Ballard CG, et
al. Patterns of cerebral atrophy in dementia with lewy bodies using voxel-
Based morphometry. Neuroimage. (2002) 17:618-30. doi: 10.1006/nimg.200
2.1197

Barber R, Ballard C, McKeith IG, Gholkar A, O’Brien JT. MRI volumetric
study of dementia with lewy bodies: a comparison with aD and vascular
dementia. Neurology. (2000) 54:1304-9. doi: 10.1212/WNL.54.6.1304
Hashimoto M, Kitagaki H, Imamura T, Hirono N, Shimomura T,
Kazui H, et al. Medial temporal and whole-brain atrophy in dementia
with lewy bodies: a volumetric mRI study. Neurology. (1998) 51:357-
62. doi: 10.1212/WNL.51.2.357

brain automated

Neuron.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Burton EJ, Mukaetova-Ladinska EB, Perry RH, Jaros E, Barber
R, OBrien JT. Neuropathological correlates of volumetric mRI in
autopsy-confirmed lewy body dementia. Neurobiol Aging. (2012)
33:1228-36. doi: 10.1016/j.neurobiolaging.2010.12.015

Klein-Koerkamp Y, Heckemann R, Ramdeen K, Moreaud O, Keignart
S, Krainik A, etal. Disease Neuroimaging Initiative for the. Amygdalar
Atrophy in Early Alzheimer’s Disease. Curr Alzheimer Res. (2014) 11:239-
52. doi: 10.2174/1567205011666140131123653

Trzepacz PT, Yu P, Bhamidipati PK, Willis B, Forrester T, Tabas L, et al.
Frontolimbic atrophy is associated with agitation and aggression in mild
cognitive impairment and Alzheimer’s disease. Alzheimers Dement. (2013)
9:595-S104.el. doi: 10.1016/j.jalz.2012.10.005

Frodl T, Meisenzahl EM, Zetzsche T, Born C, Jiger M, Groll C, et al. Larger
amygdala volumes in first depressive episode as compared to recurrent
major depression and healthy control subjects. Biol Psychiatry. (2003) 53:338-
44. doi: 10.1016/S0006-3223(02)01474-9

Lange C, Irle E. Enlarged amygdala volume and reduced hippocampal volume
in young women with major depression. Psychol Med. (2004) 34:1059-
64. doi: 10.1017/50033291703001806

Omura K, Constable RT, Canli T. Amygdala gray matter concentration is
associated with extraversion and neuroticism. Neuroreport. (2005) 16:1905-
8. doi: 10.1097/01.wnr.0000186596.64458.76

Lopez OL, Becker JT, Sweet RA, Martin-Sanchez FJ, Hamilton
RL. Lewy bodies in the amygdala increase risk for major
depression in subjects with alzheimer disease. Neurology. (2006)

67:660-5. doi: 10.1212/01.wnl.0000230161.28299.3¢

Ananth C V, Schisterman EF. Confounding, causality and confusion:
the role of intermediate variables in interpreting observational studies
in obstetrics hHS public access. Am J Obs Gynecol. (2017) 217:167-
75. doi: 10.1016/j.2j0g.2017.04.016

Pagonabarraga ], Kulisevsky J, Strafella AP, Krack P. Apathy in Parkinson’s
disease: clinical features, neural substrates, diagnosis, and treatment. Lancet
Neurol. (2015) 14:518-31. doi: 10.1016/S1474-4422(15)00019-8

Quaranta D, Marra C, Rossi C, Gainotti G, Masullo C. Different apathy
profile in behavioral variant of frontotemporal dementia and Alzheimer’s
disease: a preliminary investigation. Curr Gerontol Geriatr Res. (2012)
2012:719250. doi: 10.1155/2012/719250

Le C, Holroyd CB, Salamone ], M.
mechanisms underlying apathy. J Neurol Neurosurg Psychiatry. (2019)
90:302-12. doi: 10.1136/jnnp-2018-318265

O’brien ], Taylor JP, Ballard C, Barker RA, Bradley C, Burns A, Collerton
D, et al. Visual hallucinations in neurological and ophthalmological disease:
pathophysiology and management. ] Neurol Neurosurg Psychiatry. (2020)
91:512-19. doi: 10.1136/jnnp-2019-322702

Morey RA, Petty CM, Xu Y, Pannu Hayes ], Wagner HR, Lewis D V.,
et al. A comparison of automated segmentation and manual tracing for
quantifying hippocampal and amygdala volumes. Neuroimage. (2009) 45:855-
866. doi: 10.1016/j.neuroimage.2008.12.033

Schoemaker D, Buss C, Head K, Sandman CA, Davis
Chakravarty MM, et al. Hippocampus amygdala
from magnetic resonance images in children: assessing accuracy of
freeSurfer and fSL against manual segmentation. Neuroimage. (2016)
129:1-14. doi: 10.1016/j.neuroimage.2016.01.038

Heron Husain Brain

EP,

and volumes

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Jaramillo-Jimenez, Giil, Tovar-Rios, Borda, Ferreira, Bronnick,
Oppedal and Aarsland. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

July 2021 | Volume 12 | Article 679984


https://doi.org/10.1212/WNL.44.12.2308
https://doi.org/10.1159/000338410
https://doi.org/10.1017/S1041610214001987
https://doi.org/10.1001/jama.288.12.1475
https://doi.org/10.1159/000110738
https://doi.org/10.1016/S0896-6273(02)00569-X
https://doi.org/10.1093/cercor/bhg087
https://doi.org/10.1016/j.neuroimage.2005.09.046
https://doi.org/10.3389/fnagi.2014.00264
https://doi.org/10.1111/1467-9868.00346
https://doi.org/10.1093/bioinformatics/btn209
https://doi.org/10.1007/s11749-009-0138-x
https://ggplot2.tidyverse.org
https://doi.org/10.21105/joss.03021
https://doi.org/10.1371/journal.pmed.0040297
https://doi.org/10.1006/nimg.2002.1197
https://doi.org/10.1212/WNL.54.6.1304
https://doi.org/10.1212/WNL.51.2.357
https://doi.org/10.1016/j.neurobiolaging.2010.12.015
https://doi.org/10.2174/1567205011666140131123653
https://doi.org/10.1016/j.jalz.2012.10.005
https://doi.org/10.1016/S0006-3223(02)01474-9
https://doi.org/10.1017/S0033291703001806
https://doi.org/10.1097/01.wnr.0000186596.64458.76
https://doi.org/10.1212/01.wnl.0000230161.28299.3c
https://doi.org/10.1016/j.ajog.2017.04.016
https://doi.org/10.1016/S1474-4422(15)00019-8
https://doi.org/10.1155/2012/719250
https://doi.org/10.1136/jnnp-2018-318265
https://doi.org/10.1136/jnnp-2019-322702
https://doi.org/10.1016/j.neuroimage.2008.12.033
https://doi.org/10.1016/j.neuroimage.2016.01.038
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

l" frontiers
in Neurology

ORIGINAL RESEARCH
published: 07 July 2021
doi: 10.3389/fneur.2021.678652

OPEN ACCESS

Edited by:

Frederic Sampedro,

Sant Pau Institute for Biomedical
Research, Spain

Reviewed by:

Arushi Gahlot Saini,

Post Graduate Institute of Medical
Education and Research

(PGIMER), India

Emilia J. Sitek,

Medical University of Gdansk, Poland

*Correspondence:
Jane S. Paulsen
paulsen@neurology.wisc.edu

Specialty section:

This article was submitted to
Movement Disorders,

a section of the journal
Frontiers in Neurology

Received: 10 March 2021
Accepted: 24 May 2021
Published: 07 July 2021

Citation:

Zhang Y, Zhou J, Gehl CR, Long JD,
Johnson H, Magnotta VA, Sewell D,
Shannon K and Paulsen JS (2021)
Mild Cognitive Impairment as an Early
Landmark in Huntington’s Disease.
Front. Neurol. 12:678652.

doi: 10.3389/fneur.2021.678652

Check for
updates

Mild Cognitive Impairment as an
Early Landmark in Huntington’s
Disease

Ying Zhang', Junyi Zhou?, Carissa R. Gehl?, Jeffrey D. Long®*, Hans Johnson?*?%,
Vincent A. Magnotta3¢, Daniel Sewell*, Kathleen Shannon’ and Jane S. Paulsen”™

" Department of Biostatistics, College of Public Health, University of Nebraska Medical Center, Omaha, NE, United States,

2 Department of Biostatistics, Indiana University Fairbanks School of Public Health, Indianapolis, IN, United States,

3 Department of Psychiatry, College of Medicine, University of lowa, lowa City, IA, United States, * Department of Biostatistics,
College of Public Health, University of lowa, lowa City, IA, United States, ® Department of Electrical and Computer
Engineering, University of lowa, lowa City, IA, United States, ° Department of Radliology, College of Medicine, University of
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As one of the clinical triad in Huntington’s disease (HD), cognitive impairment has not
been widely accepted as a disease stage indicator in HD literature. This work aims to
study cognitive impairment thoroughly for prodromal HD individuals with the data from
a 12-year observational study to determine whether Mild Cognitive Impairment (MCI)
in HD gene-mutation carriers is a defensible indicator of early disease. Prodromal HD
gene-mutation carriers evaluated annually at one of 32 worldwide sites from September
2002 to April 2014 were evaluated for MCI in six cognitive domains. Linear mixed-effects
models were used to determine age-, education-, and retest-adjusted cut-off values
in cognitive assessment for MCI, and then the concurrent and predictive validity of
MCI was assessed. Accelerated failure time (AFT) models were used to determine the
timing of MCI (single-, two-, and multiple-domain), and dementia, which was defined as
MCI plus functional loss. Seven hundred and sixty-eight prodromal HD participants had
completed all six cognitive tasks, had MRI, and underwent longitudinal assessments.
Over half (i.e., 54%) of the participants had MCI at study entry, and half of these
had single-domain MCI. Compared to participants with intact cognitive performances,
prodromal HD with MCI had higher genetic burden, worsened motor impairment, greater
brain atrophy, and a higher likelihood of estimated HD onset. Prospective longitudinal
study of those without MCI at baseline showed that 48% had MCI in subsequent
visits and data visualization suggested that single-domain MCI, two-domain MCI, and
dementia represent appropriate cognitive impairment staging for HD gene-mutation
carriers. Findings suggest that MCI represents an early landmark of HD and may
be a sensitive enrichment variable or endpoint for prodromal clinical trials of disease
modifying therapeutics.

Keywords: prognosis, clinical trials, observational study, all cognitive disorders, dementia, mild cognitive
impairment, Huntington’s disease
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INTRODUCTION

It is well-known that Huntington’s disease (HD) manifests as
a triad of clinical symptoms (motor, cognitive, psychiatric);
however, its diagnosis continues to rely primarily on the presence
of motor impairment (1). Along with a paradigm shift in
other movement disorders to examine non-motor components,
cognitive impairment prior to HD motor diagnosis is now widely
reported (2-5). Moreover, nearly two decades of research in
persons with the gene expansion for HD have documented
measures of earlier disease, but none are yet accepted as
endpoints for preventive clinical trials. Patients with diagnosed
or manifest HD are currently undergoing Phases II and III
clinical trials for gene silencing using antisense oligonucleotides
(6). Phase I clinical trials targeting somatic expansion have been
announced, UniQure is testing a adeno-associated virus (AAV5)
vector carrying an artificial micro-RNA specifically tailored to
silence the huntingtin gene and several investigators are focusing
on the genome-editing technology CRISPR. This work motivates
the need for additional endpoints for clinical trials in early HD.

Mild cognitive impairment (MCI) has been used to describe
individuals who experience cognitive difficulties greater than
expected for their age but who fall short of a diagnosis
of dementia. It has generally been reported that individuals
with MCI progress to dementia more rapidly than their
cognitively intact peers (7-10). Despite the evidence for cognitive
deterioration in HD, MCI has largely been unused as a
descriptor in the HD literature. It is well-known that individuals
with MCI progress to develop a wide range of diagnostic
conditions (Alzheimer’s disease, vascular dementia, dementia
with Lewy bodies, etc.) suggesting its applicability to a wide
range of neurodegenerative disease. Increasingly, MCI has been
recognized as an important diagnostic consideration in other
movement disorders, such as Parkinson’s disease (11, 12). MCI
has been commonly determined by the age- and education-
adjusted cut-off values in neurocognitive tests that are 1.5
standard deviations below the mean of its control peers (7,
10). One prior study (5) looked at applying the MCI criteria
in prodromal HD finding that nearly 40% of their sample of
individuals with HD met criteria for MCI. A recent study (13)
also investigated MCI in motor-manifest HD individuals and
reported the rate of MCI as high as 90% in this cohort according
to the criteria.

MCI has been utilized as a means to identify individuals
at increased risk of developing neurodegenerative disease (i.e.,
Alzheimer’s disease) to enroll in formal clinical trials (14).
However, heterogeneity among those with the MCI diagnosis
has presented a challenge to these clinical trials (15). As HD
is caused by expansion of the trinucleotide cytosine-adenine-
guanine (CAG) in the HTT gene (16), there is the ability to
identify individuals who will develop HD prior to symptomatic
presentation of the disease. Validation of earlier signs of the
disease may be timely to facilitate preventive clinical trials prior
to motor diagnosis.

Our analysis relies on PREDICT-HD, which is an
observational study with a large cohort of individuals with
the gene mutation for HD who were clinically determined to

be free of motor diagnosis at study entry based on traditional
motor criteria. There are two main goals of this study: the first
is to classify the gene-expanded individuals as either having
MCI or not based on the controls (not gene-expanded) and
to examine the extent to which the classification is valid; the
second goal is to estimate the timing of MCI and construct a
model for the evolution of cognitive impairment over time,
from cognitively-intact to MCI to dementia. The results will
be informative for evaluating the extent to which MCI in HD
gene-mutation carriers is a defensible indicator of early disease
potentially appropriate as an endpoint in preventive trials.

MATERIALS AND METHODS

Study Design and Participants

The PREDICT-HD study was a 12-year prospective observational
study at 32 sites in six countries (USA, Canada, Germany,
Australia, Spain, and UK) from September, 2002 to April,
2014. The study recruited a total of 1,155 HD gene-expanded
individuals and 317 controls (not gene-expanded) individuals
who were mainly family members of the gene-expanded
individuals. The gene-expanded individuals (CAG length >35)
previously underwent independent genetic testing for the HD
gene-expansions, and had diagnostic confidence level (DCL)
ratings of the Unified Huntington’s Disease Rating Scale
(UHDRS) <4 at the study entry. Ancillary studies supported
continuation of this research at a reduced number of sites (n
= 8) through 2017. All individuals enrolled in PREDICT-HD
had independently undergone predictive testing for HD and
know their genetic finding. All study participants underwent
annual evaluation.

Standard Protocol Approvals,

Registrations, and Patient Consents

Ethical standards were reviewed at the primary grant institution
and all participating sites. All participants signed a written
informed consent allowing data sharing for future research.
The multi-site research study is identified on ClinicalTrials.gov

Identifier: NCT00051324, Neurobiological Predictors of
Huntington’s Disease (PREDICT-HD) and is shared in dbGaP.
Study Variables

Cognition

Since cognitive assessment was comprehensive in the PREDICT-
HD study, we used previous findings to choose a smaller discrete
set of cognitive tasks. Harrington et al. (17) conducted a factor
analysis of 18 tests to identify latent factors that elucidated core
cognitive constructs for prodromal HD. Findings showed six
cognitive factors in prodromal HD including inhibition, working
memory, motor planning, information integration, sensory
processing, and learning memory (17). For each cognitive factor,
we chose the one test outcome with the largest sample size
to represent each cognitive domain: the Stroop Color Word
Test (STROOP) (18) for inhibition, WAIS-III Letter Number
Sequencing (LNS) (19) for working memory, paced tapping
(PACE) (20) for motor planning, Symbol Digit Modalities Test
(SDMT) (21) for information integration, smell identification test
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(SMELL) (22) for sensory processing and the Hopkins Verbal
Learning Test free recall (HVLT) (23) for learning with total
observations of 7,492, 4,203, 2,547, 7,503, 4,556, and 2,505,
respectively. The large variation in cognitive task frequencies is
because the UHDRS cognitive assessments were administered
every year whereas all other cognitive tasks were administered
every other year to maximize the number of tasks piloted for
sensitivity in this first-in-human multi-site prodromal HD study.
Cognitive tasks were started and stopped during the 12-year
study based on feasibility, psychometric principles (reliability,
construct validity) participant burden, and effect size differences
from controls at baseline and change over time. There were
768 prodromal HD individuals who had completed all selected
cognitive measures, had MRI and longitudinal assessment.
Comparison of these cognitive outcomes with other research
showed that three (of four) were used in our previous MCI cross-
sectional paper (5), four (of five) were used in our paper showing
the best cognitive tasks for HD neuroanatomical associations
using MRI (24), and all six cognitive outcomes were used in a
study to examine the greatest changes over time in prodromal
HD (4). These six cognitive tasks were selected for the current
study to examine the clinical utility of a brief battery for clinical
care and MCI diagnostics.

MRI acquisitions were collected using high resolution
anatomical MR images at 32 collection sites (53 unique scanners)
using General Electric, Phillips, and Siemens scanners with field
strengths of 1.5T (Tesla) or 3T. T1 images at each site were
obtained using three-dimensional (3D) T1-weighted inversion
recovery turboflash (MP-RAGE) sequences. Each imaging data
set was processed through data processing pipelines optimized
for data harmonization across multiple sites (BAW-REF) (25).
The fully automated processing includes automated landmark
detection (BCD), bias field correction (BABC, BABC) (26, 27),
and multi-atlas label fusion (MALF) (28).

Genetic burden was defined using the CAG repeat length
by age product, or CAP (29) score, where the CAG repeat
length is scaled and then multiplied by age at entry (Ageg) for
each individual research participant, i.e., CAP = Agey x (CAG-
—33.66). Thus, individuals with higher genetic burden/CAP
scores are statistically nearer to motor diagnosis (29).

Severity of motor impairments was defined using the sum of
the 31-item Total Motor Score (TMS) from the UHDRS (30, 31).
The TMS is the sum of motor abnormalities observed during a
standardized neurological examination and ranges from 0 to 124.

HD Diagnosis
A research diagnosis of HD was given by a certified motor rater
trained by the Huntington Study Group (HSG) who scored each
research participant on the UHDRS Diagnostic Confidence Level
(DCL) (30). DCL ranges from 0 = having no motor abnormalities
to 4 = >99% confident that motor abnormalities are definitive
signs of HD, and DCL = 4 is the definition of motor diagnosis.
Total Functional Capacity (TFC) is a type of activities of daily
living scale from the UHDRS. Specifically, the TFC is a clinician-
rated measure of functional capacity based on a standardized
interview with the participant and available family members
of current independent functioning in these domains: finances,

driving, living independently, bathing, feeding, and walking. The
scale ranges from 1 to 13 and any loss in independence is
considered abnormal for persons without disability.

Statistical Methods

The analysis consisted of three steps, the first being the
classification of gene-expanded individuals as MCI performed
at each visit, the second step was to use MCI status at baseline
to predict the timing of HD onset, the third step was to
demarcate stages in longitudinal cognitive decline. For the first
step, a control-referenced (or norm-referenced) approach to MCI
classification was used, which is in the same spirit as in the
general approach often used in Alzheimer’s (32), Parkinson’s (33),
and Huntington’s disease (5, 13), but with a more advanced
modeling technique to accommodate the longitudinally-collected
neurocognitive test information. For each of the six cognitive
variables, a linear mixed-effects model (LMEM) was fitted for the
PREDICT-HD controls, adjusted for age, education years, and
number of the same test that had been done prior, to obtain the
age-, education-, practice effect-adjusted prognostic distribution
of test values. The fitted control distribution of these test values
was treated as the reference distribution for classifying gene-
expanded individuals as MCI. At each visit, a gene-expanded
individual was classified as MCI if their score was worse than or
equal to 1.5 standard deviations below the mean of the control
individuals adjusted for age, education level and practice effect.
The age that the gene-expanded individual’s test value crossed
the adjusted cut-off the first time was defined as the age at
detected MCI for that individual and for the domain represented
by the cognitive variable. The detailed model derivation for
the cut-off of MCI classification can be found in the Web
Supporting Materials.

As a check on the validity of the classification, for each
cognitive domain several baseline variables were compared
between individuals with MCI and those who were cognitively
intact. Comparisons of baseline variables were conducted using
t-test for continuous variables and chi-square tests for categorical
variables. At study entry, brain atrophies for prodromal HD
participants in terms of percentage loss of brain volume were
compared to the mean of control individuals. Several structures
were considered, including caudate, putamen, globus pallidus,
total gray matter, total white matter, and 95% confidence intervals
were estimated. For all the comparisons, the significance level was
set at 0.05.

The second step in the analysis was to formulate a prediction
model for examining the ability of MCI status at baseline to
predict the timing of the HD onset indicated by motor diagnosis,
adjusting for covariates. All 1,155 gene-expanded individuals
were used for the analysis. MCI status at study entry was coded
into one of three impairment levels: 0-No; 1-Yes; 2-unknown,
with the latter being due to missing observations. Flexible
accelerated failure time (AFT) models with interval-censored
(34) observations for HD onset were used, with adjustment
variables being CAP and TMS at study entry. Interval-censoring
was assumed because PREDICT-HD has annual visits and
the exact time of HD onset cannot be exactly determined
(e.g., conversion could happen mid-way between two visits).
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Consistent with best practice, several parametric forms of the
AFT were fitted, and the log-logistic AFT model (29) was found
to be optimal based on Akaike’s Information Criterion (AIC). The
predicted median onset time of HD in years since study entry
and its 95% confidence interval (CI) for any given CAP and TMS
values were calculated based on the log-logistic AFT model.

The third and final step was to stage the cognitive impairment
for each prodromal HD individual, based on the following
taxonomy assumed to be ordered in time. Cognitively-intact: no
evidence of MCI or other cognitive impairment; MCI-Single:
MCI classification in only one cognitive domain; MCI-Duo:
MCI classification in two cognitive domains; MCI-Multiple: MCI
classification in three or more cognitive domains; dementia
(DM): HD-specific dementia defined as MCI classification in
any domain with at least a one-point loss on the TFC. For each
interval-censored stage of cognitive impairment (left-censored if
the stage was diagnosed at the first observation, interval-censored
if the stage was determined in adjacent times during the follow-
up, and right-censored if the stage was not able to classify at the
last observation), we fitted a Weibull AFT model for the onset
age using both CAG and CAG (2) as predictors because this
AFT model was found to be optimal based on the AIC. We then
calculated the CAG-specific median onset age and its 95% CI to
ascertain the time gap between the median onset ages among the
stages of cognitive impairment.

Data Availability Policy

All data, including raw and processed images, are provided
in dbGaP PREDICT-HD Huntington’s Disease Study: ninds-
dac@mail.nih.gov.

RESULTS

In the PREDICT-HD study, the HD gene-expanded individuals
had a mean age 39.9 years (SD 10.6; range 18.1-75.9), a mean
education year 14.5 years (SD 2.6; range 8-20), 64.4% were
women, and 97.1% were white. The control individuals were
statistically a little older (p < 0.0001) than the HD gene-
expanded individuals with a mean age 44.1 years (SD 12.1;
range 19.2-83.7) and received comparable education with a
mean education year 14.9 years (SD 2.4; range 9-20), though
statistically different at level 0.05 (p = 0.012) due to large sample
size. 64.8% and 98.9% of the control individuals were women and
white, respectively, which were not statistically different from the
gene-expanded individuals at level 0.05.

Table 1 shows the nature and frequency of the MCI
classification at baseline. Among all 768 gene-mutation carriers
who had complete cognitive assessment data, 411 (54%) showed
MCI at baseline and 357 were cognitively intact (46%). 207 (27%)
were classified with MCI in a single domain, 105 had MCI in two
domains, and 99 had MCI in three or more domains.

Table 2 provides clinical and demographic data at study
entry comparing gene-expanded individuals who were classified
as MCI vs. those who were not (cognitively intact or pre-
MCI). Individuals classified as MCI in any cognitive domain
had significantly higher genetic burden (CAP) and worse motor
impairment (TMS) at baseline. The most prevalent MCI was

TABLE 1 | The frequency of MCI patterns at study entry (baseline).

MCI patterns Frequency
Cognitively intact 357
MCl in single domain

Inhibition 15
Working memory 18
Motor planning 63
Information integration 36
Sensory processing 35
Learning—memory 40
Subtotal 207
MCI in two domains

Inhibition and motor planning 6
Inhibition and Information integration 7
Inhibition and sensory processing 1
Inhibition and verbal learning—memory 2
Working memory and motor planning 2
Working memory and information 6
integration

Working memory and sensory processing

Working memory and learning—memory 6
Motor planning and information integration 21
Motor planning and sensory processing 14
Motor planning and learning—memory 11
Information integration and sensory 4
processing

Information integration and 16
learning—memory

Sensory processing and 8
learning—memory

Subtotal 105
MCl in at least three domains 99
Total 768

MCI, Mild Cognitive Impairment.

observed in information integration (31%), followed by learning
(28%), and then motor planning (25%); the remaining MCIs were
observed in <19% of the sample.

Table 3 shows volumes and average percentage brain loss at
baseline compared to the mean of control individuals (with 95%
confidence intervals) for the six brain regions. Except for cerebral
gray matter, MCI individuals showed significant brain atrophy
in caudate, putamen, globus pallidus, and cerebral white matter
at study entry relative to controls. Particularly in the regions of
caudate, putamen and globus pallidus, the cognitively intact (pre-
MCI) group showed 10% or more loss in brain volume on average
in reference to the mean volume of controls. For individuals with
any MCI diagnosis at study entry, brain atrophy was >20% loss,
on average.

Supplementary Table A shows the results of the log-logistic
AFT model for time to HD onset from baseline, using MCI
classification, CAP, and TMS at baseline as predictors. The motor
planning MCI (p = 0.014) had a statistically significant effect and
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TABLE 2 | Summary statistics of clinical and demographic variables among MCI groups at study entry (baseline).

Cognitively MCI- MCI-working MCI-motor MCI- MClI-sensory MCI-
intact inhibition memory planning information processing learning—memory
integration

N (% of total prodromal HD sample) 357 (47%) 130 (17%) 94 (12%) 195 (25%) 240 (31%) 145 (19%) 214 (28%)
Continuous variables
Age
Mean 40.3 38.7 41.3 40.8 38.6* 42.5* 40.3
SD 9.4 9.9 10.0 9.8 10.4 111 10.0
Range [21.8, 72.9] [20.3, 65.7] [26.0, 65.6] [18.1,75.9] [20.0, 67.9] [18.1, 75.9] [23.2, 75.0]
CAP
Mean 316.4 379.9"* 392.6 390.9* 386.0** 391.0" 382.1***
SD 70.7 98.7 82.7 87.4 92.8 88.1 90.4
Range [145.7,505.5]  [168.1,845.8] [186.2,652.0] [168.1,845.8] [111.1,845.8] [119.0,652.0] [160.3, 845.8]
TMS
Mean 3.3 10.1* 8.6 7.6 8.8 7.9 8.0"*
SD 3.5 9.7 9.1 6.4 8.7 9.2 7.9
Range [0, 18] [0, 47] [0, 44] [0, 34] [0, 47] [0, 47] [0, 44]
Categorical variable n (%)
Sex
Female 232 (65.0) 80 (61.5) 57 (60.5) 152 (78.5)* 139 (67.9) 66 (45.5)* 100 (44.6)*
Male 125 (35.0) 50 (38.5) 37 (39.5) 43 (21.5) 101 (42.1) 79 (54.5) 113 (65.4)
Race
White 347 (97.2) 126 (96.9) 94 (100) 192 (98.5) 236 (98.3) 139 (95.9) 207 (96.7)
Others 10 (2.8) 4(3.1) 0(0) 3(1.5) 4(1.7) 6 (4.1) 7(3.3)

MCI, Mild Cognitive Impairment; CAR CAG by Age Product; TMS, Total Motor Score from the Unified HD Rating Scale.

“*p < 0.001; *0.001 <p < 0.01, *0.01 <p < 0.05.

contributed to prediction of HD onset above and beyond genetic
burden (CAP) and motor abnormality (TMS).

For the prodromal HD individuals who were cognitively
intact at baseline, 343 had follow-up observations for cognitive
assessments. Among them, 48% were classified for having MCI
during follow-up: 92 showed single domain MCI, 31 showed MCI
in two domains and 40 had MCI in three or more cognitive
domains (see Supplementary Table B).

Figure 1 shows the estimated median time to HD onset from
baseline and its 95% confidence interval (CI) at selected values
of CAP (the 25th percentile = 279.6; 50th percentile = 340.5;
and 75th percentile = 394.2) and TMS (0; 1-3; >3) and TMS
classification made by 0 (no motor impairment) and 3 (median
value of motor impairment at study entry) by MCI group. The
figure indicates that the median time tends to be shorter as TMS
increases and MCI group increases in severity. For example, for
those with CAP at the 75th percentile and TMS >3 at study entry,
the median time to HD onset from baseline was estimated at 7.7
years (95% CI 6.2-9.2) for cognitively intact (pre-MCI), and 3.2
years (95% CI 2.3-4.0) for MCI in motor planning, information
integration and others at the study entry. The non-overlapping
of the 95% ClIs indicates a statistically significant difference in
median HD onset times between the two groups that only differ
in MCI severity.

Figure 2 shows the staging results in the form of the estimated
median age at onset for each stage of cognitive impairment (and
its 95% CI). For brevity, we present results for CAG values

between 40 and 44, based on the Weibull AFT model. Within
any CAG stratum, the three MCI stages are quite separated. For
example, for prodromal HD individuals with CAG values of 40,
the median onset age was 51.1 years for MCI-Single (95% CI
48.9-53.2), 65.2 for MCI-Duo (95% CI 62.6-67.7), and 71.2 for
MCI-Multiple (95% CI 68.3-4.1). There was much less separation
for dementia (DM) and MCI-Multiple, with the CIs for each
always overlapping.

DISCUSSION

Cognitive impairment has long been documented among
individuals with prodromal HD (2, 4, 35, 36). Recently, a task
force in the Movement Disorder Society has been formed to
propose new classifications of HD that considered cognitive
impairment in addition to motor disorder, and called for
longitudinal ascertainment of cognitive disorder (37). As an early
index event for cognitive impairment, MCI was originally defined
and widely accepted in Alzheimer’s disease (32), and extended to
Parkinson’s disease (33) and Huntington’s disease (5, 13) though
the concept of MCI has been controversial for Parkinson’s and
Huntington’s diseases (38). Following the criteria of HD specific
MCI (5, 13), we developed the sophisticated statistical models to
identify age at MCI onset for various cognitive domains for HD
gene-expanded individuals by leveraging PREDICT-HD 12-year
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follow-up data on neurocognitive assessments, which helped
shed light on classification of early HD (37).

As a whole, our results provide biological and prognostic
validity for MCI in prodromal HD. For our sample, MCI
was prevalent at baseline, affecting more than half the sample.
Furthermore, for those who did not have MCI at baseline,
about half were classified as MCI over time. Longitudinal
MCI trends suggest that gene-expanded individuals start with
single-domain MCI, then develop multiple-domain MCI and
eventually dementia.

The supporting evidence for the MCI classification at baseline
is compelling. Compared with cognitively intact prodromal HD
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individuals at study entry, brain atrophy was significantly worse
among those who showed MCI in any of six domains. The
results of brain atrophy reference to the control group shown
in Table 3 were conservative since the control cohort was a little
older than the gene-expanded cohort in the PREDICT-HD study.
The atrophy would be more significant should age be adjusted.
Additionally, MCI was a clinically relevant prognostic marker
for HD motor onset; prodromal HD individuals with MCI at
study entry had earlier HD motor onset than those who were
cognitively intact at study entry. Notably, for prodromal HD
individuals who were classified as MCI in motor planning, brain
atrophy in the basal ganglia was most severe. Prognostic validity
for MCI in HD remained after adjusting for known predictors of
HD onset (i.e., CAP and TMS), prodromal HD individuals with
motor planning MCI at study entry had significantly elevated risk
for earlier manifestation of HD motor onset when compared with
their counterparts without motor planning MCI.

These findings have clinical and research implications for
individuals at HD risk. First, our results support the viewpoint
that MCI should be recognized as a clinically important
early landmark event in the course of HD parallel to its
importance in both Alzheimer’s and Parkinson’s diseases. Early
clinical identification of MCI can facilitate future planning for
individuals with HD and their families. Second, while MCI has
largely been used as a means for identifying a population to
enroll in clinical trials for Alzheimer’s disease, the high prevalence
of MCI among prodromal HD individuals and the significant
biological and prognostic validity for HD diagnosis suggest that
MCI has potential value as a study endpoint in clinical trials
for disease modification. Finally, MCI may prove an enrichment
strategy for the design of clinical trials. For example, utilizing
the presence or absence of MCI within a cohort of individuals
with prodromal HD could seek to reduce heterogeneity within
a prodromal sample and further clarify the probable nearness
to clinical onset of motor symptoms and thus formal diagnosis
of HD.

Findings from this study document that 54% of the sample
met criteria for MCI at study entrance, which is higher than
previously published rates (5). This increase is not surprising
given that the current study used all six cognition domains
(vs. their use of 4 cognitive domains) identified in a large
factor analysis of premanifest HD participants (17). The MCI
literature emphasizes that breadth and depth of cognitive
domains selected for MCI consideration can impact its detection.
A research study combining the Framingham Heart Study (n
= 915) with the Mayo Clinic Study of Aging (n = 1,969)
suggested that though dementia incidence rates were similar
across studies, heterogeneity was observed in hazard ratios and
positive predictive values across cognitive domains (39). The
authors concluded that the popularly-used cutoff score of—1.5
SD below the mean “represents a reasonable compromise for
making the categorical diagnosis of MCI clinically meaningful (p.
1718),” though risk of future dementia is logically related to the
distinct depth and breadth of cognitive assessments conducted
and related depth and breadth of impairments found. The
current study builds upon the earlier MCI HD study in that
it provides additional documentation regarding the relationship
between the classification of MCI in prodromal HD and other
indicators of disease burden including basal ganglia atrophy
and years to motor onset. Moreover, longitudinal assessment of
MCI classification is offered. Altogether, this provides additional
support for the validity of the use of MCI in prodromal HD.

Numerous clinical trials have implemented the use of MCI as
a means of selecting individuals for clinical trials in Alzheimer’s
disease (14, 40-43). Unfortunately, to date, all have failed
to show efficacy of any targeted interventions. Petersen and
colleagues (15) speak eloquently regarding the probable impact
of significant heterogeneity in the MCI samples contributing to
these findings. In addition, they speak about the importance
of consideration of endpoint measures noting that for some
MCI samples with mild deficits, dementia may be too distant
of an endpoint. Ultimately, they call for combined use of the
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MCI diagnosis and other biomarkers to stratify and thus reduce
heterogeneity in the sample.

In the consideration of clinical trials for individuals with
prodromal HD, these difficulties encountered in the MCI clinical
trials must be considered. The present findings are encouraging
with regard to these possible prodromal HD clinical trials.
First, the use of MCI as a selection tool may help to reduce
heterogeneity within the prodromal sample. That is individuals
with prodromal HD and MCI would reflect a group at high
risk for development of the motor diagnosis of HD, particularly
if used in conjunction with information regarding their CAG
repeat length and age. Additionally, unlike the MCI clinical
trials completed to date, the genetic nature of HD provides the
opportunity to use MCI as a clinical endpoint for individuals
with prodromal HD. Such a clinical trial may allow for clinical
trials even earlier in the course of their disease, a goal for
neurodegenerative disease clinical trials in general.

While this work constitutes a comprehensive study for MCI in
prodromal HD individuals, it has limitations. Since individuals
pursuing HD genetic testing, like those in this study, comprise
a smaller proportion of individuals at-risk of HD (16) the
PREDICT-HD sample may not represent the whole prodromal
HD population. Because observations of neuropsychological
tests in selected cognitive domains were not balanced in size
at each study visit, replications are expected to reveal minor
variations in proportions of each MCI domain, based on tasks
and domains used. That is, some tests may detect fewer MCI
observations in prodromal HD whereas other tasks may detect
more. Further research is warranted to validate the most sensitive
assessment strategy for the earliest detection and tracking of
disease in HD. Though it might have been preferable to use the
composite score for each of the factor score domains (17) for
diagnoses of MCI, it is not possible due to the inconsistently
administered cognitive assessments from PREDICT-HD and
the subsequently reduced numbers of cognitive tasks being
integrated into ongoing observational studies such as ENROLL.
The definition of MCI in this paper did not consider any social
cognition measures included in the Diagnostic and Statistical
Manual-Fifth Edition (44) as they did not meet our sample size
criteria for inclusion. Measures of social cognition in PREDICT-
HD have been reported elsewhere (e.g., emotion recognition)
and are likely to increase the frequencies of MCI in HD when
included. It is also important to note that a high proportion
of HD gene-mutation carriers display significant anosognosia
through the course of HD (35), which may be highly correlated
with cognitive impairment (13, 45). However, PREDICT-HD did
not contain measures for subjective cognitive complaint and
therefore did not allow for assessing the potential impact of
anosognosia on MCI in HD. The HD community must await an
appointed task force for consensus definition of HD-specific MCI
for more widespread adoption in clinical and research practices.

Despite these limitations, this work provides a vivid
description of cognitive change in prodromal HD and increased
validation of the use of MCI in this sample. MCI occurs in
over half of persons at genetic risk for HD, is associated with

brain atrophy of the basal ganglia, and has prognostic validity
for age at motor onset and dementia. Such information may help
researchers and clinicians alike better understand and identify
cognitive progression in Huntington disease.
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Dementia and mild forms of cognitive impairment as well as neuropsychiatric symptoms
(i. e., impulse control disorders) are frequent and disabling non-motor symptoms of
Parkinson’s disease (PD). The identification of changes in neuroimaging studies for
the early diagnosis and monitoring of the cognitive and neuropsychiatric symptoms
associated with Parkinson’s disease, as well as their pathophysiological understanding,
are critical for the development of an optimal therapeutic approach. In the current
literature review, we present an update on the latest structural and functional
neuroimaging findings, including high magnetic field resonance and radionuclide imaging,
assessing cognitive dysfunction and impulse control disorders in PD.

Keywords: impulse control disorders (ICD), Parkinson’s disease dementia (PDD), mild cognitive impairment (MCI),
magnetic resonance imaging (MRI), positron emission tomography (PET), single photon computed tomography
(SPECT)

INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disease in the world.
Formerly considered to predominately be a movement disorder caused by the degeneration of
dopaminergic neurons of the substantia nigra pars compacta (SNc) (1, 2). PD is now accepted to
also present with non-motor features as part of the clinical manifestations. Among them, cognitive
decline and neuropsychiatric alterations are highly debilitating and frequent.

In fact, the risk of developing dementia is about six times higher in PD patients than in age-and-
gender matched populations (3). Importantly, within the first 10 years of PD progression, dementia
appears in more than 50% of patients (4), reaching up to 80% in the long-term (3, 5). Furthermore,
mild cognitive impairment is highly prevalent in PD (PD-MCI) (mean 26.7%; range 18.9-38.2%)
(6-9) and is a risk factor for the development of dementia (PDD) (10). Longitudinal studies have
revealed that the conversion to dementia occurs in roughly 25-50% (6, 11) of PD-MCI patients
within 5 years.

The pathological basis of PDD is multifactorial, as demonstrated in post-mortem and
clinical studies (12). For example, studies have reported dopaminergic neurodegeneration within
the medial areas of the SNc, ventral tegmentum areas, and fronto-limbic areas (13), and
neurotransmitter dysfunction in the cholinergic projections from the nucleus basalis of Meinert
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as well as in the serotoninergic and noradrenergic efferent fibres
from the raphe nucleus and locus coeruleus, which play an
important role in cognitive dysfunction (14-16). Furthermore,
alpha-synuclein deposition in the form of Lewy bodies and
Lewy neuritis spreading to the amigdalar complex, hippocampus,
fusiform gyrus and temporal cortex along with synergistic
Alzheimer’s disease (AD) pathology with beta-amyloid plaques
and phosphorylated tau (neurofibrillary tangles) (17) are also
critical in the pathogenesis of the cognitive decline.

Apart from cognitive impairment, psychiatric conditions are
also common in PD, affecting the majority of patients during
the course of the illness. The most frequent and problematic are
affective disorders (depression and anxiety), psychosis (mainly
visual hallucinations), apathy, and impulse control disorders
(ICDs) (18). The most common ICDs experienced by PD patients
include pathological gambling, binge eating, hypersexuality, and
compulsive shopping, as well as other impulsive-compulsive
behaviours (ICBs), such as punding, hobbyism or walkabout.
To further complicate matters, approximately 14-17% of PD
patients treated with dopaminergic replacement therapy, in
particular with dopaminergic agonists (DA), may develop ICDs
(19) although the cumulative incidence can be much higher
(over 46%) (20) ICDs often result in devastating financial, legal,
or psychosocial problems (19). Unfortunately the management
of these behaviours, which typically involves reducing DA
treatment, can be challenging and often carries the risk of motor
worsening or the development of DA withdrawal syndrome (21).

The development of neuroimaging techniques, including
high field structural and functional magnetic resonance (MRI)
and nuclear imaging, using positron emission tomography
(PET) and single photon emission computed tomography
(SPECT), helps in the diagnosis and monitoring of the motor
and cognitive impairments associated with PD. Furthermore,
neuroimaging can be used to shed light on the underlying
pathophysiological aspects of cognitive impairment and
neuropsychiatric manifestations, which in turn are associated
with high levels of patient disability and morbidity.

In the current review, and for the sake of brevity, we will
focus on cognitive decline and ICDs in patients with PD. To this
end, we conducted a literature review of existing functional and
structural imaging studies in cognitive dysfunction and ICD in
PD. We performed a thorough search of the PubMed database
selecting for English language articles containing “Parkinson’s
disease dementia,” “mild cognitive impairment,” “impulse control
disorders,” “imaging,” “PET,” and “MRI” published up until the
15th of March, 2021. The abstracts were screened for relevance,
and carefully read if they were suitable. This review highlights
the imaging modalities that detect consistent brain changes
associated with cognitive impairment and ICD in PD.

COGNITIVE IMPAIRMENT AND DEMENTIA

Magnetic Resonance Imaging

Grey Matter

Grey matter (GM) abnormalities have been the focus of
numerous MRI studies in PD. Methodological approaches have
substantially changed over the years. Analytical tools did only

allow for regions of interest (ROIs) approach in early studies,
which consisted of delineating certain brain areas, measuring
their volume, and comparing them among different groups. This
approach has been clearly overtaken by whole-brain approaches,
which are able to disclose differences in GM volume without
an a priori hypothesis. There are two main techniques, voxel-
based morphometry (VBM) and surface-based analyses (SBA),
both of them widely used in current studies. Whereas VBM
measures GM volume, SBA is able to measure cortical thickness.
As compared to VBM, cortical thickness is more sensitive to
cortex changes, possibly because it is less dependent on cortical
folding and the overall brain size (22). In the present review, we
only include VBM and SBA studies (see Table 1).

Early whole-brain studies found higher levels of atrophy in
PDD and PD-MCI patients compared to their cognitively normal
counterparts (PD-NC) and control subjects [for review see (70,
71)], particularly in the parietal, occipital, mesial temporal, and
frontal lobes, as well as in the hippocampus, amygdala, caudate,
putamen, thalamus and substantia innominata. Furthermore,
compared to PD-MCI patients, PDD patients exhibit GM
reductions in the temporal and prefrontal areas (25), the
amygdala (26), the anterior cingulate, the entorhinal and
orbitofrontal cortices as well as in the parahippocampus,
temporal pole, precuneus, and fusiform and lingual areas (28). A
recent meta-analysis of voxel based morphometry (VBM) studies
found that PD-MCI patients exhibited greater atrophy in the left
anterior insula compared to PD-NC patients (35). However, PD-
MCI is a heterogeneous clinical entity in which one or several
cognitive domains may be affected. Therefore, the focus of the
field over the last few years has been to elucidate what type of
PD-MCI confers a higher risk of progression to dementia. Most
studies in PD-MCI patients, who were prospectively followed
and classified according to conversion (or not) to PDD, found
that frontal atrophy was associated with conversion to dementia
(36,72, 73). In fact, PD-MCI patients who converted to dementia
in <3 (36) or 4 years (37) had greater widespread atrophy
and cortical thinning in the frontal, insular, and left middle
temporal lobes at baseline than non-converters, with frontal lobe
atrophy being the strongest predictor of progression to dementia
(37). These findings were reinforced by a cross-sectional study
showing that patients who developed PD-MCI within 2 years
of diagnosis exhibited greater atrophy in the superior frontal
gyrus than those with later cognitive decline (40). In addition,
longitudinal studies in PD-NC patients who converted to PD-
MCI patients over time showed greater GM atrophy in the
frontal, parietal, and temporal areas (32), as well as in the insular
cortex and caudate nucleus (29, 32, 39). Overall, the presence of
frontal lobe atrophy seems to be a good predictor for cognitive
decline in both PD-MCI to PDD and PD-NC to PD-MCI
patients, which in turn is associated with lower cognitive scores
on frontal/executive, language, and memory domains (7, 72-74).

Alzheimer’s disease (AD)-related pathology is also present in
cognitively impaired PD patients, specifically of the amnestic
type (75). In fact, the presence of AD-related atrophy, such as
hippocampal atrophy, has been described in PD patients with
cognitive impairment. Previous studies have found increased
hippocampal and entorhinal cortex atrophy in PDD patients
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TABLE 1 | Magnetic resonance imaging studies of cognitive impairment or dementia in Parkinson’s disease.

References Population Radioligand and State Main results/findings
technique
Grey matter imaging
Camicioli et al. (23) PD-MCI VBM Resting J hippocampus (AD < PD-NC < PDD < HC)
PD-NC |} left hippocampus correlated with recognition memory and MMSE
Brick et al. (24) PD-NC VBM Resting J hippocampus and prefrontal (PD < HC)
} left hippocampus correlated with verbal memory
| prefrontal atrophy correlated with sustained attention tests
Song et al. (25) PD-MCI VBM Resting | bilateral temporal, left prefrontal, insular, right occipital (PDD < PD-MCI < HC)
PDD | right parietal, middle frontal, insular, striatum (PDD < PD-MCI < PD-NC)
PD-NC J PCC correlated with disease duration in PDD
Choi et al. (26) PDD VBM Resting | substantia innominata (PDD > PD-MCI and PD-NC)
PD-MCI J substantia innominata correlates with MMSE, attention and object naming
PD-NC domains.
Beyer et al. (27) PD-MCI VBM Resting J hippocampal volume (CA1, CA3 and subiculum area) (PD-MCI, PD-NC < HC)
PD-NC J hippocampal volume correlated with CVLT-2 delayed free recall
J right hippocampal CA1 and subicular region correlated with CVLT-2
recognition score
Pagonabarraga et PDD SBA Resting | parietal, temporal, occipital areas (PDD < PD-MCI < PD-NC)
al. (28) PD-NC | temporal correlated with attentional and language deficits
} occipital correlated with attentional, memory and language deficits.
Lee et al. (29) PDD VBM Resting |} left prefrontal, left insular and CN (PDD converters < PD-MCI no converters)
PD-MCI (Longitudinal) PDD converters associated with | executive function, verbal memory, visual
PD-NC recognition memory
Filoteo et al. (30) PD-NC VBM Resting | medial temporal and frontostriatal areas correlated with memory deficits
|} frontostriatal volumes correlated with executive function
| frontal and occipital volumes with visuospatial function
Kandiah et al. (31) PD-NC VBM Resting J Hippocampal volume is a risk factor for PD-MCI and PDD
(longitudinal)
Wen et al. (32) PD-NC VBM Resting | frontal areas in PDD converters
(longitudinal) |} frontal and parietal areas associated with global cognitive scrores
Foo et al. (33) PD-NC VBM Resting | right hippocampus at baseline (PD-MCI < HC)
PD-MCI (longitudinal) J baseline right CA1 correlated with attention
| CA 2-3 at follow-up correlated with episodic memory in PDD converters
Low et al. (34) PD-NC SBA Resting J global hippocampal at baseline predicted PDD
(longitudinal) Jsubiculum and fimbria volume correlated with attention and executive functions
Zheng et al. (35) PD-MCI VBM Resting |} left anterior insula in PD-MCI < PD-NC (predictor)
PDD (meta-analysis)
PD-NC
Gasca-Salas et al. (36) PD-NC SBA Resting 4 thinning in bilateral frontal, insular and left middle temporal areas (PD-MCI
PD-MCI (meta-analysis) converters > PD-MCI non-converters > controls)
Chung et al. (37) PD-MCI SBA Resting 4 thinning from posterior cortical area to frontal cortex (PDD converters > PDD
PDD non-converters)
PD-NC 4 thinning in right medial superior frontal and olfactory cortices distinguishes
PDD converters from PDD non-converters.
Xu et al. (38) PD-NC VBM Resting | bilateral hippocampal at baseline (PD-NC < HC) correlated with MMSE
(longitudinal) | bilateral CA4, ML, GC-DG subfields, and left CA2/3 and right presubiculum
subfields at follow-up (PD-MCI < PD-NC) correlated with MMSE and MOCA.
Zhou et al. (39) PD-MCI VBM Resting Jright temporal at baseline and left temporal and frontal lobe at follow-up (PDD
PDD (longitudinal) converters < non-converters)
Donzuso et al. (40) PD-MCI VBM Regional | frontal gyrus, precuneus, angular gyrus, temporal lobe and cerebellum (PD-MCI
PD-NC < HO)
J frontal gyrus correlated with RCPM
J precuneus correlated with accuracy of Barrage
|} Inferior frontal gyrus with Stroop test.
White matter imaging
Kamagata et al. (41) PDD DTl Resting J FA'in prefrontal white matter and genu of corpus callosum (PDD < PD-NC)
PD-NC J FAin prefrontal white matter and genu of corpus correlated with MMSE

(Continued)

Frontiers in Neurology | www.frontiersin.org

November 2021 | Volume 12 | Article 733570


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Martin-Bastida et al.

Imaging Cognitive and Impulsive Disorders in PD

TABLE 1 | Continued

References Population Radioligand and State Main results/findings
technique
Hattori et al. (42) PDD DTI Resting J FA'in bilateral in SLF; ILF, IFO, UNF, CIN, INC, CCA, CRA (DLB, PDD, PD-MCI
DLB < PD-NC and controls)
PD-NC J FA in parietal WM areas with MMSE
Deng et al. (43) PDD DTI Resting | FA left frontal and right temporal WM (PDD, PD-MCI < PD-NC)
PD-MCI J FA left AC and CC splenium correlated with disease duration
PD-NC
Meltzer et al. (44) PDD DTl Resting J} FA'and 4 MD in SLF, IFU, UNF and corpus callosum (PDD , PD-NC < HC)
PD-MCI J FA'in anterior WM tracts correlated with executive function
PD-NC 4 MD in anterior WM tracts correlated with global cognition deficits
Agosta et al. (45) PD-MCI DTl Resting | FAin SFO, IFO UNF, genu and body of CC (PD-MCI < HC)
PD-NC
Auning et al. (46) PD-MCI DTI Resting J FA'in WM of temporal-parietal tracts (PD-MCI < HC). No differences PD-MCI vs
PD-NC AD.
AD 1 FA'in WM prefrontal tracts with executive and visuospatial deficits.
Chen et al. (47) PDD DTI Resting | FAleft hippocampus (PDD < PD-HC)
PD-NC 4 MD in SLF, SFO, UNF, genu of corpus callosum (PDD > PD-HC)
J FA'in SLF, SFO and hippocampus correlated with MOCA
Bledsoe et al. (48) PDD DTl Resting 4 MD and AD in anterior segments in CC (PDD > PD-NC)
PD-NC 4 MD and AD in anterior CC associated with global and specific cognitive
domains in PDD.
Chondrogiorgi et al. PDD DTI Resting J FA body corpus callosum, cingulum, corona radiate (PDD < PD-NC)
(49) PD-NC J} FA'and 1 MD in limbic, prefrontal and CC tracts associated with PD-CRS
Beyer et al. (50) PDD WMH Resting 4+ WMH in deep WM and periventricular areas (PDD > PD-NC)
PD-NC WMH is associated with MMSE
Leeetal. (51) PDD WMC Resting 4+ WMH in PDD > PD-NC
PD-NC WMH correlated with UDPRS, MMSE and PD-CDR
AD
Joki et al. (52) PDD WMC Resting 4+ WMH in DLB and AD > PDD > PD-HC and HC
DLB
PD-NC AD
Huang et al. (53) PD-MCI WM Resting WHM burden associated with PD-MCI (o < 0.05) besides the presence of CV risk
PD-NC factors
Periventricular WMH burden associated with executive function and visuospatial
function
Functional MRI
Lewis et al. (54) PD-NC fMRI Working memory Jactivity of caudate nuclei during retrieval and manipulation. (PD-MCI < PD-NC)
PD-MCI task Underactivation of dorsolateral and ventrolateral prefrontal cortex and right
putamen
Monchi et al. (55) PD-MCI MRI Card-sorting task Jactivity in tasks involving the caudate nucleus in DLPFC and VLPFC in PD
4 activity in tasks that do not require the caudate nucleus in DLPFC and VLPFC,
premotor, posterior prefrontal
Seibert et al. (56) PDCN MRI Resting No differences in FC of the DMN (PD-NC = PDD)
PDD
Baggio et al. (57) PDCN MRI Resting J connectivity in long-range connections and increased local
PD-MCI interconnectedness (PD-MCI < PD-NC)
Lebedev et al. (58) PD MRI Resting Executive impairment associated with altered balance between cortical and
subcortical processing at rest
Amboni et al. (59) PD-MCI MRI Resting | FC of bilateral prefrontal cortex within left F-P network (PD-MCI < PD-NC).
PD-CN Positive correlation between visuospatial function Z score and left prefrontal
cortex ICA z score.
Baggio et al. (60) PD-MCI MRI Resting J FC of the DAN with widespread, right sided, frontal/insular areas, thalami and
PDCN left striatum (PD-MCI < HC) .
| FC less extensive, and regions of DAN itself and of the right FPN. (PD-MCI <
PD-CN)
Gorges et al. (61) PDCN MRI Resting } intrinsic FC within the DMN, the motor network, and the DAN (PD-MCI < HC)
PD-MCI J intrinsic FC preferentially in the DMN, but also in the motor, DAN, VAN, and

basal ganglia-thalamic intrinsic functional networks (PD-MCI < PD-CN)

(Continued)
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TABLE 1 | Continued

References Population Radioligand and State Main results/findings
technique
Shin et al. (62) PDCN fMRI fResting J FC in parahippocampal gyrus, DLPC temporal, and precuneus; 1 FC in the
PD-MCI inferior frontal, primary motor, and occipital areas (PD-MCI early vs PD-CN)
(early/late) |} in the medial frontal areas andcingulate cortex and 4 FC in the parietal and
occipital areas (PD-MCI (longer) vs PD-CN)
Chen et al. (63) PDCN MRI Resting J in PCC-prefrontal cortex, left parieto-occipital juntion, and right temporal gyrus
PD-MCI (PD-MCI < PD-CN)
| PCC- left inferior temporal gyrus, hippocampus, inferior parietal lobules and
PCC/precuneus (PD-MCI <. HC)
Bezdicek et al. (64) PD-CN MR Resting J FC in bilateral superior parietal lobule and precuneus (PD-MCI < PDCN)
PD-MCI |} interconnectedness of the lentiform nuclei and midcingulate cortex,
precuneus, the superior parietal cortex and extended portions of the
temporoparietal associative cortex bilaterally (PD-MCI < HC)
Diez-Cirada et al. (65) PDCN MR Resting No differences (PD-MCI vs. PDCN)
PD-MCI |} internetwork FC between the somatomotor and cognitive control networks,
HC somatomotor and visual networks, somatomotor and auditory networks,
cognitive control and visual and subcortical and DMN (PD-MCI < HC).
Hou et al. (66) PD-MCI fMRI Resting J activity betweem DMN and prefrontal cortex (PD-MCI < PD-CN)
PD-NC
Wolters et al. (67) PDD MRI Resting J activity in Dorsomedial prefrontal cortex (within the DMN) in PD-MCI
PD-MCI (meta-analysis)
PD-NC
Fathy et al. (68) PD-MCI fMRI Resting J FC of DMN and dorsal anterior insula associated with cognitive performance in
PD-NC PD.
J connectivity between dAl and ACC was associated with reduced CAMCOG
scales
Pan et al. (69) PD-MCI MRI Resting 4 FC between dAl and superior parietal gyrus (PD-MCI vs PD-NC) correlated with
PD-NC memory and executive tests

4 FC between dAl and cingulated gyrus (PD-MCI vs HC) correlated with
attention/working memory, visuospatial function, and language

PD-NC, PD with normal cognition; PD-MCI, PD with cognitive impairment; PDD, PD with dementia; LBD, Lewy Body Dementia; AD, Alzheimer’s disease; MMSE, Mini metal State
Examination; MOCA, Montreal Cognitive Examination Test; RCPM, Raven Coloured Progressive VBM, Voxel-Based Morphometry; SBA, Surface-based approach; CVLT Il, California
Verbal Learning Test Il; FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; OCC, Occipital; SLF, Superior longitudinal fasciculus; IFL, Inferior longitudinal fasciculus; SFO,
Superior frontooccipital fasciculus; IFO, Inferior frontooccipital fasciculus; UNF, Uncinate fasciculus; CIN, Cingulum; INC, Internal capsule; CCA, Corpus callosum; CRA, Corona radiata.;
WMH, White matter connectivity; FC, functional connectivitiy; rs-fMRI, resting state functional magnetic resonance imaging; DMN, default mode network; DAN, dorsal attention network;
VAN, ventral attention network,; DLPFC, dorsolateral prefrontal cortex; VLPDF, ventrolateral prefrontal cortex; CAMCOG, Cambridge Cognition Examination.

compared to non-demented patients (70, 71), which was
associated with memory impairment (24, 27, 30). In addition,
reduced hippocampal volume has been associated with the
development of PD-MCI and PDD in longitudinal studies (29,
31, 76). Recent advances in analytical imaging procedures have
allowed the analysis of hippocampal subfields volume, indicating
that the atrophy of some regions might confer higher risk of
dementia (33, 34, 38).

The association of certain gene variants and cognition and
their influence on structural changes have been assessed in some
studies. Among genes associated with PD, glucocerebrosidase
(GBA) mutations confer the highest risk of dementia. PD
patients with GBA mutations as compared to those without
GBA mutations experienced a more rapid motor and cognitive
decline together with a greater, earlier and faster cortical thinning
in posterior parieto-occipital regions as well as frontal and
orbito-frontal cortices as demonstrated in longitudinal study
(77). The catechol O-methyltransferase (COMT) Vall58Met
polymorphism has also been associated with cognitive decline.
It has been recently shown that PD patients harbouring the

Val/Val genotype had widespread reduction in GM, including
fronto-subcortical and parieto-temporal territories (78). Finally,
microtubule-associated protein tau (MAPT) H1/H1 genotype is
considered a risk factor for taupathies in addition to cognitive
dysfunction in PD. In an interesting study from Sampedro et al.
(79) cross-sectional and longitudinal GM reductions in parieto-
temporal areas were found in PD patients with homozygous
for MAPT H1 compared to PD patients not harbouring this
genetic mutation.

In summary, GM atrophy occurs in the early stages of
cognitive decline in PD, and steadily increases along with the
progression of cognitive deficits, before broadly affecting the
cortical and subcortical areas in the dementia stage. Therefore,
atrophy in frontal areas and certain hippocampal subfields might
lead to the development of dementia in PD and should be
considered as a potential biomarker.

White Matter
Several studies have shown that fractional anisotropy (FA) is
reduced and mean diffusivity (MD) is increased in the main
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white matter (WM) tracts (the superior and inferior longitudinal,
inferior fronto-occipital, cingulate and uncinated fasciculi, and
the anterior limb of the internal capsule) of PDD patients
compared to PD-NC patients or controls [for review see (70,
71)]. Similarly, PD-MCI patients exhibit less FA than PD-NC
patients or controls in the inferior fronto-occipital and uncinate
fasciculi corpus callosum as well as the corona radiate (42—
45, 80). Interestingly, a previous longitudinal study observed
higher widespread MD in patients with PD-MCI than in those
with PD-NC at 18 months follow-up (81), which correlated
with lower executive and attention cognitive scores. It has been
suggested that WM alterations conveying a cortical-subcortical
disconnection may precede GM changes in PD patients during
the process of cognitive decline. Indeed, Hattori et al. found
prominent WM changes in both PDD and PD-MCI patients,
while concurrent GM changes were only observed in subjects
with PDD (42).

The role of WM tracts in cognition is further supported
by several studies reporting correlations between cognitive
functions and WM abnormalities in PD-NC patients. In fact,
global cognition has been shown to be correlated with low
FA values in the superior and inferior longitudinal fasciculi,
the inferior fronto-occipital fasciculus, the corpus callosum,
the uncinated fasciculus, and the cingulum (41, 47, 82, 83).
Furthermore, impairments in executive function have been
consistently found to be associated with WM abnormalities in the
frontal and parietal regions (46, 48, 49, 84).

Another, seemingly more imprecise, way of assessing WM
integrity is detecting the presence of WM hyperintensities
(WMHs), which has yielded heterogeneous results. For example,
several longitudinal studies did not find any significant
differences in WMHs between PD-MCI, PDD and PD-NC
patients (51, 85, 86) or any association between WMHs
and clinically relevant cognitive decline in studies (86).
However, others studies have reported greater deep WMHs and
periventricular WMHs in PDD patients compared to PD-NC
patients (50-52) and in PD-MCI to PD-NC patients ( 68).

In summary, WM integrity is disrupted in the main tracts in
PD-MCI and PDD patients. These changes might precede GM
atrophy suggesting that abnormalities within key WM tracts may
be the first structural changes resulting in functional asynchrony
of interconnected brain regions devoted to cognitive function.
The value of several WM related metrics, such as FA and MD, in
the early diagnosis of cognitive decline deserve further attention.

Functional MRI

Functional connectivity (FC) studies assess regional activation
of the brain or the level of dependency between two or
several anatomic locations through functional MRI (fMRI) in
resting state or with the execution of experimental paradigms.
The default mode network (DMN) symmetrically involves the
medial prefrontal cortex, precuneus, posterior cingulate gyrus,
inferior parietal lobes, and lateral temporal cortices (87) and is
activated during cognitively demanding tasks requiring higher-
order conceptual representations (87). It is the most studied
resting-state network in PD, showing enhanced activity during
rest and decreased activity during experimental tasks.

Importantly, there is a clear direct association between
DMN activity and cognition in PD. For example, a resting-
state fMRI study (88) found that PD-NC patients displayed
a positive correlation between the connectivity of their right
medial temporal lobe and the DMN in the context of memory
performance, as well as between the inferior parietal cortex and
the DMN in visuospatial performance. A recent meta-analysis
found that cognitive impairment in PD was associated with brain
FC alterations, predominantly in the DMN (67). Studies in PD-
MCI patients have also revealed functional hypoconnectivity of
the DMN (61-63, 89, 90), which was positively associated with
global cognitive function (63, 68, 91, 92). Interestingly, DMN
connectivity with the occipital and posterior parietal cortical
regions was found to be increased in PD-MCI patients (60),
which in turn was correlated with visuospatial performance and
occipital-parietal cortical thinning (57). Findings from other
studies suggest that DMN connectivity abnormalities can be
used to characterise PD patients, regardless of their cognitive
status (66, 93), and that other resting-state networks, such as the
fronto-parietal network (FPN), are more specifically linked to
PD-MCI (59). Nevertheless, abnormalities in other resting-state
networks, such as in the sensorimotor network (SMN) (65, 89),
the ventral attention network (VAN) (94), the dorsal attention
network (DAN) (64), and the salience network (SN) (69) have
been found to be associated with PD-MCI, and with low cognitive
performance in PD patients (54, 58, 95). However, differences in
pre-processing and analysis methods as well as in the PD-MCI
criteria may explain the heterogeneity of these results.

Importantly, fMRI task-based studies have shown that PD-
NC patients demonstrate weaker recruitment of several areas,
including the anterior cingulate cortex, caudate, putamen, and
left precentral gyrus as well as the medial, dorsolateral and
ventrolateral prefrontal cortices during working memory or
executive function tasks (55, 96, 97). However, those changes are
also found in PD-MCI patients, hence they may be associated
with the presence of executive dysfunction (54).

Recognition memory is typically impaired in patients with
dementia (98). fMRI while performing a verbal memory
paradigm PD patients showed a weaker deactivation than
controls in the inferior orbitofrontal and temporal cortices that
correlated with verbal recognition memory (99).

In conclusion, an altered pattern of resting FC in the DMN
seems to be associated with cognitive impairments in PD, which
in turn is associated with posterior cortical cognitive deficits
that eventually progress to dementia. Functional brain changes
might precede structural abnormalities and thus, the value of
fMRI in early diagnosis is a promising tool to be considered in
further studies.

Nuclear Imaging

Brain Glucose Metabolism

Several [18F] fluoro-D-glucose ([18F]FDG) PET studies with
PD-MCI patients show reduced frontal, temporoparietal,
occipital and precuneal metabolism as well as the caudate
nucleus compared to healthy controls, and in less degree to
PD-NC (100-104), being regional hypometabolic changes more
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marked in multi-domain PD-MCI patients than in single-
domain (103). Furthermore, extensive areas of hypometabolism,
mostly affecting the posterior cortical regions, including the
parieto-occipital, associative parietal, and inferior temporal
cortices (102) and to a lesser degree, the striatum and prefrontal
cortex (101, 104, 105), have been observed in PDD patients when
compared to controls, PD-NC and PD-MCI (see Table 2).

Several longitudinal studies have assessed the progression of
regional metabolic changes in PD with cognitive dysfunction
(100, 107, 108). The aforementioned studies showed severe
bilateral hypometabolism in parieto-occipital areas, especially
within the visual association cortex (Broadman area 18) and
posterior cingulate cortices (100), as well as the fusiform gyrus
(107), predicting cognitive decline after more than 2 years follow
up, thus heralding the conversion from PD-NC and PD-MCI
to PDD.

The role of regional hypometabolism in cognition is further
supported by several studies reporting correlations between
memory and visuospatial functions in the posterior temporal and
parietal regions and also with attentional, executive, and language
functions in the frontal regions in patients with PD-MCI and
PDD (101, 144). Furthermore, in a prospective study (145)
found that the association between reduced regional metabolism
in temporoparietal and occipital areas and the presence of
visual hallucinations in linked with the conversion from PD-NC
to PDD.

Using voxel-based spatial covariance analysis of FDG imaging,
previous studies described the presence of a PD cognition-related
pattern (PDCP) (106) consisting of hypometabolism in the
medial prefrontal, premotor, precuneus, and parietal association
areas. This pattern increased over time along with cognitive
decline (146), and was associated with dopaminergic denervation
in the nucleus caudate (116), as well as with executive and
memory performance in PD-MCI patients (106). The expression
of PDCP has been considered as a potential imaging biomarker
for cognitive dysfunction in PD, although its prognostic value is
yet to be ascertained (147).

The relationship between cerebral metabolism and atrophy
displays dissociable patterns along cognitive impairment in
PD, with regional hypometabolism preceding spatially matching
structural atrophy areas (105). Thus, in PD-MCI patients,
areas with hypometabolism exceed atrophy in the angular
gyrus, occipital, orbital, and frontal lobes, however in PPD
patients; these hypometabolic areas are replaced by atrophy and
widespread cortical and subcortical reductions in metabolism
is observed surrounding the atrophy areas. This indicates that
there is a specific gradient of severity in cortical changes as
cognitive dysfunction progresses in PD, with atrophy lagging
behind hypometabolism as the pathological stages continue.

In conclusion, changes in brain glucose metabolism are
present at the early stages of cognitive impairment in PD with
hypometabolism in posterior parieto-occipital areas in PD-MCI,
which steadily extends to the frontal and subcortical areas in
PDD. Hypometabolism in the posterior cortex may point to the
development of dementia in PD, representing an earlier step to
grey matter atrophy.

Dopamine

Several studies have suggested that cognitive dysfunction in PD
is partially based on striatal dopaminergic degeneration, which
leads to dysfunction of the frontostriatal pathways (109, 110, 114,
115). In fact, studies have found that PDD and in less degree PD-
MCI patients have a greater striatal dopaminergic deficit than
PD-NC patients, as assessed with either '2°T Toflupane FP-CIT
SPECT (110, 114) or '8Flurodopa (F-Dopa) PET (109, 111).

In particular, higher dopaminergic denervation in the caudate
nucleus has been found to be associated with dysfunction in
working memory, attention, and verbal fluency (109, 112-114)
in both PDD and PD-MCI patients. Importantly, the associative
fronto-striatal circuitry (orbitofrontal and dorsolateral prefrontal
cortices) is known to be modulated by caudate dopaminergic
signalling in PD patients suffering from executive dysfunction
(115). Dopamine transporter (DAT) binding in the caudate
nucleus is associated with the expression of the PD-related
cognitive pattern (PDCP) (116), highlighting the importance
of nigral dopaminergic input in the caudate nucleus and its
cognitive functioning in PD. According to previous studies,
reduced DAT availability in the caudate nucleus may be used
as a potential predictor of cognitive dysfunction in PD (148),
but only when combined with other diagnostic biomarkers in a
multiple regression analysis including CSF (AP, to t-tau ratio)
and non-motor clinical scales (Montreal Cognitive Assessment
(MoCA) and University of Pennsylvania Smell Identification Test
(UPSIT) scores).

Dopaminergic depletion in extrastriatal areas derived from
mesocortical and mesolimbic projections is also involved in the
cognitive dysfunction associated with PD. For example, previous
studies have found that frontal areas, including the anterior
cingulate cortex (ACC) and middle frontal gyrus as well as the
caudate nucleus, displaying reduced dopaminergic F-dopa-PET
uptake in patients with PDD (109, 111, 112) when compared
to PD-NC and controls. Moreover, the dopaminergic reduction
in frontal areas shows inverse correlation with executive and
attentional dysfunction in PDD (109).

Furthermore, the availability of post-synaptic dopaminergic
D2 tracers such as ! C Raclopride is found to be decreased along
the mesolimbic and mesocortical areas in patients with PDD
compared to PD-NC and controls (117). In contrast, reduced
availability of D2 receptors is showed in bilateral insula, ACC and
parahippocampal giry in patients with PD-MCI when compared
to PD-NC (118), being in turn associated with executive and
memory deficits.

The relationship between striatal dopaminergic degeneration
and cortical degeneration is of special interest in PD. In
a multimodal study, Sampedro et al. (149) showed that
dopaminergic loss in caudate nucleus in early stage PD patients as
measured with DAT is associated with reduced cortical thickness
in both frontal, temporal and posterior cortices in cross-sectional
and longitudinal cohorts, which in turn are associated with
neuropsychological deficits. Previous results are important to
remark as reduced caudate DAT uptake as well as cortical
thickness in temporo-parieto-occipital areas in PD-NC patients
could potentially predict the conversion to PD-MCI (70).
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TABLE 2 | Radionuclide imaging studies of cognitive impairment or dementia in Parkinson’s disease.

Studies Population Radioligand and State Main results/findings
technique
Glucose metabolism
Huang et al. (106) PD-MCI PET FDG Resting | posterior cortical prefrontal and parietal (PD-MCI < PD-NC

PD-NC tmetabolism in brainstem and cerebellum (PD-MCI > PD-NC)
Expression of PDCP (p > 0.05)

Hosokai et al. (102) PD-MCI PET FDG Resting |} posterior cortical regions (temporo-parieto-occipital junction)

PD-NC (PD-MCI < PD-NC, HC)

Pappata et al. (104) PD-MCI PET FDG Resting | prefontal, parietal, associative cortices and striatum (PD-MCI <

PD-NC PD-NC, HC)

Bohnen et al. (100) PDD PET FDG Resting |} caudate, occipital PCC and associative visual cortex (BA 18) in PDD

PD-NC (Longitudinal) < PD-NC and HC) baseline.
| follow up at thalamus, PCC, occipital, parietal and frontal in (PDD <
PD-NC).

Garcia-Garcia et al. (86) PDD PET FDG Resting J frontal and parietal (PD-MCI < PD-NC); | arietal, temporal and

PD-MCI occipital (PDD < PD-MCI)

PD-NC Executive function correlated with parieto-temporo-occipital and frontal
metabolism; memory correlated with temporo-parietal metabolism;
visuospatial correlated with parieto-temporo-occipital metabolism;
Language with frontal metabolism

Gonzalez-Redondo etal.  PDD PET FDG Resting J metabolism > atrophy in angular gyrus, occipital, orbital and frontal
(105) PD-MCI VBM lobes (PD-MCI > PDD)

PD-NC | metabolism areas replaced by atrophy with widespread
hypometabolism (PDD > PD-MCI)

Tard et al. (107) PDD PET FDG Resting |} follow up metabolism bilateral precuneus, left temporal and fusiform

PD-NC (Longitudinal) gyrus (PDD < PD-NC)

Baba et al. (108) PDD PET FDG Resting J follow up metabolism bilateral parieto-occipital cortices (PDD <

PD-MCI (Longitudinal) PD-MCI and PD-NC)

PD-NC

Dopaminergic imaging
Rinne et al. (109) PD-NC PET Resting Put, CN and Frontal cortex (PD < HC)
["®F]fluorodopa JFDOPA in CN correlated with Stroop interference task
JFDOPA in Frontal cortex correlated with digit span, verbal fluency and
recall tests.
Walker et al. (110) PD-NC SPECT Resting Put, CN (PD, DLB < AD, HC)
DLB ['23FP-CIT
AD
ltoetal. (111) PD-NC PET Resting CN, VS and ACC (PDD < PD-NC, HC)
PDD ['8F)fluorodopa 1DaT in CN correlated with MMSE
Nagano-Saito et al. (112)  PD-NC PET Resting RCPM score positively correlated with the FDOPA Ki in the left
["8F]fluorodopa hippocampus and ACC
PET FDG
Van Beilen et al. (113) PD-NC PET Resting JFDOPA in CN correlated with executive, memory and language
['8Flfluorodopa composite scores
Nobili et al. (114) PD-NC SPECT Resting Caudate and right putamen (PD-NC < ET)
ET ['23FP-CIT | DaT in CN correlated with executive score deficits
Polito et al. (115) PD-NC SPECT Resting JDaT in CN correlated with verbal fluency performance
['23FP-CIT | DaT in CN modulates hypometabolism in ACC and DLPFC
PET FDG
Niethammer et al. (116) PD-NC SPECT Resting Correlation of DAT CN uptake and PDCP expression
['23FP-CIT
PET FDG
Sawamoto et al. (117) PD-NC PET Resting J RAC binding in ACC and MPFC in PD
['"C]-raclopride PET FDG | dopamine release in CN in PD in working memory task
Christopher et al. (118) PD-MCI [''CIFLB 457 PET Resting J D2 binding in salience network PD-MCI < PD-NC
PD-NC [''C]-DTBZ PET | D2 binding in PHG and insula correlated with memory performance
J D2 binding in ACC and insula correlated with executive function
Cholinergic imaging
Bohnen et al. (119) PDD ['"CJ-PMP AChE Resting | Global cortical AChE of 12.9% in PD-NC, 19.8% in PDD < HC
PD-NC
LBD
(Continued)
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TABLE 2 | Continued

Studies Population Radioligand and State Main results/findings

technique

Hilker et al. (120) PDD PD-NC ['"C]-MP4A AChE Resting JGlobal cortical AChE of 29.7% in PDD and 10.7% in PD-NC < HC)
JAChE in left inferior parietal lobule, precentral gyrus, and right PCC
(PDD < PD-NC)

Gilman et al. (121) PD-NC ['"C]-PMP AChE Resting JGlobal cortical AChE of 15.3% (PD-NC < HC)

Regional reductions mainly located in temporal, parietal,occipital
cingulate cortices as well as amygdala and hippocampus.

Klein et al. (122) PD-NC [''C]-MP4A AChE Resting J Global cortical AChE of 22.6% in PD-NC, 33.2% in PDD < HC

PDD 8F Fdopa Global cortical reductions from frontal to occipital areas PDD < PD-NC
LBD 8FDG PET and HC
Kotagal et al. (123) PD-NC " C]-PMP AChE Resting Jthalamic AChE of 12.8% in PD-NC, 19.8% < HC
PDD
LBD

Shimada et al. (124) LBD ['"C]-MP4A AChE Resting JGlobal cortical AChE of 27.8% (LBD<AD)

AD Regional reductions mainly located in temporal, parietal, occipital,
cingulate cortices (in order of reduction)

Meyer et al. (125) PD-NC ['8F]-Fluoro-A-85380 Resting JGlobal cortical and subcortical a4p2*-nicotinic acetylcholine receptor

PD-MCI PD-MCI <PD,
Regional reductions in hippocampus, amygdala, cerebellum, thalamus,
and putamen

Colloby et al. (126) DLB [123I]-5-IA-85380 Resting JGlobal cortical and subcortical nicotinic acetylcholine receptor in left

AD frontal gyri and ACC DLB < AD
J Global nicotinic acetylcholine receptor correlated with executive tasks.

Protein deposition

A. Amyloid

Edison et al. (127) PDD ["CIPIB-PET Resting Amyloid positive were found in PDD (2/12) and DLB (11/13) when

LBD PD-NC compared to PD-NC and healthys
Regional amyloid deposition in associative, cingulate cortices and
striatum

Jokinen et al. (128) PDD ['"CIPIB-PET Resting No differences in amyloid deposition

PD-NC FDG PET
Gomperts et al. (129) PD-MCI [""CIPIB-PET Resting No differences in amyloid deposition in precuneus at baseline (PD-NC =
PD-NC PD-MCI)
4PiB retention in precuneus at baseline predicted a greater risk of
conversion to PDD.
Petrou et al. (130) PDD [""C]PIB-PET Resting PiB-positive prevalence:
PD-MCI (meta-analysis) - DLB group: 0.68 (95% Cl, 0.55-0.82)
LBD PD-NC - PDD group: 0.34 (95% Cl, 0.13-0.56)
- PD-MCI and PD-NC groups:0.05 (95% Cl, —0.07-0.17)

Shah et al. (131) PD-NC ["CIPIB-PET Resting tcortical (37%) and striatal (16%)-amyloid deposition (PD > HC)
Combined presence of striatal and cortical amyloid associated with
lower cognitive z score

Ahktar et al. (132) PD-MCI ["8F]-florbetapir Resting Amyloid-positive scans do not help for diagnosis of PD-MCI

PD-NC 4 amyloid in PCC correlated with verbal memory performance
4 amyloid in precuneus, frontal cortex and ACC correlated with naming
perfomace

Fiorenzato et al. (133) PD-NC ["®F]florbetaben Resting Amyloid positive 10/48 (21%) in PD
Regional amyloid deposition in cortical and subcortical areas
associated with reduced MOCA and SDMT

Melzer et al. (134) PD-MCI ["®F]florbetaben Resting No differences in amyloid deposition (PD-NC = PD-MCI = PDD)

PDD Absence of clinical associations
PD-NC
Na et al. (135) PDD ['8F]florbetaben Resting Amyloid positive were found in PDD (4/23)
4 amyloid correlated with executive function
Biundo et al. (136) PDD ["®F]flutemetamol Resting Amyloid positive was 50% in PD and 50 % in LBD at baseline
PD-MCI 4 amyloid associated with reduced MOCA, MMSE, executive and
LBD PD-NC language scores
At follow-up there amyloid was associated with dementia.
(Continued)
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TABLE 2 | Continued

Studies Population Radioligand and State Main results/findings
technique
B. Tau
Gomperts et al. (137) PDD ['8FT807 PET Resting 4 cortical tau in inferior temporal gyrus and precuneus (PDD, LBD >
LBD [""CIPIB-PET PD-NC)
PD-NC 4 cortical tau in inferior temporal gyrus correlated with MMSE and CDR
Kantarci et al. (138) DLB ['8FT807 PET Resting 4 cortical tau in medial temporal cortex (AD > DLB)
AD [""C]PIB-PET 4 cortical tau in posterior temporoparietal and occipital cortices (DLB >
AD)
Buongiorno et al. (139) PD-NC ['®F]-FDDNP Resting 4 cortical tau in lateral temporal cortices in PD-NC with longitudinal
PDD (longitudinal) progression to PDD
Neuroinflammation
A. Microglial activation
Edison et al. (140) PDD ["CIRPK11195-PET Resting 1 microglial activation in ACC, PCC, frontal, temporal, pariental cortices
PD-NC [""C]PIB-PET and striatum (PDD > PD-NC and HC)
FDG-PET
Fan et al. (141) PDD [""CIRPK11195-PET Resting 4 microglial activation correlated with MMSE in AD and PDD
AD FDG-PET
Femminela et al. (142) PDD ["CIRPK11195-PET Resting 4 microglial activation in hippocampal/parahippocampal areas were
AD FDG-PET associated with cortical atrophy and metabolism in PDD and ADD.
B. Astroglial activation
Wilson et al. (143) PD-NC [''C]-BU99008 PET Resting | astroglial expression in posterior cortical and subcortical areas in PD

with moderate-advanced stages
Astroglial expression correlated with MOCA in moderate-advanced PD.

PD-NC: PD with normal cognition; PD-MCI: PD with cognitive impairment; PDD: PD with dementia; LBD: Lewy Body Dementia; AD: Alzheimer’s disease; ET: essential tremor; PET:
positron emission tomography; SPECT: single-photon emission computed tomography; PDCP: Parkinson’s disease cognitive pattern; DAT: dopamine transporter; AAC: anterior
cingulate cortex; PCC: posterior cingulate cortex, CN: caudate nucleus; Put; Putamen; VS: ventral striatum; DLPC: dorsolateral prefrontal cortex; MPFC: medial prefrontal cortex;
PHG: parahyppocampal gyrus; MMSE: minimental test of Folstein; MOCA: Montreal cognitive assessment test; SMDT; symbol Digit Modalities Test; CDR: clinical dementia rating;

RCPM; Raven'’s coloured progressive matrices.

In summary, dopaminergic depletion in the caudate nucleus,
as well as in the extrastriatal mesocortical and mesolimbic
areas, are associated with the progression of cognitive decline
in PD. Furthermore, reduced caudate dopaminergic function
may be a surrogate marker of cognitive decline in PD,
but first and foremost, this deficit indicates the presence of
executive dysfunction.

Acetylcholine Activity

Cholinergic transmission from the basal forebrain and brainstem
(nucleus basalis of Meynert and pedunculo-pontine nucleus,
respectively) has been found to be reduced in PD patients
(150), suggesting that it plays a relevant role in cognitive
dysfunction (150).

Several radioligands that bind the vesicular acetylcholine
transporter, analogues of the acetylcholinesterase, and post-
synaptic nicotinic and muscarinic receptors have been assessed
using SPECT and PET techniques (151).

Patients with PDD and PD-MCI show a significant cortical
reduction of cholinesterase activity in the temporal, occipital,
parietal, frontal, and anterior cingulate cortices (119, 121, 123,
124), as well as in the amygdala and thalamus (121, 123),
compared to PD-NC patients. Interestingly, loss of cortical
cholinesterase activity may also occurs in early stages of the
disease in de novo PD-NC patients showing significant (12%)
losses in the medial occipital cortex (121) when compared to

healthy controls. In addition, reduction of acetylcholinesterase
activity in PDD patients is associated with poorer performance in
global cognition (152) as well as working memory and attention
deficits (151) but not with the severity of motor symptoms.

Furthermore, significant changes in post-synaptic Ach
receptors have been found parallel cognitive dysfunction in
PD patients (151). PD-MCI had reduced binding of nicotinic
receptors in the thalamus, temporal and parietal cortices as well
as hippocampus when compared to PD-NC and healthy controls,
which in turn was associated with the severity of the cognitive
deficit when measured with global cognitive scales (125).
Importantly, post-synaptic cholinergic receptors may display
compensatory increase, no change, or a decrease probably due to
degeneration of non-cholinergic systems, such as noradrenergic
and serotoninergic systems, to which these receptors are coupled
(153) which has to be taken into account in the interpretation of
the findings.

It is important to note that both dopaminergic and cholinergic
dysfunction provide divergent contributions to cognitive
dysfunction in PD according the “dual-syndrome” hypothesis
(154). In fact, multi-radiotracer studies (120, 122) have showed
cholinergic denervation and glucose hypometabolism is present
in the neocortex from the frontal to the occipital areas in PDD
patients, as well as minimal cholinergic denervation in PD-NC
patients, compared to controls. On the other hand, dopaminergic
denervation in the striatum, limbic, and associative cortices is
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found in both PD-NC and PDD. The relationship between
cortical cholinergic loss and striatal dopaminergic denervation
in PDD suggests that cognitive decline in PD appears when
the disease spreads from SNc neurons to the cortex, hence the
presence of cholinergic dysfunction facilitates the appearance of
cognitive decline in PD.

In conclusion, cholinergic imaging in PD patients suffering
from cognitive impairments offers an interesting approach
for understanding the pathophysiological aspects of PD,
especially when used in combination with dopaminergic and
glucose tracers.

Protein Deposition Imaging

B-Amyloid

The development of B-amyloid specific tracers using ''C-
Pittsburg compound B (PiB) and other radiotracers (‘3F-
Florbetaben and '®F-Florbetapir) have provided a means for
measuring in vivo amyloid pathology. To date, several studies
have reported heterogeneous results in PDD and PD-MCI
patients, taking into account “amyloid positivity” as AD-range of
cortical amyloid deposition with PET imaging using PiB. Some
studies observed the complete absence of amyloid (127, 128, 134)
while others showed mild to moderate amyloid deposition (130,
131) in PDD and PD-MCI patients compared to controls.

Importantly, due to the small sample size of the studies, a
meta-analysis (130) found substantial variability of PiB positive
results in PD patients with cognitive impairment, with higher
levels of binding in patients with Lewy body dementia than in
patients with PDD and PD-MCI compared to controls.

Cross-sectional and longitudinal amyloid PET studies show
significant associations between cortical amyloid load and global
cognitive decline as well as executive dysfunction in PDD patients
(133, 135) with respect to PD-NC and controls. However,
other studies have observed an association between memory
performance with amyloid load in PDD patients (132). One
longitudinal PET study (129) found that baseline amyloid
binding predicted the severity of cognitive dysfunction over time
in PD-NC. Furthermore, a recent prospective amyloid PET study
(136) reported that cortical amyloid deposition in PDD and Lewy
body dementia is associated with global cognitive deficit as well as
language and attention-executive dysfunction when compared to
PD-MCI and PD-NC. Interestingly, Shah et al. showed that the
combination of amyloid deposition in the striatum and cortex
is associated with greater cognitive impairment than amyloid
deposition only in the cortex (131).

In summary, although B-amyloid deposition as measured
by PET is not always observed in the brain of PDD patients,
its presence may predict the presence of cognitive decline and
dementia over time.

Tau

The recent development of selective and high affinity
radioligands capable of binding to tau, such as '*F-AV-1451, has
paved the way for the assessment of tau deposition in PD patients
with cognitive impairment. A cross-sectional study by Gomperts
et al. found that increased !'F-AV-1451 binding was present in
the precuneus and inferior temporal gyrus only in patients with

PDD, which in turn was associated with an impairment in global
cognitive scales (137).

To date, a few double tracer studies have examined the co-
pathology between amyloid and tau in PD. The presence of tau
deposition in the posterior cortical areas is in line with previous
studies reporting global B-amyloid deposition in PDD patients,
compared to those with PD-NC (138). In addition, a previous
study found that tau binding was increased in patients with
AB-positive scans compared to those with AB-negative scans,
suggesting that tau and p-amyloid deposition display parallel
patterns of deposition. Interestingly, in this study (155) tau
deposition did not differ in PD-NC, PD-MCI patients, and
normal controls.

A longitudinal PD study (139) using another radiotracer
(8 F-FDDNP) that binds both amyloid and tau, reported
increased baseline lateral temporal binding in PD-NC patients
who eventually progressed to PDD, suggesting that the basal
deposition of tau and amyloid is associated with poorer future
cognitive function in PD.

Although, to date, only a few imaging studies have measured
tau deposition in PD, their findings suggest that it is increased in
PDD patients; whereas, they found tau deposition to be relatively
absent in PD-MCI and PD-NC patients. In addition, cortical
tau deposition is higher with concomitant f-amyloid deposits,
indicating the feasibility of detecting in vivo co-pathology of
protein deposition as demonstrated in post-mortem studies (17).

Neuroinflammation Imaging
Neuroinflammation has been reported to be associated with
the loss of dopaminergic neurons in the SNc of PD patients
(156). Microglial cells can structurally and functionally change
when they are activated by the presence of diverse agents,
such as oxidative stress, a-synuclein protein aggregation, and
neurodegeneration (157). It is thought that activated microglia
may display a dual role, both protective and deleterious, thus
enhancing the chronic neuroinflammatory process (156).
However, whether the progressive neurodegeneration is
associated with increased activation of microgliosis remains
unclear (158). Nevertheless, post-mortem studies have observed
increased microglial activation in the limbic and cortical regions
of PDD patients (159). Thus, in vivo measurements of microglial
activation have begun to be pursued over the last few years.
Importantly, the expression of mitochondrial translocator
protein (TSPO) is known to be associated with microglial
activation. In fact, first generation TSPO tracers, such as ''C-
(R)PK11195, have revealed increased cortical binding in PDD
patients predominating in the posterior cortical regions, which
is associated with reduced cortical metabolism, as measured with
18F-FDG, and with low global clinical cognitive performance
(140, 141). Microglial activation has also been shown to
be correlated with cortical atrophy in the hippocampus and
parahippocampus in PDD patients (142). Due to the non-specific
binding of ''C-(R) PK11195, new second-generation TSPO
radioligands have been developed, including !!C-DPA713 and
I8F_FEPPA. However, to date, there have been no studies using
these second-generation TSPO ligands to assess cognitive decline
in PD (160, 161).
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Astrocytes are the most abundant glial cells in the brain.
Similar to microglia, astrocytes change in function and number
in the presence of oxidative stress, neurodegeneration, and
other factors (162). However, little is known about the role of
astrogliosis and the development of cognitive impairment in PD.

Imaging of glial fibrillary acidic protein (163), an astrocytic
intermediate filament, with 'C-BU990088 (143) revealed
widespread binding in the brainstem and cortex in early PD-
NC patients compared to controls. In the same study, patients
with moderate-late stage PD were observed to have reduced
astrocyte expression in the posterior cortical and subcortical
areas. They also found that glial fibrillary acidic protein
expression was positively associated with global cognitive scores,
suggesting a neuroprotective and compensatory mechanism of
astroglial activation.

Due to the small number of microglial imaging studies,
as well as the lack of specificity of the radiotracers used, the
possible role of microglial activation in the cognitive dysfunction
associated with PD remains unknown. Similarly, the involvement
of astroglial activation in PD is beginning to emerge (164). The
recent development of new TSPO radioligands and astroglial
tracers will allow researchers to study the role of glial cells in the
cognitive decline associated with PD more effectively.

NEUROIMAGING OF IMPULSE CONTROL
DISORDERS IN PATIENTS WITH
PARKINSON'’S DISEASE

Magnetic Resonance Imaging

Grey Matter

Whole brain studies using VBM and SBA have also been
undertaken in PD patients suffering from abnormal impulsivity.
There is some evidence pointing towards higher cortical
thickness in PD patients with ICD (PD-ICD) in the ACC, rostral
pole and OFC compared to PD patients without ICD (PD-
nonlICD) (165-167). However, other studies have shown reduced
cortical thickness in PD-ICD patients in the inferior frontal
gyrus and pars orbitalis (168, 169) or a lack of corticometric
changes between PD patients with or without ICD (170, 171).
In a prospective study (172) found a small area of increased
atrophy the anterior limb of the left internal capsule adjacent to
the left caudate nucleus in PD-ICD when compared to the PD-
nonICD, with no other significant cortical changes. Interestingly,
Tessitore et al. (167) described positive correlations between
cortical thickness in the ACC and OFC and ICD severity scores
(see Table 3).

In summary, morphometric studies have not yet reached
conclusive results in PD-ICD patients although it might be
that changes in grey matter volume are associated with lack of
inhibition related to ICD behaviours in PD.

White Matter

Diffusion tensor imaging (DTI) tractography studies have
reported widespread WM tract damage in PD-ICD. In
particular, increased radial and axial diffusivity of the genu
of corpus callosum, uncinate fasciculus, parahippocampal and
pedunculopontine tracts in PD-ICD patients as compared to
PD-nonICD and controls, regardless of depression and apathy

severity (169, 173-175). However, a recent study found that
although PD-ICD patients had increased FA in several WM
tracts, the WM regions known to be involved in reward- related
behaviours were preserved (173).

In summary, only few DTI studies are available in
the literature, thus future diffusional imaging studies are
needed in order to ascertain the role of WM integrity
in ICD.

Functional MRI

Resting fMRI studies in PD-ICD patients have observed reduced
or enhanced activation in regions known to support cognitive
control and inhibition of inappropriate behaviours, such as the
PFC, OFC, inferior frontal cortex and ACC (165, 178, 181,
203, 209). In fact, RS fMRI studies have reported both reduced
(165, 171, 176) or increased (178, 180) cortico-striatal FC in
areas of the limbic circuit as well as others brain-wide networks
including the salience, executive, and default-mode networks
(169, 170, 177, 181, 210). Interestingly, these studies support the
idea that dopaminergic medication is able to alter limbic cortical
signals to the VS, impairing the ability to change behavioural
focus in response to a change in stimulus salience (177, 178, 186).

A recent studying using a dynamic functional network
connectivity approach found dynamic functional engagement
of local connectivity involving the limbic circuit, which led to
the inefficient modulation of emotional processing and reward-
related decision-making (179). It is worth mentioning that
there have been very few studies assessing the topological
characteristics of brain networks in these patients using
graph theory analysis (171, 190). The studies above suggest
that, in PD-ICD patients, connectivity is dysfunctional within
and between dopaminergic neuronal circuitries involving
disrupted communications between important subcortical and
limbic-cognitive cortical regions. This implies that the neural
mechanisms associated with ICDs in PD patients span molecular
to system levels, which are complex and dynamic, and that they
cannot already draw a clear and complete picture of ICDs in
PD patients.

Previous fMRI studies using reward-related tasks in PD-ICD
patients have reported discrepant results. While two studies
pointed towards diminished activation in the right VS, OFC and
ACC (182, 184), three other studies reported higher activation in
the VS, anterior prefrontal cortex (PFC), ACC, and OFC (183,
185, 186). Interestingly, a recent study proposed a hypothesis
for this cortico-subcortical interaction, suggesting that the right
VS plays a critical role in modulating the functional dynamics
of inhibitory-control in frontal regions when PD-ICD patients
face penalties (187) pointing to the possibility that these non-
unidirectional changes are mediated by various psychological and
neural mechanisms.

Furthermore, previous studies have investigated the role
of dopaminergic medications during the execution of an
ICD-related task. For example, one study performed in PD-
ICD patients with and without dopaminergic medication
during a gambling task reported medication-independent and
medication-related differences in neural activity, which may set
a permissive stage for the emergence of ICD during dopamine
replacement therapy in PD patients (188).
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TABLE 3 | Magnetic resonance imaging and radionuclide imaging studies of cognitive impairment of impulsive control disorders in Parkinson’s disease.

References

Population

Radioligand and State

technique

Main results/findings

Magnetic Resonance Imaging

Grey Matter Studies
Biundo et al. (168)

Pellicano et al. (166)

Yoo et al. (173)

Tessitore et al. (167)

Tessitore et al. (170)

Imperiale et al. (169)

Hammes et al. (165)

White Matter Imaging
Yoo et al. (73)

Canu et al. (174)

Mojtahed Zadeh et al.
(175)

Functional MRI
a) Rs-fMRI and FC
Carriere et al. (176)

Tessitore et al. (170)

Tessitore et al. (177)

Yeetal (171)

Petersen et al. (178)

Imperiale et al. (169)

Hammes et al. (165)

Navalpotro-Gomez et
al. (179)

Koh et al. (180)

Mata-Marin et al. (181)

PD-ICD

PD-ICD

PD-punding

PD-ICD

PD-ICD
PD-ICB

PD

PD-ICD
PD-ICD
punding

PD-ICD No
treatment

PD-ICD

PD-ICD

PD-ICD

PD-ICD

PD-ICD/ICB

PD-ICD

PD

PD-ICD

PD-high

impulsivity (HI)
PD-HS

Structural MRI

Structural MRI

Structural MRI

Structural MRI

Structural MRI
Structural MRI

Structural MRI

Structural MRI

Structural MRI

Structural MRI

Structural MRI

Rs-fMRI

Rs-fMRI

Rs-fMRI

Rs-fMRI

Rs-fMRI

Rs-fMRI

Rs-fMRI

Rs-fMRI

Rs-fMRI

SBA
SBA
VBM
VBM
VBM
SBA

Tractography

SBA

DTI

Tractography

Diffusion MRI
connectometry

FC

FC
Longitudinal
FC
Transversal
FC + AD
administration

FC

FC

FC

DNFC

FC

FC

4 cortical thinning in fronto-striatal circuitry and 4 in
the left amygdala (PD-ICD)

tof cortical thickness in rostral ACC and frontal pole
(PD-ICD)

Atrophy in dIPFC area spreading to OFC (PD-ICD
punding)

No findings

Thicker cortex in ACC and OFC correlated with ICD
severity (PD-ICD)

No differences

Left precentral and superior frontal cortical thinning,
and motor and extramotor white matter tract
damage (PD-ICD)

CT and severity of PD-ICD were positively
correlated in the subgenual rostral ACC

+FA in corpus callosum, internal capsule, PCC and
right thalamus (PD-ICD)

Alteration in left pedunculopontine tract and
splenium of the corpus callosum (PD-ICD punding)
Disrupted connectivity in the network of
connections between cerebellum, basal ganglia,
cortex, and its spinal projections (PD-ICD)

Functional disconnection between the left anterior
Pur and left inferior temporal gyrus and the left ACC

JFC in DMN and central executive network and
+FC in salience during follow-up (PD-ICD)

1FC in salience and DMN, which correlates with
ICD severity (PD-ICD)

JFC in frontal executive network (PD-ICD)

In somatosensory network: |FC between caudate
and other cortical regions

+FC between VS and ACC, OFC, insula, putamen,
globus pallidum (PD-ICD)

ICD severity and duration modulate FC between
somatosensory, visual and cognitive networks
(PD-ICD)

PD patients with more severe ICB had a | FC
between rostral ACC and the nucleus accumbens

Dynamic functional engagement of local connectivity
involving the limbic circuit and increased local
efficiency in all the aforementioned areas (ICD+)

+FC between the right frontoparietal network and
medial visual network (PD-HI)

tsalience network activity with significant 1 in the
right IFG (HS+).

Functional disconnection between associative and
limbic striatum with precuneus and superior parietal
lobe (HS+)

(Continued)
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TABLE 3 | Continued

References Population Radioligand and State Main results/findings
technique
a) fMRI during task or stimulus
Rao et al. (182) PD-ICD Perfusion fMRI Balloon Analogue JBOLD activity in the right VS during risk taking and
Risk Task significantly | resting CBF in the right VS (PD-ICD)
Frosini et al. (183) PD-PG fMRI with visual Gambling-related tactivation in bilateral ACC, medial and superior
reward visual cues/ frontal gyri, precuneus, right inferior parietal lobule

Voon et al. (184) PD-ICD (PG
or CB)
Politis et al. (185) PD-HS
Petersen et al. (178) PD-ICD/ICB
Girard et al. (186) PD-HS
Paz-Alonso et al. (187) PD-ICD
Haagensen et al. (188) PD-ICD
Radionuclide imaging
Glucose metabolism
Tahmasian et al. (189) PD-ICD
Verger et al. (190) PD-ICD

Marin-Lahoz et al. (191) PD-ICD

Molecular studies focusing dopaminergic system
a) Dopamine transporter (DaT) or F-Dopa
Cilia et al. (192) PD-PG

fMRI with task

fMRI with visual
reward

fMRI with
pharmacologic
stimuli and task

fMRI with visual
stimuli

fMRI during task

fMRI during task

PET FDG

PET FDG

PET FDG

SPECT
[123)FP-CIT

neutral stimuli/rest
periods

Gambling task
DA administration

Visual sexual cues
On/off

AD administration
Reward learning

Delay-discounting
of erotic rewards
On/off

lowa Gambling
Task

Seugential
gambling task
On/off

Resting

Resting

Resting

Resting

and VS (PD-ICD)

tmore risky choices in the “Gain” relative to the
“Loss” condition along with || OFC and ACC
activity (ICD+)

4 sensitivity to risk along with | VS activity (ICD+)

tactivation in regions within limbic, paralimbic,
temporal, occipital, somatosensory and PFC
cortices and correlated with increased sexual desire
in VS, ACC and OFC (HS+)

Off: | activation during stimuli

+FC between amigdala and midbrain
+FC between VS and ACC, not with
punishment-avoidance learning

tdelayed visual stimuli in on PD-HS Association
between VS, vmPFC and PCC

tactivation in subcortical and cortical regions
typically associated with reward processing and
inhibitory control (PD-ICD)

Association between ICD severity and regional
activations in the right insula and right IFG,
mediated by FC with the right VS (PD-ICD)

J"continue-to-gamble” activity in right IFG and
subthalamic nucleus (PD-ICD)

Individual risk-attitude scaled positively with
“continue-to-gamble” activity in right subthalamic
nucleus and striatum (PD-ICD) Dopaminergic
therapy | FC between IFG and subthalamic nucleus
during “continue-to-gamble” decisions and
attenuated striatal responses towards

accumulating reward

Patients with 4 impulsivity 1 metabolism in OFC,
ACC and right insula

Right middle and inferior temporal gyri ICD+ >ICD)
tconnectivity of these areas with OFC.
Jconnectivity with right parahippocampus and with
the left caudate (PD-ICD)

tmetabolism in widespread areas comprising PFC,
both amygdalae and default mode network hubs
(PD-ICD > PD-nonlICD-) | metabolism in right
caudate (PD-ICD < HC)

VS (PD-ICD < PD-noniCD)

(Continued)
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TABLE 3 | Continued

References Population Radioligand and State Main results/findings
technique
Joutsa et al. (193) PD-ICD PET Resting I Medial OFC (PD-ICD < PD-nonICD)
["®F]fluorodopa No striatal differences
Voon et al. (194) PD-ICD SPECT Resting 1VS (PD-ICD < PD-nonICD)
['23FP-CIT
Lee et al. (29) PD-ICD PET ['23(]FP-CIT Resting Right vmPFC (PD-ICD < PD-nonICD) Tendency left
accumbens nucleus (PD-ICD < PD-nonICD)
Vriend et al. (195) PD-ICD SPECT Resting VS (PD-ICD < PD-nonICD)
['23FP-CIT (longitudinal)
Retrospective
PD naive
Smith et al. (196) PD-ICD SPECT ["?31B-CIT Resting JCN and right Put (PD-ICD < PD-nonICD) | Total
(longitudinal) striatum (PD-ICD < PD-nonICD)
Prospective
PD naive
Premi et al. (197) PD-ICD SPECT Resting | Left Put and IFG (PD-ICD < PD-nonlICD)
['23FP-CIT Functional desconnection between basal ganglia
and contralateral ACC (PD-ICD)
Navalpotro-Gomez et PD-ICD QuUIP SPECT Resting VS (PD-ICD < PD-nonlICD)
al. (198) QUIP-RS ['23FP-CIT PET JDaT in VS associated to | metabolism in PFC and
FDG ACC (PD-ICD)
Hammes et al. (165) PD QUIP-RS 8F-DOPA-PET Resting J Dopamine synthesis capacity in the nucleus
BIS accumbens was associated with ICB
Hinkle et al. (199) PD-ICD QUIP SPECT Resting Right striatal VMAT2 1 (PD-ICD)
['23FP-CIT Normalizing VMAT2 with DaT SBR strengthened
VMAT2 bidirectional correlations with ICD (high VMAT2/DaT)
PET (18F-AV133) in all striatal regions bilaterally
b) Studies with dopaminergic receptors
Boileau et al. (200) PD PET Resting VS (PD<HC)
['"C]-raclopride GP (PD<HC)
[''C)-(+)-PHNO Putamen (PD>HC)
Payer et al. (201) PD-ICD PET Resting VS (ICD+ <ICD-)
["'C]-(H)-PHNO Dorsal striatum (ICD+ >ICD-) Negative correlation
between VS with ICD severity (ICD+)
Stark et al. (202) PD-ICD PET ['8F] Resting VS (ICD+ <ICD-)
fallypride Putamen (ICD+ <ICD-)
Task related studies
a) Activation studies
van Eimeren et al. (203) PD-PG PET Hz(15)0 Before and after Jactivity with DA in left OFC, amygdala and ACC
3 mg apomorphine (PG+)
Card selection
game with
probabilistic
feedback
Antonelli et al. (204) PD PET Hx(15)0 Before and after DA tmedial PFC and PCC and | in the VS in
1mg PMX cognitive impulsivity tasks

a) Molecular studies focusing dopaminergic system with task

Steeves et al. (205)

O’Sullivan et al. (206)

Ray et al. (207)

PD-PG

PD-ICD/ICB

PD-PG

PET
[""C]-raclopride
PET
["C]-raclopride

PET ['8F] fallypride

Delay discounting
task, Go/ No Go
Task

Gambling task

Reward-related
cues and L-dopa
challenge

Gambling task

PD-PG 1 dopaminergic release in VS during
gambling

4 Dopaminergic release in VS in ICD/ICB+ following
reward-related cue exposure and L-Dopa challenge

J Dopamine in ACC during control task, not during
gabling task in PD-PG
4 Dopamine in SN and in the TVA

(Continued)
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TABLE 3 | Continued

Wu et al. (208) PD-ICD single PET

or multiple ['"CJ-raclopride

Reward-related
visual cues/neutral
visual cues

1 Dopamine release in VS in both single and
multiple ICD patients in response to reward cues

PD-PG, PD patients with pathological gambling; G-SAS, Gambling Symptom Assessment Scale; BIS, Barratt Impulsiveness Scale 11, MRI, magnetic resonance imaging, VBM, voxel-
based morphometry; SBA, Surface-based analysis; OFC, orbitofrontal cortex; PD-ICD, PD patients with impulse control disorder; MIDI, Minnesota impulse disorder inventory; QUIR
Questionnaire for Impulsive-Compulsive Disorders; CT, cortical thickness; ICB, impulse control behaviours; ACC, anterior cingulate cortex; IFG, inferior frontal gyrus; dIPFC, dorsolateral
prefrontal cortex; TCI-R, Temperament and Character Inventory-Revised; DTI, diffusion tensor imaging; FA, fractional anisotropy; PRS, Punding Rating Scale, rs-fMRI, resting state-
functional MRI; CF, functional connectivity; DMN, default-mode network; DA, dopaminergic agonists; PD-CB, PD patients with compulsive buying; VS, ventral striatum; PD-HS, PD
patients with hypersexuality; MGS, Massachusetts Gambling Screen, DDS, dopaminergic dysregulation syndrome; PCC, posterior cingulate cortex; ASBPD, Ardouin Scale of Behaviour
in Parkinson’s disease; SPECT, single-photon emission computed tomography; PD-ICD, PD patients with impulse control disorder; OFC, orbitofrontal cortex; SOGS, South Oaks
Gambling Scale; PFC, prefrontal cortex; ACC, Anterior cingulate cortex; PCC, posterior cingulate cortex; BIS, Barratt Impulsiveness Scale 11, PET, positron emission tomography;
MIDI, Minnesota impulse disorder inventory; SRMI, Self-Report Manic Inventory; QUIF, Questionnaire for Impulsive-Compulsive Disorders, VS, ventral striatum; vmPFC, ventromedial
prefrontal cortex; GR Globus pallidus; SAST, Sexual Addiction Screening Test; G-SAS, Gambling Symptom Assessment Scale; DA, dopaminergic agonists;, PMX, pramipexol; ICB,

impulse control behaviors; DDS, dopaminergic dysregulation syndrome; SN, substantia nigra; 'TA, ventral tegmental area.

In conclusion, altered patterns of resting FC in regions
involved in cognitive control and inhibition of inappropriate
behaviour are associated with ICD in PD, with an important
putative effect of dopaminergic medication in the FC between
areas of the limbic system and VS participating in the inhibitory-
control in the reward circuitry.

Nuclear Imaging

Glucose Metabolism

Studies with '8F-FDG PET in ICD show heterogeneous
methodology, which can lead to some discrepant findings. Some
of them have evidenced higher metabolic rates in the OFC,
AAC, and insula in PD patients with higher impulsivity scores
(189), with increased connectivity between the parahippocampus
and the caudate (190) in patients with ICD respect to non-
ICD. A recent systematic review stated that medicated PD-ICDs
show increased metabolism in OFC and cingulate cortices, VS,
amygdala, insula, temporal and supramarginal gyri (210). In the
same line, a recent study suggests that brain metabolism is more
preserved in PD-ICD patients than in patients without ICD,
which could be related to ICD development (191). In contrast, a
single study in PD-ICDs patients reported an association of lower
DAT availability in the VS with lower FDG uptake in several
cortical areas belonging to the limbic and associative circuits
as well as in other regions involved in reward and inhibition
processes (198). All these evidences can be matter of debate
regarding metabolic studies in general population, which have
largely demonstrated that, the hypometabolism of brain regions
from “control networks” such as the PFC or the ACC could
increase their vulnerability to relapse since it would interfere with
cognitive inhibition.

Taken together, available data suggest that ICDs in PD
patients are associated with functional alterations (with
the influence of dopaminergic treatment) within the
mesocorticolimbic network that could affect the control
of impulse and lead to impaired inhibitory mechanisms.
Although most studies show hypermetabolism in areas of
mesocorticolimbic system involved with inhibition and cognitive
control networks, one study looking at the relationship of
cerebral metabolism and dopaminergic denervation found
hypometabolic limbic and associative areas which in turn

correlated with the severity of dopaminergic degeneration in the
ventral striatum.

Dopamine

The most severe dopaminergic cell loss in PD patients occurs in
the ventrolateral SNc, leading to dopaminergic deficits mostly
in the posterior putamen, ultimately affecting the function of
the motor circuit of the basal ganglia (211). However, molecular
neuroimaging studies in PD-ICD patients, have revealed that
patients also have decreased dopaminergic innervation in the
ventral striatum (VS), as measured by DAT SPECT and PET
(165, 192, 196-199, 212, 213). Nevertheless, not all studies
reported previous finding (193). Moreover, reduced mesolimbic
DAT availability has been reported even before the emergence
of ICDs, indicating that it may be a predisposing factor for the
development of these disorders (195, 196) once dopaminergic
treatment is initiated.

Interpretation of altered DAT binding can sometimes be
confusing because of two reasons. First, DAT availability may not
correlate with dopaminergic neuron counts in PD patients (214).
Second, its variation can reflect a functional downregulation in
order to increase available dopamine in the synapse, given that
the striatal dopamine synthesis capacity in PD-ICDs patients is
not reduced, compared to matched PD-nonICDs (215).

On the other hand, functional molecular studies indicate that
PD-ICDs patients have a higher release of dopamine in the VS
during reward-related tasks (205, 206, 208). Moreover, there
is also some evidence of a negative association between the
VS dopamine synthesis capacity and ICD severity. Importantly,
dopaminergic changes can be also measured outside the striatum.
In fact, extrastriatal D2/D3 dopamine receptors can be measured
using high-affinity radiotracers (such as [18F] fallypride or
[11C] FLB-457). For example, one study in PD patients with
pathological gambling showed a reduction in [11C] FLB-457
binding potential in the midbrain during gambling, where
D2/D3 receptors are dominated by autoreceptors, along with low
dopaminergic tone in the anterior cingulate cortex (ACC) (216).

Taken together, mounting evidence suggests that abnormal
dopaminergic innervation or tone in the VS and possibly in
the mesocortical circuit are key factors in the development of
ICD in PD patients, and could potentially be used in the future
as biomarkers for identifying patients at risk of developing
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such abnormal behaviour when exposed to dopaminergic agents,
especially DA.

CONCLUSION

In the current review, we highlighted the available and emerging
MRI and radionuclide imaging (PET and SPECT studies)
techniques used to assess cognitive impairment and ICD in
PD. Although several limitations of the aforementioned studies
are worth mentioning, including the literature review is not
systematic, sample sizes are limited in some studies and
different experimental designs and analysis techniques have
been used, their findings still shed light on the potential
usefulness of imaging for early diagnosing and monitoring the
cognitive and neuropsychiatric symptoms of PD. Nevertheless,
multimodal multimodal functional and structural longitudinal
studies in early PD patients in large well-defined cohorts using
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Background: Mild cognitive impairment in Parkinson’s disease (PD-MCI) is associated
with faster cognitive decline and conversion to dementia. There is uncertainty about the
role of B-amyloid (AB) co-pathology and its contribution to the variability in PD-MCI profile
and cognitive progression.

Objective: To study how presence of A affects clinical and cognitive manifestations as
well as regional brain volumes in PD-MCI.

Methods: Twenty-five PD-MCI patients underwent simultaneous PET/3T-MRI with
["8F]flutemetamol and a clinical and neuropsychological examination allowing level I
diagnosis. We tested pairwise differences in motor, clinical, and cognitive features with
Mann-Whitney U test. We calculated ['8F]flutemetamol (FMM) standardized uptake value
ratios (SUVR) in striatal and cortical ROls, and we performed a univariate linear regression
analysis between the affected cognitive domains and the mean SUVR. Finally, we
investigated differences in cortical and subcortical brain regional volumes with magnetic
resonance imaging (MRI).

Results: There were 8 A+ and 17 Ap- PD-MCI. They did not differ for age,
disease duration, clinical, motor, behavioral, and global cognition scores. PD-MCI-A+
showed worse performance in the overall executive domain (p = 0.037). Subcortical
ROls analysis showed significant Ap deposition in PD-MCI-AB+ patients in the right
caudal and rostral middle frontal cortex, in precuneus, in left paracentral and pars
triangularis (p < 0.0001), and bilaterally in the putamen (p = 0.038). Cortical regions
with higher amyloid load correlated with worse executive performances (p < 0.05).
Voxel-based morphometry (VBM) analyses showed no between groups differences.
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Conclusions: Presence of cerebral AR worsens executive functions, but not motor and
global cognitive abilities in PD-MCI, and it is not associated with middle-temporal cortex
atrophy. These findings, together with the observation of significant proportion of PD-
MCI-AB-, suggest that AR may not be the main pathogenetic determinant of cognitive
deterioration in PD-MCI, but it would rather aggravate deficits in domains vulnerable to

Parkinson primary pathology.

Keywords: Parkinson’s disease, mild cognitive impairment, amyloid-g8, atrophy, cognition, executive functions,

dementia, PET

INTRODUCTION

Cognitive alterations in Parkinson’s disease (PD) are among
the most disabling non-motor symptoms, and they impact
negatively on patient’s and caregiver’s quality of life and can be
present already in early stages of disease. Parkinson’s disease
with mild cognitive impairment (PD-MCI) have up to six-
fold higher risk to develop dementia (PDD) (1). However, the
characteristics and the severity of the cognitive profile as well
as the rate of progression to dementia are heterogenous (2, 3).
Factors contributing to variability in PD cognitive performance
are: (a) presence of specific genetic mutations or variants
(4), (b) characteristics of phenotypic manifestations including
dominant akinetic rigid form or early occurrence of postural
instability and hallucinations, (c) variable expression of synuclein
pathology, in particular presence of cortical Lewy bodies, (d)
presence of misfolded B-amyloid (AB), and in some cases of tau
neurofibrillary tangles, which are considered typical Alzheimer
hallmarks. Magnetic resonance imaging (MRI) studies in PD-
MCI have reported variable structural and functional patterns
without clarifying the underlying mechanisms (5-7). Some
studies have suggested contribution of AB cortical and subcortical
depositions to cognitive decline in PD particularly in association
with attentive and executive deficits, while others indicated an
increased risk of dementia in the late disease stages (8—-13). These
differences may be related to the heterogeneous methodology
adopted including variability in age and sex as well as poorly
characterized cognitive diagnosis in relatively small cohorts (11,
14-17). In a recent PET/MRI study (18) in cognitively well-
characterized Lewy Body disease (LBD) patients, we observed
an integral role of brain amyloidosis in cognitive profile and
progression, affecting mainly global cognition (MoCA, MMSE),
attentive/executive, and semantic recall abilities. Our study also
confirmed the AP contribution to cognitive dysfunction in a
significant proportion of our Lewy body dementia subjects,
although half of the demented patients were AP-. However,
we did not explore whether and at which extent presence of
amyloid deposition contributes specifically to MCI status in PD
patients. Considering MCI established heterogeneity as well as its
greater vulnerability to dementia, the purpose of this analysis is to
investigate whether amyloidosis distinguishes a specific PD-MCI
profile across the various and heterogeneous patterns and if so
its contribution to dementia development. Hence, in the current
study, we expanded previous analysis of PET/MRI data and
focused specifically on the quantification of ['®F]flutemetamol

(FMM) deposition in the PD-MCI cohort, and in their related
cognitive, clinical, and brain structural correlates.

METHODS

Participants
Data of 25 PD-MCI were analyzed from the cohort recruited
in the context of a previously published study (18). Patients
were recruited at the Parkinson’s Disease and Movement
Disorders Unit of Neurology Clinic in Padua from 2016 to
2020. Parkinson’s disease diagnosis was based on the most recent
MDS clinical diagnostic criteria (19), confirmed by abnormal
DaTscan SPECT imaging. Exclusion criteria included deep brain
stimulation, atypical Parkinsonian disorders, severe psychiatric
or neurological comorbidity, presence of pathogenic genetic
mutations, and clinically relevant cerebrovascular disease on
MRI. All participants underwent a complete neuropsychological
evaluation, simultaneous PET/MRI with FMM, and a genetic
assessment. A customized genetic panel (more than 90 genes
associated to Movement Disorders) was used to analyze patients’
DNA, and only individuals without genetic mutations were
further included in this study. Regarding genetic variability as a
possible confounding factor, we excluded from this study subjects
carrying known PD genetic mutations and variants, but we
did not screen for apolipoprotein E (APOE) e4. In particular,
mutations of the glucocerebrocidase (GBA) gene have been
associated with more rapid cognitive decline in PD-MCI, with
subsequent a-synuclein deposition enhancement as well as effects
in proteins implicated in dopamine production, metabolism, and
signaling (20).

The study was approved by the Ethic Committee of the
University of Padua (4340/A0/17). All patients gave written
informed consent according to the Declaration of Helsinki.

Clinical and Neuropsychological

Examination

Demographic and clinical characteristics were collected by
expert neurologists (AA, ACC). The severity of extrapyramidal
symptoms was assessed with the motor Unified Parkinson’s
Disease Rating Scale (21) as well as with the Hoehn and Yahr
score “on” medication. Levodopa Equivalent Daily Dose and
Dopamine Agonist Equivalent Daily Dose were calculated for
each patient (22). Patients’ age at disease onset was defined
as the age at which they noticed the first motor symptom
suggestive of PD. All participants underwent a comprehensive
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neuropsychological evaluation, in line with the MDS task force
level II PD-MCI diagnostic criteria (23) [for further details
on cognitive tests adopted, see Fiorenzato et al. (24)]. In all
patients the evaluation of functional and instrumental activities
of daily living was performed independently of the impairment
ascribable to motor or autonomic symptoms. Regarding the
behavioral evaluation, the Beck Depression Inventory (BDI-II),
Starkstein Apathy Scale, and the State-Trait Anxiety Inventory
(STAI-Y1 and Y2) were used to detect the presence of eventual
depression, apathy, state and trait anxiety, respectively. Patients
were evaluated in “on” medication state. The cognitive tests were
administered by trained neuropsychologists, in the morning, on
two separate occasions within 3-5 days.

PET/MRI Acquisition and PET/FMM

Images Classification
Parkinson’s disease patients in accordance with the amyloid
imaging procedure guidelines (25) received an intravenous
injection of about 185 MBq FMM (performed manually over
10s and flushed with 30ml of saline over about 15 &+ 5s)
directly in an integrated 3T PET/MRI system (Biograph mMR;
Siemens, Erlangen, Germany). Images were acquired between 0-
10 and 90-110 min after injection according to Cecchin et al. (26).
Anatomical volumetric data via T1-weighted-3D magnetization-
prepared rapid acquisition gradient echo sequence (TR 1.900 ms,
TE 2.53ms, slice thickness 1 mm, matrix 256 x 256, FOV
250 mm) were simultaneously acquired. Additionally, a 1 mm-
isotropic T2-weighted-3D, and Two-Dimensional Susceptibility-
Weighted Imaging, were acquired for clinical evaluation,
excluding secondary parkinsonisms, the presence of vascular
brain damage, and allowing visual rating scales assessment.

Visual assessment of FMM images is a robust and reliable
method for detection of brain neuritic AB plaques (25). A binary
visual classification was performed by an expert nuclear medicine
physician (DC, with both in-person and e-training), blinded to
cognitive status and diagnosis, who rated each scan as amyloid-
positive (AB+) or negative (Af-).

For further details about PET reconstruction and PET/FMM
images classification procedures see Biundo et al. (18).

PET Quantification

The PET frames were realigned, averaged, and co-registered
with their respective MRI scans with the Freesurfer v7.01
(http://surfer.nmr.mgh.harvard.edu/). Since realignment might
bias standardized uptake value ratios (SUVRs) comparison and
partial volume correction (PVC) estimation (27), in order to
improve the reliability of the realignment process, both T1w3d
and PET were first manually z-cropped including medulla and
cerebellum and rigidly realigned to the anterior commissure-
posterior commissure line (AC-PC line) using the Freeview
Freesurfer tool. We performed voxel-based three-compartment
PVC to the MRI coregistered PET images using the PETSurfer
tool in FreeSurfer (28, 29). Standardized uptake value ratios were
computed to address intersubject effects using cerebellar gray
matter (GM) as the reference region.

PET SUVR Subcortical ROIls

Fourteen subcortical striatal and extra striatal regions ROIs
(nucleus accumbens, caudate, putamen, amygdala, globus
pallidus, thalamus, and hippocampus) were extracted in the
native MRI space using Freesurfer v7.01 Desikan/Killiany atlas 11
segmentations (30). Standardized uptake value ratio maps were
then projected to the subcortical regions to extract the mean
value for each PD patient.

PET SUVR Cortical Surface-Based Analysis

Vertex-wise general linear model (GLM) (between group
comparisons) comparing cerebral cortical SUVR of the PD-MCI
AP+/- was run using Freesurfer. Standardized uptake value
ratio maps of each subject were sampled onto the left and
right surfaces via the individual subject’s surface, and a surface-
based smoothing of 8-mm full width at half maximum was
applied. Surface areas of significant amyloid load, which survived
a cluster-wise Monte Carlo correction for multiple comparisons
after running 10,000 permutations, were considered for the
following steps.

PET SUVR Subcortical Analysis

Mean subcortical SUVR values were compared between
hemispheres using the Wilcoxon test and tested for Left-Right
hemisphere correlation using the non-parametric Spearman
test. Subcortical regions with an inter-hemisphere difference p
> 0.2 and a correlation significance of p < 0.001 were averaged,
to reduce the degrees of freedom in multiple comparisons
testing as well as to increase the statistical power. The obtained
values were compared between PD-MCI-AB+ and AB- with a
non-parametric Mann-Whitney U test for amyloid load.

Voxel Based MRI Cortical Analyses

The Brain Anatomical Analysis using Diffeomorphic
deformation (BAAD 4.31—http://www.shiga-med.ac.jp/
$\sim$hgbioph/BAAD/Welcome_to_BAAD.html) (31) and
Statistical Parametric Mapping tool (SPM12, https://www.fil.
ion.ucl.ac.uk/spm/software/spm12/) were used to calculate the
cortical alteration patterns. This tool includes a Computational
Anatomy Toolbox (CAT12)-based (http://www.neuro.uni-
jena.de/cat/), TI1-weighted-3D diffeomorphic segmentation
after inhomogeneity correction, T1-weighted-3D quality check
assessment, and Total Intracranial Volume (TIV) estimation.
T2-weighted-3D was included in the multimodal segmentation
to correct brain atrophy estimation for the presence of white
matter lesions. Brain Anatomical Analysis using Diffeomorphic
deformation integrates CAT12 tool for the normalization to the
standard MNI space (31). Moreover, it provides at subject level
a voxel-wise non-parametric statistical map of GM and white
matter alterations, comparing each participant’s normalized
and segmented brain MRI images to the age- and sex-matched
normative data with the SnPM13 tool (http://warwick.ac.
uk/snpm), as previously described (31). See first level maps
comparison, PD-MCI subgroups vs. healthy population, in
Supplementary Figure 1; in addition, further methodological
details are reported in our previous work (18).
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TABLE 1 | Demographical, clinical, motor, and behavioral characteristics of PD-MCI A+ vs. AB-.

PD-MCI A+ PD-MCI Ap— Mann-Whitney U Test/Fisher Test

Mean (SD)/Frequency Mean (SD)/Frequency

Demographics Sex (male/female)
Age (years)
Education (years)
Clinical characteristics Disease Duration (years)

Age at motor symptoms’ onset (years)
LEDD (mg tot/die)

DAED (mg tot/die)

MDS-UPDRS |

MDS-UPDRS I

MDS-UPDRS |lI

MDS-UPDRS IV—fluctuation
MDS-UPDRS IV—dyskinesia

MDS-UPDRS total score

Motor characteristics

H&Y
Functional independence and global ~ ADL
cognitive status

IADL

PD-CFRS

MMSE (corrected score)
MoCA (corrected score)
PDQ-8

APATHY

STAI-Y1

STAI-Y2

BDI-II

BIS-11

QUIP-RS

Behavioral measures

7/1 o/8 0.182
72.75 (3.69) 68.82 (7.36) 0.074
11.25 (3.95) 8.47 (3.60) 0.111
8.63 (2.61) 10.58 (5.79) 0.578
64.75 (4.26) 58.76 (9.42) 0.091
886.875 (405.80) 887.88 (429.60) 1.000
115 (125.47) 124.27 (123.62) 0.816
11 15.29 (10.77) 1.000

10 19.43 (7.76) 0.250

27.33 (15.70) 29.4 (15.27) 0.815
2.4 (2.88) 3.91(3.78) 0.600
0 118 (2.19) 0.245

34 65.43 (23.07) 0.250

2.58 (0.91) 2.37 (1.00) 0.837
5.4 (0.51) 5.52 (0.62) 0.447
4.25 (1.40) 4.82 (2.30) 0.406
5.875 (4.48) 7.31 (5.50) 0.538
24.71 (1.84) 24.67 (1.81) 0.884
19.18 (2.00) 20.31 (2.57) 0.391
8.57 (7.63) 11 (5.81) 0.270
14.57 (2.44) 18.77 (6.44) 0.130
35.25 (5.70) 41.13 (9.07) 0.154
39.71 (10.24) 45.53 (8.60) 0.157
11.00 (6.34) 9.93 (6.89) 0.657
60.80 (10.60) 65.78 (10.43) 0.479
8.14 (7.79) 6.33 (8.52) 0.590

Mann-Whitney U test was run to test between-group differences. Fisher Exact test was used for the sex variable. ADL, activities of daily living; BDI-Il, Beck Depression Inventory-Il; BIS-11,
Barratt Impulsiveness Scale; DAED, dopamine agonist equivalent dose; HC, healthy controls; IADL, Instrumental activities of daily living; LEDD, levodopa equivalent daily dose; MDS-
UPDRS, Movement Disorder Society Unified Parkinson’s Disease Rating Scale; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; PD-CFRS, Parkinson’s
Disease -Cognitive Functional Rating Scale; PDQ-8, Parkinson’s Disease Questionnaire; QUIP-RS, Questionnaire for Impulsive-Compulsive Disorders in Parkinson’s Disease-Rating

Scale; STAI (Y-1, Y-2), State-Trait Anxiety Inventory.

Statistical maps of GM alterations were then included in a
second level GLM analysis comparing PD-MCI-AB+ vs. PD-
MCI-AB- subgroups to assess for possible GM differences.
Areas of shared alterations were tested with a conjunction
analysis including the two subgroups as factors. To reduce false
positives (32), a Bayesian Probabilistic Threshold-Free Cluster
Enhancement (TFCE) method was used to define GM patterns
differences in PD-MCI subgroups. A significant threshold family-
wise error (FWE) corrected of p < 0.001 was adopted. The atlas
(AAL3v1, http://www.gin.cnrs.fr/en/tools/aal/) provided with
the automated anatomical parcellation tool was used for results.

Statistical Analyses

Pairwise differences between the two subgroups (PD-MCI-AB+
vs. PD-MCI-AB-) in demographic, motor, clinical, cognitive, and
behavioral characteristics were assessed with Mann-Whitney U
test or Fisher’s exact test for categorical variables. Each cognitive

raw score was converted to z-score using the Italian normative
data, considering as pathologic a performance below the —1.5
SD cut-off. The z-compound (mean z-score among tests of each
cognitive domain) was also calculated. Moreover, we tested the
hypothesis that increased amyloid load might alter a cognitive
domain performance, by running a univariate linear regression
analysis between the significantly affected cognitive domains and
the mean SUVR, extracted from each cluster/subcortical region
with a marked amyloid deposition. Statistical analyses were
run with “R software” (R version 3.6.2 (2019-12-12)—Copyright
(C) 2019).

RESULTS

Clinical Characteristics
Seventeen out of 25 PD-MCI patients were classified as Ap- and
8 AB+. The two groups did not differ in demographic, clinical,
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TABLE 2 | Comparison of the neuropsychological scores between PD-MCI subgroups (AB+ vs. AB-).

PD-MCI AB+ PD-MCI AB— Mann Whitney U Test
Cognitive domains Cognitive tests Median IQR 25-75 Median IQR 25-75 p-values
Attention/working memory TMT A 42.50 35 t0 69.8 72.50 54.31t0 91 0.076
T™MT B 355 229 to 367 248 198.5t0 330.3 0.542
TMT B-A 314.50 188 to 336 174.50 130.51t0238.3 0.553
DSS (WAIS-1V) 8 8to 10.5 9.50 8to 11 0.635
z-compound —-0.22 —0.61t0 0.1 —0.63 —1.41t0 0.1 0.124
Executive domain Phonemic fluency 30.50 27.51033.5 30 23 to 35 0.944
Stroop/color task-Time 48.12 14.2t0 73 35.80 21.1t047.8 0.759
Stroop/color task-Errors 4.40 1.7 to 8.1 0.38 0to2.3 0.092
Similarities (WAIS-IV) 8 75t09 7.50 6.8t0 10 0.761
CcDT 11 10.5t0 12 12 10to 13 0.797
z-compound —1.48 —-1.9to —-1.1 —0.60 —1to -0.5 0.037
Memory domain Prose memory test 6 5t06.5 4.50 1.8t07.3 0.545
Prose memory test delayed 8 510 10 6.50 4.5109.25 0.500
ROCF delayed 8.40 6.8t0 11.8 9.9 74t011.4 0.806
WPAT 11.50 11.3t016.3 10.50 8to 11.6 0.105
z-compound —1.07 —1.3t00.8 —1.60 —1.9t0 -0.9 0.140
Visuospatial domain ROCF copy 19.40 12.6t0 25 24.50 20.8t028.7 0.178
VOSP —incomplete letters subtask 16.50 13t0 18 17 15t0 18 0.747
Benton—JLO 18 16t022.5 19 9.5t0 22 0.806
z-compound —-2.80 —3.4t0 -2 —-2.21 —2.6t0—-1.6 0.344
Language domain Category fluency 30 30to 34.5 31 28 to 39 0.679
Naming Task 28.30 27 t029.2 29.50 28.4 t0 30.4 0.211
z-compound —0.83 —1.1t0 -0.6 —0.94 —1.5t0 -0.3 1.000
Apraxia Apraxia 19.25 19t0 20 19 17.81019.8 0.253

IQR, interquartile range; WAIS IV, Wechsler Adult Intelligence Scale— Fourth Edition; VVOSF, Visual Object and Space Perception;, TMT, Trail Making Test; WPAT, Word paired associated
task; JLO, Judgement of Line Orientation; ROCF, Rey-Osterrieth complex figure test; CDT, Clock drawing task; DSS, Digit Span Sequencing. Statistically significant results are in

bold type.

motor, and behavioral variables including global cognition scales
scores (MMSE and MoCA) (see Table 1).

Looking at the performances in each single cognitive test,
the two cohorts showed no differences in any individual test
of the five investigated cognitive domains. However, PD-MCI-
AB+ showed worse performance (z-compound) in the overall
executive domain than PD-MCI-AB- (p = 0.037, see Table 2).

Cortical and Subcortical g-Amyloid
Distribution in PD-MCI-AB+

Cortical surface analysis showed significant (cluster-wise Monte
Carlo corrected) bilateral amyloid depositions in the caudal
and rostral middle frontal cortices, in the right precuneus and
in left paracentral and pars triangularis areas, in PD-MCI-
AB+ compared with AB- (see Figure 1A and Table 3). Given
that values of FMM SUVR in subcortical regions (nucleus
accumbens, caudate, putamen, amygdala, pallidum, thalamus,
and hippocampus) were highly correlated between hemispheres
(p <0.0001), we analyzed the right-left averaged ROIs scores. The
only subcortical region showing significant amyloid deposition
was the putamen (p = 0.038), despite this result was no

more significant following multiple comparisons correction (see
Table 4).

Cortical Gray Matter in PD-MCI-AB+

Cortical voxel-based morphometry (VBM) analysis showed a
similar pattern of brain atrophy in PD-MCIAP+ and PD-
MCIAB-. Conjunction analysis showed that PD-MCI subgroups
shared a similar pattern of atrophy in bilateral orbitofrontal,
middle frontal, superior middle frontal regions, rostral and
middle cingulate cortex, and fusiform regions and orbicular and

superior temporal region on the right hemisphere (see Figure 1B
and Table 5).

Association Between -Amyloid Load and

Cognitive Functions

Only the executive domain was affected by the amyloid presence
(see Table 2), and therefore only this domain was considered for
further analyses. There was a negative linear relationship between
cortical regions with significant amyloid load and worsening
in executive performance. Namely, we found a significant
association with the following regions: in the right hemisphere,
the caudal middle frontal gyrus (r = —0.53; p = 0.01), and the
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FWE corrected p<0.001

FIGURE 1 | B-Amyloid cortical deposition and brain atrophy in PD-MCI. (A) Surface based comparison between standardized uptake value ratios (SUVR) in
PD-MCI-AB+ vs. AB-. Areas that survived a cluster-wise Monte-Carlo correction (p < 0.05) adjusted for two-hemispheres are displayed. Cerebellum cortex was used
as reference region for partial volume correction. (B) Shared pattern of atrophy between PD-MCI-AB+ vs. AB- compared to healthy matched population at FWE pTFCE
p < 0.001. No areas survived after B-amyloid +/- at TFCE uncorrected p < 0.001 threshold. FWE, family-wise error; TFCE, Threshold-Free Cluster Enhancement.

TABLE 3 | Pattern of B-amyloid cortical deposition in PD-MCI.

Regions MNI MNI MNI Cluster-wise MC N of vertices Size Max -

X Y z p-value (mm?) log10(p)
Rh Caudal middle frontal gyrus 26.5 18 41.8 0.0001 4,702 2429.8 3.408
Precuneus 11 —55.7 38.4 0.0001 5,647 2383.4 3.625
Lh Paracentral lobule —-12.9 —28.6 47.2 0.0001 15,206 7136.8 4.962
Pars triangularis —-38.7 30.4 —-6.7 0.0001 4,339 2041.4 3.301
Rostral middle frontal gyrus -30.4 26.1 38.6 0.0031 2,577 1494.8 2.951

Cortical surface-based comparison between SUVR in PD-MCI B-Amyloid +/-. Areas that survived a cluster-wise p < 0.05 Monte-Carlo corrected threshold adjusted for two-hemispheres
values. Cerebellum cortex was used as reference region after partial volume correction in PETsurfer. Rh, right hemisphere; Lh, left hemisphere; MC, Monte Carlo correction. Coordinates
were displayed in MNI space.

precuneus (r = —0.56; p = 0.005); while in left hemisphere, the =~ —0.53; p = 0.01). By contrast, the subcortical L/R-putamen did
rostral middle frontal (r = —0.49; p = 0.017), the paracentral = not show any significant correlation with the executive domain
(r = —0.57; p = 0.005), and the pars triangularis regions (r =  dysfunctions (r = —0.33; p = 0.130) (see Figure 2).
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TABLE 4 | Pattern of B-amyloid striatal and extra-striatal subcortical deposition.

PD-MCI Ag- (n = 16)

PD-MCI AB+ (n=7) Mann Whitney U test

Subcortical region (average L/R SUVR) Median 25t097.5P Median 25t097.5P p-value (uncorrected)
Nucleus accumbens —-1.14 —-3.32t01.72 —0.39 —2.6310 1.51 0.423
Putamen 1.15 0.45t02.78 1.73 1.29t03.14 0.038
Caudate 0.38 0.08t0 3.03 0.98 0.56t02.14 0.161
Hippocampus 1.13 0.76 to 1.84 1.06 0.88 to 1.41 0.689
Globus pallidus 217 0.59 to 3.51 2.21 0.51t02.47 0.738
Amygdala 1.21 0.67 to 2.40 1.34 0.96 to 1.62 0.345
Thalamus 1.38 —0.06 to 1.89 1.7 0.32t02.16 0.204

Significant result (in bold) was not corrected for multiple comparison testing, following this correction, this difference was not statistically significant. Standardized uptake value ratios
(SUVR); L/H, left-right; F, percentiles; PD-MCI, Parkinson’s disease with mild cognitive impairment; AB, B-amyloid positive vs. negative.

TABLE 5 | Areas of gray matter atrophy in PD-MCI vs. controls.

AAL3 atlas Cluster Cluster Peak Peak Peak
MNI (X) MNI (Y) MNI (2) N voxels P (FWE-corr) P (FWE-corr) T z
Medial OFC-L -9 51 —21 64,435 0.0000 0.0000 Inf Inf
Medial OFC-R 13.5 52.5 —-18 0.0000 Inf Inf
Medial OFC-R -15 24 -16.5 0.0000 Inf Inf
Frontal superior L —26 38 44 0.0000 17.05 7.21
Frontal superior medial L 8 42 53 0.0000 14.19 6.75
Fusiform R 45 -37.5 -16.5 6,815 0.0000 0.0000 19.0372 7.4730
Fusiform R 40.5 —45 —15 0.0000 15.0621 6.9023
Temporal inferior R 54 —24 —21 0.0000 14.8525 6.8672
Precuenus R 7.5 —64.5 64.5 11 0.0001 0.0001 11.1572 6.1303
Precuenus L —4.5 —49.5 42 392 0.0000 0.0001 10.8696 6.0611
Precuenus L —6 —49.5 55.5 0.0002 10.6720 6.0124
Cingulate middle-L —12 -39 36 0.0002 10.6214 5.9998
Precuenus R 16.5 —66 28.5 243 0.0000 0.0002 10.5749 5.9881
Fusiform R 34.5 -7.5 —36 29 0.0000 0.0006 9.7211 5.7626
Caudate L -9 13.5 3 21 0.0000 0.0008 9.5086 5.7029
DISCUSSION Interestingly, brain AP did not impact other cognitive

In the present study, we used simultaneous PET/MRI imaging
study to investigate how A burden affects cognitive performance
in PD-MCI patients, diagnosed with a comprehensive
neuropsychological assessment, allowing a level II diagnosis.

We found that in our PD-MCI cohort, 8/25 (31%)
patients were A+, corroborating previous data on brain
amyloid prevalence in non-demented PD (20). While all
demographic, clinical, behavioral, and motor variables did
not differ, PD-MCI-AB+ showed a trend for higher age
of motor’s symptoms onset, suggesting that extracellular
p-amyloid deposition is an age-related pathological
marker (33).

From a neuropsychological point of view, PET amyloid
positivity was associated with worse performance in the executive
domain, supporting previous PD literature on the contribution of
AP on attentive and executive dysfunctions (10, 34, 35).

domains such as visuo-spatial and semantic memory, which are
considered highly sensitive in detecting the deterioration and
progression to severe impairment and dementia (1, 2, 18, 23, 36—
38). These results seem to suggest that PD-MCI-AB+ cognitive
pattern does not share the typical cognitive profile of MCI due to
Alzheimer’s disease (AD).

The observation of a significant proportion of PD-MCI-
AB- can possibly suggest that AB is not the main pathogenetic
cause of cognitive deterioration in PD (10, 11, 18, 34). Instead,
amyloidosis may enhance early deficits in those cognitive
domains already vulnerable to PD primary pathology (2, 18),
possibly indicating that in PD concomitant conditions may
aggravate cognition and herald dementia (39-41). In this regard,
in a recent longitudinal study performed in a large PD de
novo cohort, we concluded that amyloid burden together with
asymmetric dopaminergic loss (in the left hemisphere) and
aging exhibited independent and interactive contributions to
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FIGURE 2 | Correlation between B-amyloid load in cortical and subcortical areas and cognitive performance. Univariate linear regression model between the executive
domain (z-compound) and the mean standardized uptake value ratios (SUVR) of each significant cortical and subcortical ROIs.

PD-cognitive progression (namely, involving attentive/executive
alterations) (42).

One of the strengths of our study is the quantification of
cortical AP load using a surface-based approach and SUVR
measures, not reported in our previous work (18).

We found increased AP uptake in the cortical areas, mostly
located in the frontal (i.e., caudal and rostral middle frontal
cortices and pars triangularis) as well as in the parietal regions
(i.e., paracentral lobule and precuneus), which overall correlated
with a poor executive performance.

From a cognitive perspective, the involvement of these areas
as well as their key role within the fronto-striatal circuit is
well-established. They subserve a wide range of cognitive tasks,
such as executive functions and working-memory abilities,
involving information monitoring and manipulation, planning
and organization of complex behaviors, and attention shifting
(43), with frontal striatal network alterations underlying early
changes in PD, and predicting cognitive decline as well as
dementia (44, 45). Noteworthy, the present findings corroborate
our previous PET-amyloid evidence in a PD de novo cohort
(10), showing that increased cortical and subcortical amyloid
was associated with a worse performance in attentive/executive
domains. Yet, this reinforces the concept of cortical and
subcortical amyloid accumulation as an additional biomarker
contributing to cognitive impairment in PD (10, 12, 46).

Increased FMM uptake in PD-MCI-AB+ was also present
in the right precuneus, which is anatomically and functionally
connected with subcortical striatal areas and implied in
functional abnormalities in PD-MCI (47). Our findings support
previous PET imaging studies in non-demented PD, despite the
fact that different AB-tracers were used (46, 48), showing a greater

amyloid burden particularly in the precuneus and frontal regions,
as well as their inverse correlation with cognitive performance
(46). Other evidence did not corroborate this pattern, reporting
no differences between PD-MCI and PD with normal cognition,
possibly due to the small sample size (34). Evidence of amyloid
deposition in the parietal regions seems to be consistent across
PET imaging studies (12, 48, 49). Of note, one reported an
association with visuospatial impairments (49) but no significant
correlations between amyloid and executive functions; however,
the entire Lewy bodies spectrum was analyzed.

Overall, previous studies in PD population yielded mixed
results, and as highlighted in the Petrous et al. review (13), there
is only a few published evidence about the role of Ap in PD-MCI,
due to the heterogeneous nature of this clinical syndrome as well
as the high variability in the MCI-assessment between studies.

Further, PD-MCI-AB+ presented increased FBB uptake in
the putamen, but without significant correlation with executive
functions. In a previous analysis of the PPMI dataset, we had
reported a correlation between executive tests and putamen AP
accumulation, but this included only early de novo PD with
limited cognitive characterization, not allowing to diagnose MCI
(10). Another study reported a correlation but using a different
PET tracer and in a cohort with various cognitive alterations (50).
It is possible that lack of correlation in our cohort was related to
the limited number of PD-MCI-AB+, but future studies should
focus on this specific marker of PD-related amyloidosis exploring
also its relevance on the magnitude of levodopa response and on
motor complications.

Finally, we also evaluated GM volumetric changes at MRI.
Results showed similar atrophy patterns in right fronto-temporal
regions in both PD-MCI subgroups, replicating previous
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findings adopting different structural analysis methods (5, 7).
Interestingly, cortical VBM patterns were similar in PD-MCI
with and without AB deposition, and excluded the presence of
middle-temporal atrophy, a characteristic of early AD (51). This
supports our previous findings of absence of AD-atrophy pattern
in the LBD patients with dementia (18).

Our current work has limitations. Each subgroup (Ap+
and AB-) included a relatively small number of PD-MCI
subjects, resulting in lower statistical power to detect differences.
However, results are aligned with previous evidence (18) of an
independent role of AP in shaping MCI-profile and accelerating
cognitive deficits in PD. Moreover, regarding the neuroimaging
analyses we acknowledge that the small sample size can possibly
affect the results; however, to reduce the false positive, we
adopted TFCE or Monte Carlo FWE corrections, while to
reduce the false negative an explorative uncorrected p < 0.001
was adopted.

Greater numerosity is needed to further explore the
relationship between AP deposition and increased dementia-
risk profiles. In particular, it would be worth exploring if low
concentration of AP, below AD-range thresholds, may also have
clinical relevance (13) in presence of an ongoing multisystem
neurodegenerative process like PD. In this regard, a further
limitation is that we did not screen our PD-MCI for APOE
genotype which is now considered the main risk factor for
cognitive decline in elderly patients with PD and Dementia with
Lewy Bodies (34, 52, 53).

Finally, we did not include a control group of healthy controls
and PD without cognitive deficits to assess age-related brain
amyloid distribution. However, a recent publication of elderly
individuals without cognitive deficits demonstrated areas of
cerebral amyloid deposition (i.e., prefrontal, precuneus) similar
to those observed in our AB+PD-MCI patients, suggesting that
PD-related amyloidosis somehow overlaps age-related amyloid
accumulation (54).

In conclusion, our study suggests that amyloid burden in the
fronto-striatal network may play a role in worsening executive
abilities in PD-MCI patients. Furthermore, the observation
of more than 60% Af- in our PD-MCI patients led us to
speculate about the independent role of amyloid load for
PD-MCI. Notably, amyloid accumulation in our cohort was
not associated with typical AD cognitive and brain atrophy
pattern nor with specific clinical features and demographic
characteristics, highlighting its potential unspecific contribution.
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