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Abstract

The accumulation of beta amyloid in the brain has a complex and poorly understood impact on the progression of
Parkinson’s disease pathology and much controversy remains regarding its role, specifically in cognitive decline symp-
toms. Some studies have found increased beta amyloid burden is associated with worsening cognitive impairment in
Parkinson’s disease, especially in cases where dementia occurs, while other studies failed to replicate this finding. To
better understand this relationship, we examined a cohort of 25 idiopathic Parkinson's disease patients and 30 healthy
controls from the Parkinson's Progression Marker Initiative database. These participants underwent ['®F]Florbetaben
positron emission tomography scans to quantify beta amyloid deposition in 20 cortical regions. We then analyzed
this beta amyloid data alongside the longitudinal Montreal Cognitive Assessment scores across 3 years to see how
participant’s baseline beta amyloid levels affected their cognitive scores prospectively. The first analysis we performed
with these data was a hierarchical cluster analysis to help identify brain regions that shared similarity. We found that
beta amyloid clusters differently in Parkinson’s disease patients compared to healthy controls. In the Parkinson’s
disease group, increased beta amyloid burden in cluster 2 was associated with worse cognitive ability, compared to
deposition in clusters 1 or 3. We also performed a stepwise linear regression where we found an adjusted R? of 0.495
(49.5%) in a model explaining the Parkinson’s disease group’s Montreal Cognitive Assessment score 1-year post-scan,
encompassing the left gyrus rectus, the left anterior cingulate cortex, and the right parietal cortex. Taken together,
these results suggest regional beta amyloid deposition alone has a moderate effect on predicting future cognitive
decline in Parkinson’s disease patients. The patchwork effect of beta amyloid deposition on cognitive ability may be
part of what separates cognitive impairment from cognitive sparing in Parkinson’s disease. Thus, we suggest it would
be more useful to measure beta amyloid burden in specific brain regions rather than using a whole-brain global beta
amyloid composite score and use this information as a tool for determining which Parkinson’s disease patients are
most at risk for future cognitive decline.
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Introduction
Parkinson’s disease (PD) is the second most common
neurodegenerative disorder, presenting with progres-
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mechanisms of action have been proposed such as neu-
rotransmitter system dysregulation, neuroinflammation
and abnormal deposition of proteinopathies [6, 7, 8, 9].
Among the latter is the neurotoxic deposition in the brain
of beta amyloid (AB) [10] which was previously found to
contribute specifically towards the cognitive dysfunction
symptoms in PD [11]. Despite the wealth of research, the
role of AP in PD cognitive decline remains controversial
with some studies finding no difference in AP burden
when comparing PD patients with and without cognitive
decline [12, 13].

Cognitive decline in PD is a distressing sequela of
the disease associated with poorer quality of life and
increased caretaker burden [14]. PD cognitive decline
typically progresses over the disease course, with 21-24%
of newly diagnosed PD patients having mild cognitive
impairment (PD-MCI) at time of diagnosis [15] and
upwards of 80% of PD patients eventually developing PD
dementia (PDD) within 20 years of PD diagnosis [16].
Notably, however, other PD patients remain cognitively
unimpaired (PD-CU) for years [17, 18, 19]. Understand-
ing why some PD patients progress to PDD and others
remain cognitively stable long-term is an important first
step in finding future targets for symptom intervention.

The hypothesis that AR has a role in PD cognitive
decline has been fueled by studies which found elevated
levels of AP deposits in the brains of PDD patients at lev-
els that sometimes resemble advanced Alzheimer’s dis-
ease dementia in both symptom and protein profiles [20,
21]. Siderowf and colleagues [22] found that lower lev-
els of AP in the cerebrospinal fluid (CSF) of PD patients
was associated with increased future cognitive decline
in PD patients, as measured by a dementia rating scale
at follow-ups. Studies have established that lower A in
the CSF is strongly correlated with increased cortical AP
burden; in the brain, Ap forms extracellular neurotoxic
fibrils which are less able to diffuse back into the CSF [23,
24]. Elevated AP in the brain is also considered to be a
normal part of aging, with 20-35% of otherwise healthy
seniors having elevated AP burden in their brains [25].
Conversely, inhibiting endogenous AP production in
ex vivo neuronal tissue samples kills the neurons [26, 27]
so a ‘Goldilocks’ moderate amount of A is likely needed
for healthy brain function [28].

Although previous studies have examined the role of
AP in PD cognitive decline, these studies have largely
attribute amyloidpathy as a whole-brain binary outcome
with the entire brain being either above or below a diag-
nostic cut-off value for AP levels: either “Ap positive”
(AP+) or “AP negative” (Ap—) [13, 29]. Instead, our study
will examine the role Ap burden has on cognitive perfor-
mance using a scalar Af measurement and examining
local features of AP deposition using cortical regions of
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interest (ROIs). Akhtar and colleagues [30] were one of
the first investigators to suggest that regional Af binding
in the brain is more important for identifying cognitive
outcomes in PD than global Af values. Their study found
amyloid positivity was not associated with PD-MCI sta-
tus, however, increased AP binding in different brain
regions correlated with specific neurological test scores:
['8F]Florbetapir standard uptake value ratio (SUVR) in
the posterior cingulate cortex (PCC) was inversely cor-
related with verbal memory performance while SUVRs
in the frontal cortex, precuneus, and anterior cingulate
cortex (ACC) were inversely correlated with naming per-
formance. Where AP is deposited is as important as how
much AP is deposited.

Our study measured in vivo AP deposition in the
brain using positron emission tomography (PET) with
the radiotracer ['®F]Florbetaben ([*®F]FBB), which can
measure AP density in cortical brain regions [31]. We
used imaging and neuropsychological test data from the
open-source database Parkinson’s Progression Marker
Initiative (PPMI) to see how AP burden in different brain
areas impacts cognitive function using a cohort of lon-
gitudinally assessed PD participants. We hypothesized
that AP burden would have a negative correlation with
cognitive function in PD, but only when examining spe-
cific cortical ROI, and not at the global level with Ap
categorized as positive or negative. Rather than suggest
cognitive decline in PD is entirely AB driven or not, our
study aimed to describe cognitive decline can be attrib-
uted to AP deposition, and which brain areas are most
susceptible.

Materials and methods

Participants

Data used in the preparation of this article were obtained
from the Parkinson’s Progression Markers Initiative
(PPMI) database (www.ppmi-info.org/data). For up-to-
date information on the study, visit www.ppmi-info.org.
Enrollment into the PPMI dataset began on June 1st,
2010 and enrollment for the PD group was completed
April 2013, with longitudinal data collection continuing
at the time this article being written. All the participating
PPMI sites received approval from an ethical standards
committee on human experimentation before study com-
mencement, received informed written consent from all
participants in the study, and was in full compliance with
the principles set out by the Declaration of Helsinki.

A total of 70 PD patients and 40 healthy controls (HC)
were initially found to have ['F]FBB imaging data avail-
able as of March 31st, 2021. These subjects met the
inclusion and exclusion criteria identified by the PPMI
protocol which is available online on https://www.ppmi-
info.org/sites/default/files/docs/PA2_PPMI_Clinical%
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20Protocol_Final_01Feb2021.pdf. For PD patients, inclu-
sion criteria are listed online at the website provided in
section 7.2.1 and exclusion criteria are listed in 7.2.2. For
HC, inclusion criteria are listed in 7.1.1 and exclusion cri-
teria are listed in 7.1.2

In addition to the inclusion and exclusion criteria set by
the PPMI protocol, we further excluded subjects if they
did not meet criteria specific to our study. Inclusion crite-
ria specific for our study were: (1) both PD and HC must
have full [**F]FBB imaging data for all 20 cortical ROIs,
(2) age 50 years or older at time of ['*F]FBB scan and, (3)
participants must have a Montreal Cognitive Assessment
(MoCA) score available at time of the [*®F]FBB scan and
at least one score in the 2-year follow-up period after
scan. Exclusion criteria included: (1) PD patients which
had a p-glucocerebrosidase (GBA), a-Synuclein (SNCA),
or leucine-rich repeat kinase 2 (LRRK2) variant allele
with a known link to PD predisposition (see Additional
file 1: Table S1 for a list of the alleles excluded), (2) PD
patients with an unknown apolipoprotein E (APOE) sta-
tus due to this protein’s strong association with AP dep-
osition [11, 32], and (3) HC who did not have a MoCA
score of 26 or higher at the time of ['*F]FBB scan.

After applying these inclusion and exclusion criteria,
we had a final sample of 25 idiopathic PD patients and
30 HCs at the time of [®F]FBB scan. The PD patients
were also confirmed not pathogenic in the three genes
(i.e., GBA, SNCA, and SLRRK2) by a PPMI consensus
committee.

Clinical assessments and neuropsychological testing
Demographic information we assessed included sex,
age at scan, and years of education. Clinical assess-
ments included the Movement Disorders Society-Uni-
fied Parkinson Disease Rating Scale (MDS-UPDRS) part
IIT motor section [33] both “ON” and “OFF” medication,
Hoehn and Yahr (H&Y) score [34], the Geriatric Depres-
sion Scale (GDS) [35], disease duration, and levodopa
equivalent daily dose (LEDD). Global cognition was
assessed with the MoCA [36]. The MoCA is a widely
available and quick to administer test with good sensitiv-
ity for detecting cognitive impairment in PD [37]. Clini-
cal and cognitive assessments were conducted at time of
[*8F]FBB scan and additional cognitive assessments were
performed yearly for 2 years after scan.

We used a MoCA score <25 as cut-off point for MCI
classification for PD and HC which has shown good
sensitivity and specificity [38, 39]. All HC had a MoCA
score of 26 or higher at time of ['*F]JFBB scan. Using
this MoCA cut-off of <25 as a classification for PD-
MCI, 7 out of a total of 25 (28%) PD patients were PD-
MCI at time of scan, 5 out of 23 (21.7%) PD patients
were PD-MCI 1 year after scan, and 4 out of 21 (19%)
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PD patients were PD-MCI 2 years after scan. The fewer
amount of PD patients 1- and 2-years after ['*F]JFBB
scan is due to some PD patients dropping out of the
PPMI study at their follow-up appointments. In the HC
group, no participants were MCI at time of scan as per
our inclusion criteria, 2 out of a total of 18 (11.1%) HCs
were MCI 1 year after scan and 1 out of 17 (5.9%) HCs
was MCI 2 years after scan. Some HCs did not return
for their 1-year follow-up but did return for their 2-year
follow-up, while other HCs dropped out after their first
follow-up.

['8FIFBB image acquisition and pre-processing

['8F]EBB PET images were acquired at approved PPMI
centers in accordance with a standardized [**F]FBB imag-
ing protocol (see https://www.ppmi-info.org/wp-conte
nt/uploads/2017/07/PPMI_FBB-PET-TOM_V3_09-
March-2017.pdf). The [**F]FBB scans were performed
using either a GE or a SIEMENS PET scanner (GE-DLS,
GE Discovery 710, Siemens Biograph 6, Siemens HR+).
Images were scanned in a 128 x 128 matrix size and
post reconstruction filter of a Gaussian FWHM 5.0 mm
was applied. Participants received the ['*F]FBB injec-
tion as a single intravenous bolus injection consisting of
300 MBq (£20%) in the antecubital region, followed by
a flush of 0.9% sodium chloride to ensure the full radi-
otracer dose is administered to each participant. Partici-
pants rested for 80 min, a 10-min attenuation correction
was performed, and then a 4 x 5-min emission scan was
obtained. Participants were at rest and had their heads
secured by Velcro during the PET scan.

['F]FBB PET images were first assessed for qual-
ity control at an imaging lab (Institute for Neurodegen-
erative Disorders, New Haven, Connecticut) and then
imported to PMOD Biomedical Image Software (PMOD
Technologies, Zurich, Switzerland) for PET image pro-
cessing. Motion correction was first applied to the
dynamic PET frames if needed and then an average time-
weighted PET frame was created. This averaged frame
was normalized to standard Montreal Neurological Insti-
tute (MNI) space and then converted to standard uptake
values (SUVs). Volumes of interest (VOIs) from the Auto-
mated Anatomical Labeling (AAL) single-subject atlas
were merged and applied to the SUV volumes of each
participant, adjusted for individual brain atrophy [40].
Semi-quantitative measurements in the form of average
SUV per voxel were extracted from the saved individual
VOIs and used to create regional SUV ratios (SUVR). The
mean cerebellar grey matter cortex was used as the ref-
erence region for this ratio. The SUVR values for the 20
bilateral cortical ROIs were downloaded from the PPMI
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Table 1 List of the 20 bilateral cortical regions of interest

included in the study

List of regions of interest

Left frontal cortex

Left orbitofrontal cortex
Left gyrus rectus

Left anterior cingulum

Left posterior cingulum
Left mesial temporal cortex
Left temporal cortex

Left lateral temporal cortex
Left parietal cortex

Left occipital cortex

Right frontal cortex

Right orbitofrontal cortex
Right gyrus rectus

Right anterior cingulum
Right posterior cingulum
Right mesial temporal cortex
Right temporal cortex

Right lateral temporal cortex
Right parietal cortex

Right occipital cortex

database and used in the present study (see Table 1 for a
list of the ROIs included).

Statistical analyses

Statistical significance of any group differences between
the PD and HC groups regarding their demographic
measurements was calculated using SPSS software (SPSS
Statistics 27; IBM Corp. Armonk, NY, USA). A two-
sample t test (p <0.05) was used to compare PD and HC
groups for the continuous variables of age, years of edu-
cation, MoCA and GDS. A chi-square (p <0.05) was used
to compare the sex ratio between the two groups.

Hierarchical cluster analysis

Agglomerative hierarchical cluster analysis was per-
formed using SPSS software (SPSS Statistics 27; IBM
Corp. Armonk, NY, USA). We used the ['*F]JFBB SUVR
values of the 20 ROIs in the PD and HC groups respec-
tively to form two group dendrograms in an unsuper-
vised manner (Fig. 1). This method analyzed the data in
a ‘bottom-up’ manner: we used Ward’s clustering linkage
method [41] which begins with all 20 ROIs as their own
cluster. The algorithm then combines clusters stepwise to
minimize the variance within the clusters, measured by
the sum of squares index. The algorithm is based on the
premise that merging two clusters will decrease the simi-
larity of cluster members and thus tries to minimize this
dissimilarity i.e., the merging cost. At each step, every
possible combination of clusters is tested before new
larger clusters are established which have the minimum
increase of within cluster variance. These new larger
clusters are then iteratively tested and combined again to
minimize the variance once more, repeating this process
of joining clusters together until only one cluster con-
taining all the ROIs remains. Ward’s method is a popu-
lar clustering algorithm that maximizes the differences
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between clusters while also maximizing the similarity
within clusters. Moreover, the hierarchical clustering
method allows us to select a different number of clus-
ters as our solution simply by selecting a different cut-off
point in the dendrogram [42, 43, 44].

We calculated the Calinski-Harabasz index with MAT-
LAB to select the number of clusters we should use as
the cut-off solution. Each cluster cut-off solution has
a Calinski-Harabasz value which looks to maximize
between-cluster variance while minimizing within-clus-
ter variance. The larger the Calinski-Harabasz ratio, the
better the solution [44] (https://es.mathworks.com/help/
stats/clustering.evaluation.calinskiharabaszevaluation-
class.html).

A Pearson correlation coefficient was calculated for
the SUVRs in the 20 ROIs at each of the three different
years and the corresponding MoCA scores of that year
(‘SUVR-ROIs’ x ‘MoCA scores’) in both the PD and HC
groups. These coefficients were grouped together by the
clusters found in the previous analysis and were not cor-
rected for multiple comparisons.

Stepwise linear regression modeling
We modelled a stepwise linear regression analysis in
SPSS (SPSS Statistics 27; IBM Corp. Armonk, NY, USA)
using the MoCA scores at each of the three different time
points as the dependent variable and [*F]JFBB SUVR
values in 20 cortical ROIs at year of scan as the inde-
pendent variables for both PD and HC separately. This
method uses ‘top-down’ analysis, beginning with all 20
ROIs as potential variables in the model. The algorithm
then does multiple regression analyses at once, each time
removing the weakest correlated independent variable, in
this case an ROL In the end, only the ROIs that explain
MoCA score best are included in a model. The model we
presented for each group is the one that maximizes the
adjusted R* value for each year of MoCA score, which
means the model that explains the greatest amount of
variance in the MoCA score. The adjusted R? shrinks
the R? with consideration of the number of predictors
and sample size in the model [45]. The adjusted R* can
be converted into a percentage value which explains that
percentage of the variance. For example, an adjusted R?
of 0.5 would explain 50% of the variance in that model.
The independent variables should be normally distrib-
uted, and no relationship should exist between the inde-
pendent variables (known as collinearity). Normality
was tested with a Shapiro-Wilks test using SPSS (SPSS
Statistics 27; IBM Corp. Armonk, NY, USA) for each
ROI found in a regression model. Collinearity was tested
with a Durbin-Watson test of collinearity using SPSS
(SPSS Statistics 27; IBM Corp. Armonk, NY, USA) (see
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Fig. 1 Dendrograms of the clustering solutions for the ['®F]Florbetaben standardized uptake value ratios of each of the 20 regions of interest for
the A Parkinson’s disease patient group on the left and the B healthy control group on the right. The blue line shows the cut-off solution with three
clusters. The three clusters are colour coded in orange for cluster 1 (C1), purple for cluster 2 (C2), and red for cluster 3 (C3)
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Additional file 2: Results, for more details regarding these
tests).

We also modelled the data using the APOE status of
the PD patients as an additional covariate using two
methods. Most participants in the HC group did not have
their APOE status measured and thus could not be ana-
lyzed. The first method included the APOE status of each
PD patient as a separate dependent variable which can
be dropped from the model like the other 20 ROIs if it is
not significant to the model. The second method we used
added the APOE status as an additional dependent varia-
ble to any model we found with the stepwise method. The
APOE status and any ROIs would then be modelled using
an ‘enter’ method which does not drop any variables to
see how the addition of the APOE status would affect the
model. The APOE status was codified as a value ranging
from 4 to 8. Every participant has a pair of APOE alleles
which can each be either E2, E3 or E4. We coded a E2 as
2, E3 as 3, and E4 as a 4 then the two allele were summed
together for each participant for their APOE value i.e., an
E3/E4 would be coded as a 7.

Results

Demographics and clinical characteristics

Detailed demographic and clinical information of the 25
PD participants and 30 HCs at time of scan is shown in
Table 2. No data were missing for age, sex, GDS, and years
of education for either group and no data were missing
for disease duration, MDS-UPDRS-III, and H&Y score
for the PD group. Using a two-sample t-test comparing
the PD group to HC, the only difference between PD
and HC was found in MoCA score, t(36.114) =—2.102;
n=>55; p=0.043. We did not find any group differences

Table 2 Participant demographics and clinical characteristics for
the Parkinson’s disease and healthy control groups at time of ['®F]
Florbetaben scan

Parkinson'’s disease  Healthy controls

Population (female) 25 (4 female) 30 (17 female)®
Age (years) 67.56 [8.74] 65.67 [5.80]
Education (years) 16.20 [2.90] 1740 [3.37]
MoCA 27.04 [2.46] 2820 1[1.37]°
GDS 5.06 [1.03] 4.931[0.94]
Disease duration (months) 50.04 [16.91] n/a

UPDRS-II ON 25.70 [8.94] n/a

UPDRS-IIl OFF 29.92 [8.89] n/a

LEDD (mg) 345.19[217.39] n/a

Values are expressed as a mean where appropriate with the standard deviation
in square brackets

? Difference found between PD and HC at p < 0.05 using a chi-square test

b Difference found between PD and HC at p <0.05 using an independent
samples t test
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in terms of age, t(40.346) =0.927; n=55, p=0.36, years
of education, t(53)=—1.400; n=55; p=0.167, or GDS,
t(53) =0.835; n=55; p=0.407. A chi-square test for the
nominal variable of sex showed a significant relation-
ship between the two groups in terms of sex ratio, X* (1,
N=55)=8.213, p=0.004; however, there is insufficient
females in the PD group (N ..=4%) to further explore
this relationship.

The APOE status was available for all 25 PD patients,
with one PD patient who was E3/E2, 17 were E3/E3, six
were E4/E3, and one was E4/E4. In the HC group, nine
out of the total 30 had their APOE status confirmed, of
which three were E2/E3 and six were E3/E3, with no E4
alleles in the HC group.

Hierarchical cluster analysis

We performed a cluster analysis to help identify which
brain regions shared similarity in their AP deposition.
A dendrogram for the hierarchical cluster analysis using
Ward’s linkage method for PD and HC are shown in
Fig. 1A, B, respectively. A three-cluster solution was cho-
sen for both PD and HC which had the second-highest
Calinksi-Harabasz values. The highest value was the two-
cluster solution which led to the bilateral PCC being in
its own cluster and the other 18 ROIs in a second cluster
for both PD and HC groups. Thus, we selected the three-
cluster solution for better discriminative utility between
ROIs.

The ROIs in PD patients correlated more strongly with
neighbouring brain regions (Fig. 1A) and two of the clus-
ters had at least 8 ROIs in each. Cluster 1 in PD consisted
of the temporal lobe regions and the bilateral orbito-
frontal cortex and bilateral gyrus rectus from the frontal
region (Fig. 1A). The Pearson correlation analysis of the
cluster 1 (SUVR-ROIs x MoCA scores) had a mixed effect
(see Additional file 3: Fig. S1IA for the Pearson correla-
tion values in the PD group). Within cluster 1, the bilat-
eral gyrus rectus had a statistically significant positive
correlation with MoCA score 1 year after scan (Fig. 2A),
wherein a higher ['F]FBB SUVR in these regions cor-
related with a higher MoCA score. This implied that,
for these frontal regions, cognitive performance was not
influenced by AP levels. The significance for the Pearson
correlations was set to p <0.05 uncorrected as an explora-
tory investigation of the cluster groupings and none of
the ROIs survived correction for multiple comparisons.

Cluster 2 in PD consisted of the bilateral parietal cor-
tex, bilateral frontal cortex, bilateral occipital cortex,
and bilateral anterior cingulate cortex (Fig. 1A). Within
cluster 2, the left occipital cortex at time of scan (Fig. 2B)
and the right parietal cortex 2 years after scan (Fig. 2C)
had a significant negative correlation with MoCA score,
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wherein a higher ['®F]JFBB SUVR in these brain regions
was associated with poorer cognitive performance.

In HC, all ROIs but the bilateral ACC and PCC cor-
related very strongly with each other, forming a large
cluster, cluster 1, with 16 ROIs (Fig. 1B). Cluster 2 and
cluster 3 were small, with only 2 ROIs in each, consisting
of the bilateral ACC and bilateral PCC, respectively. The
Pearson correlation analysis of the three clusters (SUVR-
ROIs x MoCA scores) are shown in Additional file 3: Fig.
S1B, for the HC group. The HC group was not normally
distributed so the Spearman correlation was also calcu-
lated for this group in Additional file 3: Fig. S1C. Within
cluster 1, the right temporal cortex and right lateral tem-
poral cortex had a significant negative Pearson correla-
tion with MoCA score at time of scan (Fig. 3A), implying
that lower ['®F]JFBB SUVR in these brain regions was
associated with better cognitive performance. The right
lateral temporal cortex ROI was also found in the Spear-
man correlation.

In both the PD and HC groups, the bilateral PCC
formed a cluster on its own (cluster 3) (Fig. 1A, B).

Linear regression

We modelled a stepwise linear regression analysis to
investigate which ROI(s) would best explain MoCA
scores for each of the 3 years.

In PD (Table 3), a different model was found for each
of the 3 years. At time of scan, the stepwise linear regres-
sion found a model consisting of the left occipital cor-
tex with an adjusted R* of 0.148 (14.8%) and a p-value of
0.033. One year after scan, the stepwise linear regression
found a model consisting of the left gyrus rectus, right
parietal cortex and left anterior cingulate cortex with an
adjusted R* of 0.495 (49.5%) and a p-value of 0.001. Two
years after scan, the stepwise linear regression found a
model consisting of the left gyrus rectus and right pari-
etal cortex with an adjusted R? of 0.319 (31.9%) and a
p-value of 0.012. All ROIs in the PD models were nor-
mally distributed and passed the Durbin-Watson test of
collinearity (see Additional file 2: Results, for more infor-
mation on the Durbin-Watson test). Overall, the stepwise
linear regression analysis found models which explained
between 14.8 and 49.5% of the variance in PD MoCA
score across the 3 different years. Refer to Additional
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Fig. 3 Healthy controls: Cluster 1 scatterplots showing the ['®F]Florbetaben ‘standardized uptake value ratios (SUVR)' x ‘Montreal Cognitive
Assessment scores (MoCA)'for regions of interest that have statistically significant Pearson correlations at baseline time of scan. Scatterplots are

Table 3 Stepwise linear regression showing the model with the highest adjusted R? value for the PD group

Regions of interest R? Adjusted R? Standard error of the p-value
estimate
MoCA at scan
Left occipital cortex 0.183 0.148 2.269 0.033
MoCA 1 year after scan
Left gyrus rectus, right parietal cortex, left anterior 0.564 0.495 2.298 0.001
cingulum
MoCA 2 years after scan
Right parietal cortex, right gyrus rectus 0.387 0319 2.889 0.012
Table 4 Stepwise linear regression showing the model with the highest adjusted R? value for the HC group
Regions of interest R? Adjusted R? Standard error of the p-value
estimate
MoCA at scan
Right lateral temporal cortex, right mesial temporal ~ 0.405 0.337 1.120 0.003

cortex, right parietal cortex
MoCA 1 year after scan

No model found
MoCA 2 years after scan

No model found

file 4: Table S2, for a table which shows the coefficient
values of each ROI found in the PD group’s models.

In HC (Table 4), we only found a linear regression
model at time of the scan and no model was possible for
1 year or 2 years post-scan. At time of scan, the stepwise
linear regression found a model consisting of the right
lateral temporal cortex, right mesial temporal cortex, and
right parietal cortex with an adjusted R? of 0.337 (33.7%)
and a p-value of 0.003. None of these ROIs were normally
distributed however and caution should be used when

interpreting these results. These ROIs did however pass
the Durbin—Watson test of collinearity. Refer to Addi-
tional file 5: Table S3, for a table which shows the coef-
ficient values of each ROI found in the HC group’s model.

Including the APOE status as an additional depend-
ent variable in the linear regression did not improve the
models. Using the ‘stepwise’ method of adding the APOE
status as an additional dependent variable alongside the
20 ROIs resulted in the APOE variable being dropped
from each model. When the APOE status was included
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as a variable using the ‘enter’ method alongside the other
ROIs that were found using a stepwise model for each
year, the adjusted R? increased slightly for all the 3 years.
However, the APOE variable was not significant (p > 0.05)
as a coefficient in any of the models, meaning the mod-
els with APOE status were less precise despite any slight
increase in adjusted R%

Discussion

We used idiopathic PD patients to elucidate the role AP
accumulation has on PD cognitive decline using both
‘top-down’ and ‘bottom-up’ analysis methods. We found
that Ap accumulation has a moderate association with
future cognitive decline in PD, but only when specific
brain regions are the target of this increased AP burden.
Conversely, Ap burden in HC only moderately predicted
present cognitive scores and had no prospective utility.
We also found that Ap deposition in PD differed from HC
in its clustering. In PD, AP deposition formed 3 major
cortical clusters, with AP deposition in the more poste-
rior located cluster 2 being more strongly related with
cognitive decline than the more anterior-ventral cluster
1. In HC, 2 of the clusters were made up of the bilateral
ACC and bilateral PCC respectively, with the other 16
ROIs forming one large, more heterogenous cluster.

Cluster analysis is a tool that helps identify variables
(i.e., brain regions) sharing similarity in some fashion
[46, 47]. In PD cluster 1, the bilateral gyrus recti surpris-
ingly had a significant positive Pearson correlation with
MoCA score 1 year after scan, this means that in these
frontal regions, cognitive performance was not nega-
tively impacted by A burden. The role of the rectus gyri
in human cognition remains unclear, but it is hypoth-
esized to be involved in emotional regulation, compulsive
behaviour, and social cognition [48, 49, 50]. These cogni-
tive abilities are not measured by the MoCA which could
also explain why AP burden in this brain region was not
associated with a cognitive decline. Alternatively, the
positive relationship between AP in the left gyrus rectus
and cognitive ability may suggest that this brain region
may not significantly impact cognitive performance in
the moderate stages of PD pathology.

We speculate that cluster 2 ROIs in the PD group are
those most vulnerable to AP burden leading to cognitive
decline in PD. The right parietal cortex and left occipi-
tal cortex had negative Pearson correlations with MoCA
score at time of scan and 2 years after scan, respectively.
Uribe et al. [44] performed a hierarchical cluster analysis
on MRI derived cortical thickness data in 77 PD patients
and found two patterns of cortical atrophy. PD patients
grouped under the more posterior atrophy cluster had
more atrophy in the bilateral occipital and superior pari-
etal lobes as well as more pronounced cognitive decline
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as measured by a neurocognitive test battery, compared
to PD patients with the more anterior atrophy cluster.

The bilateral PCC was unusual in our analysis, forming
its own cluster in both PD and HC. The PCC region is
a central node in the default mode network (DMN) and
is densely connected with numerous other brain regions
[51]. Previous studies have noted the association between
AP deposition overlapping with nodes in the DMN [52,
53, 54]. In Alzheimer’s disease, it was found that Af
deposition begins in the precuneus, medial orbitofron-
tal cortex, and PCC, which are all part of the DMN [53].
One hypothesis to this observation is that synaptic activ-
ity may drive AP deposition, and thus a lifetime of DMN
activation would result in A being deposited along the
highly active DMN brain regions [55]. Sepulcre et al.
[56] performed a longitudinal study examining how AP
spread in HCs using another radiotracer that can meas-
ure cortical AP plaques in the brain, Pittsburgh com-
pound B (PiB). Using graph theory analysis methods,
they found that the PCC region acted as seed region for
the spread of AP to neighbouring posterior and lateral
parietal brain regions, namely the lateral fronto-parietal,
midline frontal, and precuneus brain regions. In our
study, these brain regions were all part of cluster 2 in PD.
Greater AP burden in these regions may be working syn-
ergistically with PD-mediated dysfunctional a-synuclein
and tau networks to create the conditions for PD cogni-
tive decline [21].

The stepwise linear regression analysis found models
which explain between 14.8 and 49.5% of the variance in
PD MoCA score across different years. Interestingly, the
strongest model with the highest adjusted R* was found
for MoCA score 1 year after the ['*F]FBB scan in the PD
group, suggesting in the potential prognostic strength in
using this model to assess future cognitive decline in PD
patients. These findings are in line with previous studies
which found that measuring AP levels in the CSF were
a good predictor of future cognitive decline in PD [22].
Gomperts et al. [11] found that high AP deposition in
the precuneus was not able to distinguish PD-MCI from
PD-CU at time of the scan. However, patients with higher
baseline A deposition and PD-MCI categorization expe-
rienced a more severe cognitive decline 2.5 years after
scan compared to baseline PD-CU or low AP burden.
These findings have since been replicated with numer-
ous other longitudinal studies showing higher base-
line CSF AP is predictive of future PD cognitive decline
and dementia risk [57, 58, 59, 60, 61, 62, 63, 64, 65]. The
weaker model found 2-years post-scan compared to
1-year post-scan is likely due to the additional covari-
ates that arise from having more time to account for in
the predictive model. In addition to beta-amyloid bur-
den, widespread neurotransmitter dysregulation and grey
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matter atrophy are also likely involved in PD cognitive
decline [8], all of which have a heterogenous progression
in PD patients. In other words, it is easier to predict the
near future than the far future because there are fewer
variables to account for (i.e., the outcome 2-years post-
scan relies on the outcome of 1-year post-scan, amplify-
ing the unpredictability).

The right parietal cortex was found in the models pre-
dicting cognitive decline in PD both in the 1-year and
2-year follow-ups as well in the model predicting cog-
nitive decline in HC at time of scan. The right parietal
cortex is involved in attentional integration of sensory
information for both halves of the body [66] and has
been implicated in cognitive decline in PD using vari-
ous imaging modalities. Structural MRI imaging studies
have found increased cortical atrophy of the right parietal
cortex in the brains of PD-MCI patients [67, 68] while
functional FDG-PET found reduced metabolism in the
bilateral parietal cortex correlated with reduced cognitive
abilities [69, 70]. The correlation between the right pari-
etal cortex in both the PD and HC groups’ with MoCA
scores suggests it is a key brain region involved in A
mediated cognitive decline and may be particularly vul-
nerable to A} deposition.

In the HC group, the three clusters had notable dif-
ferences from PD: while cluster three encompassed also
the bilateral PCC, cluster two consisted of the bilateral
ACC, and cluster one included the remaining 16 corti-
cal ROIs together. AB deposition in neither the ACC nor
the PCC had a significant correlation with MoCA score
in our study. Instead, it was cluster one, specifically the
right temporal cortices and right parietal cortex, which
correlated with MoCA score at time of scan. This larger
16 ROI cluster found in HCs may suggest that an even
distribution of AB deposition in the brain is likely health-
ier than localized deposits. A plays a vital role in healthy
brain function but is neurotoxic in both too high and
too low amounts. If reaching a high threshold of AB in a
brain region is pathological, a “subthreshold” distribution
of the A may not be so deleterious.

A linear regression model of the HC group was only
found at time of scan with an R? of 0.337 which explains
just over a third of the variance in MoCA score. This
model consisted of the right parietal cortex, right lat-
eral temporal cortex and right mesial temporal cortex.
The temporal cortices are involved in language process-
ing, semantics, and memory encoding [71, 72] which
are all cognitive aspects measured by MoCA. Failing to
find a linear regression model 1-year and 2-year post-
scan suggests AP deposition mediated cognitive decline
may work differently in HC than in the presence of PD
pathology. The lack of accompanying brain pathologies
in HC in the form of a-synuclein and neuroinflammation
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dysregulation present in PD pathology may offer a pro-
tective effect in which high Ap levels alone may be insuf-
ficient for triggering cognitive decline.

We included only idiopathic PD patients in our sam-
ple to minimize the confounding effects genetic vari-
ants would have on our data. We did not find APOE
status as a relevant variable in our linear regression
analysis, however this is likely due to the small sample
size of each allele variant.

When examining AP pathology, it is common for
studies to examine an AP metric that measures global
or composite AP burden in the brain as a binary marker
of having too much AP in the brain (Ap+) or not (Ap—)
[29]. Many different studies have proposed different
cut-off numbers of SUVR to classify Ap+ [12, 13, 31,
40], which vary by radiotracer type, scanner resolution,
disease pathology, method of comparing radiotracer
uptake, and reference region [73, 74, 75]. However, we
propose that having a high composite level of AP in the
brain is not telling the complete picture regarding amy-
loid burden in the brain. We found that having a high
level of AP in some parts of the brain, such as the bilat-
eral rectus gyrus, may be less detrimental to cognitive
function. These brain regions are often included in a
cortical composite score quantifying AP positivity [76,
77, 78], thus contributing towards AP+ designation
while also being less pathological. This may explain also
why some studies have failed to find a difference in PD
cognitive status between AP+ and AB— groups.

The present study has some limitations that ought to
be addressed. First, we only used MoCA score to quan-
tify cognitive ability instead of a more comprehensive
neuropsychological test battery that would measure cog-
nitive ability in different domains. We used the MoCA
due to its popularity as a screening tool for PD-MCI [38]
allowing for an easier time replicating these results in
future studies. However, analyzing how specific cogni-
tive domains are affected by cortical AP deposition may
be an interesting follow-up. Second, there are also limita-
tions due to the nature of the PPMI study protocol that
we could not control for. The PET imaging data we used
was collected from several different sites with different
PET cameras which can affect the outcome measure of
SUVR. We also had far more males than females in the
PD group, as well as more PD-CU patients than PD-MCI
especially in the follow-up years due to fact that the most
pathological patients tend to drop out first, and this may
have also impacted our results. Furthermore, although
PPMI enrollment began with de novo PD patients, most
patients were already on treatment by the time they
were scanned with ['*F]FBB radiotracer. Finally, we only
used the AP values at baseline, but it would also be use-
ful to measure AP in the yearly follow-ups parallel to the
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cognitive measurements to get a more comprehensive
understanding of AP changes in concert with the cogni-
tive decline.

Conclusion

Our results suggest that local AB burden in PD alone
can predict nearly half of the variance in MoCA score
in the year after scan. Thus, Ap burden is necessary,
but not sufficient, towards explaining the cognitive
decline symptoms in PD. Higher AB burden in cluster
2 ROIs was a stronger predictor of cognitive decline
than higher Ap burden in clusters 1 or 3. Furthermore,
cortical AP burden had only a weak effect on cognition
in the year AP density is measured but had a stronger
effect on cognition in the years post-scan. We propose
measuring the local impact of AP burden on specific
ROIs rather than a whole-brain global Ap composite
score to measure the extant impact of Ap on PD cogni-
tive decline and use this information as a tool for deter-
mining which PD patients are most at risk for future
cognitive decline.

Abbreviations

PD: Parkinson'’s disease; AB: Beta amyloid; PD-MCI: Parkinson's disease with
mild cognitive impairment; PDD: Parkinson’s disease dementia; PD-CU: Cogni-
tively unimpaired Parkinson’s disease; CSF: Cerebrospinal fluid; AB+: Beta amy-
loid positive; AB—: Beta amyloid negative; ROI(s): Region(s) of interest; SUVR(s):
Standard uptake value ratio(s); PCC: Posterior cingulate cortex; ACC: Anterior
cingulate cortex; PET: Positron emission tomography; ['8FIFBB: Fluorine-18
florbetaben; PPMI: Parkinson’s Progression Marker Initiative; HC: Healthy
control; MoCA: Montreal Cognitive Assessment; GBA: B-Glucocerebrosidase;
SNCA: a-Synuclein; LRRK2: Leucine-rich repeat kinase 2; APOE: Apolipoprotein
E; MDS-UPDRS: Movement Disorders Society-Unified Parkinson Disease Rating
Scale; H&Y: Hoehn and Yahr; GDS: Geriatric Depression Scale; LEDD: Levodopa
equivalent daily dose; MNI: Montreal Neurological Institute; SUV(s): Standard
uptake value(s); VOI(s): Volume(s) of interest; AAL: Automated Anatomical
Labeling; DMN: Default mode network; PiB: Pittsburgh compound B.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513041-022-00964-1.

Additional file 1: Table S1. Genetic alleles with Parkinson disease-asso-
ciated variants for GBA, SNCA and LRRK2 alleles that were excluded in the
Parkinson’s disease sample; all included Parkinson'’s disease patients did
not have these pathogenic alleles.

Additional file 2. Additional results provided for the Durbin-Watson tests
used in the linear regression model as well as the full linear regression
equations for each year.

Additional file 3: Figure S1. The tables below show the Pearson correla-
tion coefficient values of each ['®FFlorbetaben ‘standardized uptake value
ratios (SUVR)'x ‘Montreal Cognitive Assessment scores (MoCA)'at the
different years for (A) Parkinson’s disease patients on top and (B) healthy
controls below, with the (C) Spearman correlation additionally calculated
for the non-normally distributed healthy control groups. Cells marked
with an asterisk are statistically significant (p <0.05) and are highlighted

in green for a positive correlation or cyan for a negative correlation. The
three clusters are colour coded in orange for cluster 1, purple for cluster 2,
and red for cluster 3.

Page 11 of 13

Additional file 4: Table S2. Statistical tests for the regions of interest
found in the linear regression model of Parkinson’s disease group.

Additional file 5: Table S3. Statistical test results for each region of inter-
est used in the stepwise linear regression model for the healthy control

group.

Acknowledgements
Not applicable.

Author contributions

Conceptualization: ASM, APS; study design: APS, ASM, MM, AG; data acquisi-
tion: ASM; data interpretation: ASM, APS, AG, MM; writing—original draft: ASM;
writing—review and editing: ASM, CU, MV, MD, MM, AG, APS. All authors read
and approved the final manuscript.

Funding

This work was supported by Canadian Institutes of Health Research (CIHR)
(MOP 136778). APS. was supported by the Canada Research Chair pro-
gram. A.S.M. was supported by the CIHR Doctoral Award program. PPMl—a
public—private partnership—is funded by the Michael J. Fox Foundation

for Parkinson’s Research. Their funding partners include 4D Pharma, Abbvie,
Acurex Therapeutics, Allergan, Amathus Therapeutics, ASAP, Avid Radiophar-
maceuticals, Bial Biotech, Biogen, BioLegend, Bristol-Myers Squibb, Calico,
Celgene, Dacapo Brain Science, Denali, The Edmond J. Safra Foundaiton, GE
Healthcare, Genentech, GlaxoSmithKline, Golub Capital, Handl Therapeutics,
Insitro, Janssen Neuroscience, Lilly, Lundbeck, Merck, Meso Scale Discovery,
Neurocrine Biosciences, Pfizer, Piramal, Prevail, Roche, Sanofi Genzyme, Servier,
Takeda, Teva, UCB, Verily, and Voyager Therapeutics.

Availability of data and materials

The datasets supporting the conclusions of this article are available online
at the PPMI repository. Please visit https://www.ppmi-info.org/ to apply for
access to this database which is open publicly for researchers to use.

Declarations

Ethics approval and consent to participate

The PPMI study gathered participant data in full accordance with the Good
Clinical Practice (GCP) and the International Conference on Harmonization
(ICH) guidelines and any applicable national and local regulations. All the
participating PPMI sites received approval from their local Institutional Review
Board (IRB) or Independent Ethics Committee (IEC) on human experimenta-
tion prior to study commencement and received informed written consent
from all participants in the study.

Consent for publication
Data used in this study was acquired from the PPMI database. They have
reviewed this manuscript and consented to it being published.

Competing interests

Antonio P. Strafella is a consultant for Hoffman La Roche; received honoraria
from GE Health Care Canada LTD and Hoffmann La Roche. All other authors
have no other conflicts of interest to declare.

Author details

'Brain Health Imaging Centre, Campbell Family Mental Health Research
Institute, Centre for Addiction and Mental Health, Toronto, ON, Canada.
2Krembil Brain Institute, University Health Network, University of Toronto,
Toronto, ON, Canada. *Institute of Medical Science, University of Toronto,
Toronto, ON, Canada. “Neurodegenerative Diseases Group, Biocruces Bizkaia
Health Research Institute, Barakaldo, Spain. °LC Campbell Cognitive Neurology
Research Unit, Sunnybrook Research Institute, University of Toronto, Toronto,
ON, Canada. ®Hurvitz Brain Sciences Program, Sunnybrook Research Institute,
Toronto, ON, Canada. ’Morton and Gloria Shulman Movement Disorder Unit &
Edmond J. Safra Program in Parkinson Disease, Neurology Division, Depart-
ment of Medicine, Toronto Western Hospital, University Health Network,
University of Toronto, Toronto, ON, Canada.


https://doi.org/10.1186/s13041-022-00964-1
https://doi.org/10.1186/s13041-022-00964-1
https://www.ppmi-info.org/

Mihaescu et al. Molecular Brain

(2022) 15:79

Received: 2 March 2022 Accepted: 25 August 2022
Published online: 13 September 2022

References

1.

20.

Chaudhuri KR, Healy DG, Schapira AH. Non-motor symptoms of
Parkinson’s disease: diagnosis and management. Lancet Neurol.
2006;5(3):235-45.

De Lau LM, Breteler MM. Epidemiology of Parkinson’s disease. Lancet
Neurol. 2006;5(6):525-35.

Hirsch E, Graybiel AM, Agid YA. Melanized dopaminergic neurons are
differentially susceptible to degeneration in Parkinson’s disease. Nature.
1988;334(6180):345-8.

Moustafa AA, Chakravarthy S, Phillips JR, Gupta A, Keri S, Polner B, Frank
MJ, Jahanshahi M. Motor symptoms in Parkinson’s disease: a unified
framework. Neurosci Biobehav Rev. 2016;68:727-40.

Marinus J, Zhu K, Marras C, Aarsland D, van Hilten JJ. Risk factors

for non-motor symptoms in Parkinson’s disease. Lancet Neurol.
2018;17(6):559-68.

Biundo R, Weis L, Antonini A. Cognitive decline in Parkinson’s disease: the
complex picture. npj Parkinson’s Dis. 2016;2(1):1-7.

Ghadery C, KoshimoriY, Christopher L, Kim J, Rusjan P, Lang AE, Houle

S, Strafella AP. The interaction between neuroinflammation and
-amyloid in cognitive decline in Parkinson's disease. Mol Neurobiol.
2020;57(1):492-501.

Gratwicke J, Jahanshahi M, Foltynie T. Parkinson'’s disease dementia: a
neural networks perspective. Brain. 2015;138(6):1454-76.

Liu C, Cholerton B, Shi M, Ginghina C, Cain KC, Auinger P, Zhang J. Parkin-
son Study Group DATATOP Investigators CSF tau and tau/AR42 predict
cognitive decline in Parkinson’s disease. Parkinsonism Relat Disord.
2015;21(3):271-6.

Price DL. New Perspectives on Alzheimer’s Disease. Annu Rev Neurosci
1986;9(1):489-512. https://doi.org/10.1146/annurev.ne.09.030186.002421

. Gomperts SN, Locascio JJ, Rentz D, Santarlasci A, Marquie M, Johnson

KA, Growdon JH. Amyloid is linked to cognitive decline in patients with
Parkinson disease without dementia. Neurology. 2013;80(1):85-91.

Kim J, Ghadery C, Cho SS, Mihaescu A, Christopher L, Valli M, Houle S,
Strafella AP. Network patterns of beta-amyloid deposition in Parkinson's
disease. Mol Neurobiol. 2019;56(11):7731-40.

Melzer TR, Stark MR, Keenan RJ, Myall DJ, MacAskill MR, Pitcher TL, Living-
ston L, Grenfell S, Horne KL, Young BN, Pascoe MJ. Beta amyloid deposi-
tion is not associated with cognitive impairment in Parkinson’s disease.
Front Neurol. 2019;10:391.

Lawson RA, Yarnall AJ, Duncan GW, Breen DP, Khoo TK, Williams-Gray CH,
Barker RA, Collerton D, Taylor JP, Burn DJ. ICICLE-PD study group. Cogni-
tive decline and quality of life in incident Parkinson’s disease: the role of
attention. Parkinsonism Relat Disord. 2016;27:47-53.

Lawson RA, Yarnall AJ, Duncan GW, Breen DP, Khoo TK, Williams-Gray
CH, Barker RA, Burn DJ. Stability of mild cognitive impairment in

newly diagnosed Parkinson'’s disease. J Neurol Neurosurg Psychiatry.
2017,88(8):648-52.

Hely MA, Reid WG, Adena MA, Halliday GM, Morris JG. The Sydney mul-
ticenter study of Parkinson’s disease: the inevitability of dementia at 20
years. Mov Disord. 2008,23(6):837-44.

Broeders M, Velseboer DC, de Bie R, Speelman JD, Muslimovic D, Post B,
de Haan R, Schmand B. Cognitive change in newly-diagnosed patients

with Parkinson’s disease: a 5-year follow-up study. J Int Neuropsychol Soc.

2013;19(6):695-708.

Chung SJ, Park YH, Yoo HS, Lee YH, Ye BS, Sohn YH, Lee JM, Lee PH. Mild
cognitive impairment reverters have a favorable cognitive prognosis and
cortical integrity in Parkinson’s disease. Neurobiol Aging. 2019;78:168-77.
Pedersen KF, Larsen JP, Tysnes OB, Alves G. Natural course of mild cogni-
tive impairment in Parkinson disease: a 5-year population-based study.
Neurology. 2017,88(8):767-74.

Hall S, Ohrfelt A, Constantinescu R, Andreasson U, Surova Y, Bostrom F,
Nilsson C, Widner H, Decraemer H, Ndgga K, Minthon L. Accuracy of a
panel of 5 cerebrospinal fluid biomarkers in the differential diagnosis

of patients with dementia and/or parkinsonian disorders. Arch Neurol.
2012,69(11):1445-52.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 12 of 13

Irwin DJ, Lee VM, Trojanowski JQ. Parkinson’s disease dementia: conver-
gence of a-synuclein, tau and amyloid- pathologies. Nat Rev Neurosci.
2013;14(9):626-36.

Siderowf A, Xie SX, Hurtig H, Weintraub D, Duda J, Chen-Plotkin A, Shaw
LM, Van Deerlin V, Trojanowski JQ, Clark C. CSF amyloid 3 1-42 predicts
cognitive decline in Parkinson disease. Neurology. 2010;75(12):1055-61.
Gustot A, Gallea JI, Sarroukh R, Celej MS, Ruysschaert JM, Raussens V.
Amyloid fibrils are the molecular trigger of inflammation in Parkinson’s
disease. Biochem J. 2015;471(3):323-33.

Lee JC, Kim SJ, Hong S, Kim Y. Diagnosis of Alzheimer’s disease utilizing
amyloid and tau as fluid biomarkers. Exp Mol Med. 2019;51(5):1.

Price JL, Morris JC. Tangles and plaques in nondemented aging and
"preclinical" Alzheimer’s disease. Ann Neurol. 1999;45(3):358-68.

Pearson HA, Peers C. Physiological roles for amyloid B peptides. J Physiol.
2006;575(1):5-10.

Plant LD, Boyle JP, Smith IF, Peers C, Pearson HA. The production of amy-
loid 3 peptide is a critical requirement for the viability of central neurons.
J Neurosci. 2003;23(13):5531-5.

Morley JE, Farr SA, Nguyen AD, Xu F. what is the physiological function of
amyloid-Beta protein? J Nutr Health Aging. 2019;23(3):225-6.

Sabri O, Sabbagh MN, Seibyl J, Barthel H, Akatsu H, Ouchi, Senda K,
Murayama S, Ishii K, Takao M, Beach TG, Rowe CC, Leverenz JB, Ghetti B,
Ironside JW, Catafau AM, Stephens AW, Mueller A, Koglin N, Hoffmann

A, Roth K, Reininger C, Schulz-Schaeffer WJ. Florbetaben Phase 3 Study
Group. Florbetaben PET imaging to detect amyloid beta plaques in Alz-
heimer’s disease: phase 3 study. Alzheimers Dement. 2015;11(8):964-74.
Akhtar RS, Xie SX, Chen YJ, Rick J, Gross RG, Nasrallah IM, Van Deerlin VM,
Trojanowski JQ, Chen-Plotkin AS, Hurtig HI, Siderowf AD. Regional brain
amyloid- accumulation associates with domain-specific cognitive per-
formance in Parkinson disease without dementia. PLoS ONE. 2017;12(5):
e0177924.

Villemagne VL, Ong K, Mulligan RS, Holl G, Pejoska S, Jones G, O'Keefe G,
Ackerman U, Tochon-Danguy H, Chan JG, Reininger CB. Amyloid imaging
with 18F-florbetaben in Alzheimer disease and other dementias. J Nucl
Med. 2011;52(8):1210-7.

LaDu MJ, Falduto MT, Manelli AM, Reardon CA, Getz GS, Frail DE. Isoform-
specific binding of apolipoprotein E to beta-amyloid. J Biol Chem.
1994,269(38):23403-6.

Goetz CG, Tilley BC, Shaftman SR, Stebbins GT, Fahn S, Martinez-Martin P,
Poewe W, Sampaio C, Stern MB, Dodel R, Dubois B. Movement disorder
society-sponsored revision of the unified Parkinson’s disease rating scale
(MDS-UPDRS): scale presentation and clinimetric testing results. Mov
Disord Off J Mov Disord Soc. 2008;23(15):2129-70.

Hoehn MM, Yahr MD. Parkinsonism: onset, progression, and mortality.
Neurology. 1998;50(2):318.

Yesavage JA. Geriatric depression scale. Psychopharmacol Bull.
1988;24(4):709-11.

Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau S, Whitehead V,
Collin I, Cummings JL, Chertkow H. The Montreal Cognitive Assessment,
MoCA: a brief screening tool for mild cognitive impairment. J Am Geriatr
Soc. 2005;53(4):695-9.

Gill DJ, Freshman A, Blender JA, Ravina B. The Montreal cognitive assess-
ment as a screening tool for cognitive impairment in Parkinson’s disease.
Mov Disord. 2008;23(7):1043-6.

Dalrymple-Alford JC, MacAskill MR, Nakas CT, Livingston L, Graham C,
Crucian GP. Melzer TR, Kirwan J, Keenan R, Wells S, Porter RJ. The MoCA:
well-suited screen for cognitive impairment in Parkinson disease. Neurol-
ogy. 2010;75(19):1717-25.

Hoops S, Nazem S, Siderowf AD, Duda JE, Xie SX, Stern MB, Weintraub D.
Validity of the MoCA and MMSE in the detection of MCl and dementia in
Parkinson disease. Neurology. 2009;73(21):1738-45.

Fiorenzato E, Biundo R, Cecchin D, Frigo AC, Kim J, Weis L, Strafella

AP, Antonini A. Brain amyloid contribution to cognitive dysfunction

in early-stage Parkinson'’s disease: the PPMI dataset. J Alzheimers Dis.
2018;66(1):229-37.

Ward JH Jr. Hierarchical grouping to optimize an objective function. J Am
Stat Assoc. 1963;58(301):236-44.

Inguanzo A, Sala-Llonch R, Segura B, Erostarbe H, Abds A, Campabadal
A, Uribe C, Baggio HC, Compta Y, Marti MJ, Valldeoriola F. Hierarchical
cluster analysis of multimodal imaging data identifies brain atrophy


https://doi.org/10.1146/annurev.ne.09.030186.002421

Mihaescu et al. Molecular Brain

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

(2022) 15:79

and cognitive patterns in Parkinson’s disease. Parkinsonism Relat Disord.
2021;82:16-23.

Matias-Guiu JA, Diaz-Alvarez J, Ayala JL, Risco-Martin JL, Moreno-Ramos T,
Pytel V, Matias-Guiu J, Carreras JL, Cabrera-Martin MN. Clustering analysis
of FDG-PET imaging in primary progressive aphasia. Front Aging Neuro-
sci. 2018;10:230.

Uribe C, Segura B, Baggio HC, Abos A, Garcia-Diaz Al, Campabadal A,
Marti MJ, Valldeoriola F, Compta Y, Tolosa E, Junque C. Cortical atrophy
patterns in early Parkinson’s disease patients using hierarchical cluster
analysis. Parkinsonism Relat Disord. 2018;50:3-9.

Leach LF, Henson RK. The use and impact of adjusted R2 effects in pub-
lished regression research. Mult Linear Regres Viewp. 2007;33(1):1-1.
Anderberg MR. Cluster analysis for applications: probability and math-
ematical statistics: a series of monographs and textbooks. Burlington:
Academic Press; 2014.

Bridges CC Jr. Hierarchical cluster analysis. Psychol Rep. 1966;18(3):851-4.
Couto B, Manes F, Montanés P, Matallana D, Reyes P, Veldzquez M, Yoris
A, Baez S, Ibdnez A. Structural neuroimaging of social cognition in
progressive non-fluent aphasia and behavioral variant of frontotemporal
dementia. Front Hum Neurosci. 2013;7:467.

Knutson KM, Dal Monte O, Schintu S, Wassermann EM, RaymontV,
Grafman J, Krueger F. Areas of brain damage underlying increased
reports of behavioral disinhibition. J Neuropsychiatry Clin Neurosci.
2015;27(3):193-8.

Wang YM, Zou LQ, Xie WL, Yang ZY, Zhu XZ, Cheung EF, Serensen TA,
Megller A, Chan RC. Altered grey matter volume and cortical thickness in
patients with schizo-obsessive comorbidity. Psychiatry Res Neuroimag-
ing. 2018;276:65-72.

Leech R, Braga R, Sharp DJ. Echoes of the brain within the posterior
cingulate cortex. J Neurosci. 2012;32(1):215-22.

Buckner RL. The serendipitous discovery of the brain’s default network.
Neuroimage. 2012;62(2):1137-45.

Palmaqvist S, Schoéll M, Strandberg O, Mattsson N, Stomrud E, Zetterberg
H, Blennow K, Landau S, Jagust W, Hansson O. Earliest accumulation of
B-amyloid occurs within the default-mode network and concurrently
affects brain connectivity. Nat Commun. 2017;8(1):1-3.

Adriaanse SM, Sanz-Arigita EJ, Binnewijzend MA, Ossenkoppele R,
Tolboom N, van Assema DM, Wink AM, Boellaard R, Yaqub M, Windhorst
AD, van der Flier WM. Amyloid and its association with default network
integrity in Alzheimer’s disease. Hum Brain Mapp. 2014;35(3):779-91.
Jagust WJ, Mormino EC. Lifespan brain activity, B-amyloid, and Alzhei-
mer’s disease. Trends Cogn Sci. 2011;15(11):520-6.

Sepulcre J, Grothe MJ, d'Oleire Uquillas F, Ortiz-Teran L, Diez |, Yang HS,
Jacobs HI, Hanseeuw BJ, Li Q, El-Fakhri G, Sperling RA. Neurogenetic
contributions to amyloid beta and tau spreading in the human cortex.
Nat Med. 2018;24(12):1910-8.

Alves G, Lange J, Blennow K, Zetterberg H, Andreasson U, Farland MG,
Tysnes OB, Larsen JP, Pedersen KF. CSF AB42 predicts early-onset demen-
tia in Parkinson disease. Neurology. 2014;82(20):1784-90.

Bickstrom DC, Domellsf ME, Linder J, Olsson B, Ohrfelt A, Trupp M, Zet-
terberg H, Blennow K, Forsgren L. Cerebrospinal fluid patterns and the
risk of future dementia in early, incident Parkinson disease. JAMA Neurol.
2015;72(10):1175-82.

Buongiorno M, Antonelli F, Compta Y, Fernandez Y, Pavia J, Lomefa F, Rios
J,Ramirez |, Garcfa JR, Soler M, Cadmara A. Cross-sectional and longitudinal
cognitive correlates of FDDNP PET and CSF amyloid-{3 and Tau in Parkin-
son’s disease. J Alzheimers Dis. 2017;55(3):1261-72.

Caspell-Garcia C, Simuni T, Tosun-Turgut D, Wu IW, Zhang Y, Nalls M,
Singleton A, Shaw LA, Kang JH, Trojanowski JQ, Siderowf A. Multiple
modality biomarker prediction of cognitive impairment in prospectively
followed de novo Parkinson disease. PLoS ONE. 2017;12(5): e0175674.
Compta Y, Pereira JB, Rios J, Ibarretxe-Bilbao N, Junqué C, Bargalld

N, Cdmara A, Buongiorno M, Ferndndez M, Pont-Sunyer C, Marti MJ.
Combined dementia-risk biomarkers in Parkinson’s disease: a prospective
longitudinal study. Parkinsonism Relat Disord. 2013;19(8):717-24.
Compta Y, Buongiorno M, Bargallé N, Valldeoriola F, Mufoz E, Tolosa E,
Rios J, Cdmara A, Ferndndez M, Marti MJ. White matter hyperintensities,
cerebrospinal amyloid-B and dementia in Parkinson’s disease. J Neurol
Sci. 2016;367:284-90.

Modreanu R, Cerquera SC, Marti MJ, Rios J, Sénchez-Gémez A, Cdmara

A, Ferndandez M, Compta Y. Cross-sectional and longitudinal associations

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Page 13 of 13

of motor fluctuations and non-motor predominance with cerebrospinal
Tand A as well as dementia-risk in Parkinson'’s disease. J Neurol Sci.
2017;373:223-9.

Parnetti L, Farotti L, Eusebi P, Chiasserini D, De Carlo C, Giannandrea D,
Salvadori N, Lisetti V, Tambasco N, Rossi A, Majbour NK. Differential role of
CSF alpha-synuclein species, tau, and AB42 in Parkinson's disease. Front
Aging Neurosci. 2014;6:53.

Terrelonge M, Marder KS, Weintraub D, Alcalay RN. CSF B-amyloid 1-42
predicts progression to cognitive impairment in newly diagnosed Parkin-
son disease. J Mol Neurosci. 2016;58(1):88-92.

Purves D, Augustine GJ, Fitzpatrick D, et al. editors. Neuroscience, 2nd
edition. Sunderland: Sinauer Associates; 2001. Lesions of the Parietal
Association Cortex: Deficits of Attention. https://www.ncbi.nlm.nih.gov/
books/NBK10998/.

Melzer TR, Watts R, MacAskill MR, Pitcher TL, Livingston L, Keenan

RJ, Dalrymple-Alford JC, Anderson TJ. White matter microstructure
deteriorates across cognitive stages in Parkinson disease. Neurology.
2013;80(20):1841-9.

Song SK, Lee JE, Park HJ, Sohn YH, Lee JD, Lee PH. The pattern of cortical
atrophy in patients with Parkinson’s disease according to cognitive status.
Mov Disord. 2011;26(2):289-96.

Wu L, Liu FT, Ge JJ, Zhao J, Tang YL, Yu WB, Yu H, Anderson T, Zuo CT, Chen
L, Wang J. Clinical characteristics of cognitive impairment in patients with
Parkinson’s disease and its related pattern in 18F-FDG PET imaging. Hum
Brain Mapp. 2018;39(12):4652-62.

Firbank MJ, Yarnall AJ, Lawson RA, Duncan GW, Khoo TK, Petrides GS,
O'Brien JT, Barker RA, Maxwell RJ, Brooks DJ, Burn DJ. Cerebral glucose
metabolism and cognition in newly diagnosed Parkinson’s disease:
ICICLE-PD study. J Neurol Neurosurg Psychiatry. 2017,88(4):310-6.
Hickok G, Poeppel D. The cortical organization of speech processing. Nat
Rev Neurosci. 2007;8(5):393-402.

Jackson RL, Bajada CJ, Rice GE, Cloutman LL, Ralph MA. An emer-

gent functional parcellation of the temporal cortex. Neuroimage.
2018;170:385-99.

Bullich S, Seibyl J, Catafau AM, Jovalekic A, Koglin N, Barthel H, Sabri O, De
Santi S. Optimized classification of 18F-florbetaben PET scans as positive
and negative using an SUVR quantitative approach and comparison to
visual assessment. Neurolmage Clin. 2017;15:325-32.

Doré V, Bullich S, Rowe CC, Bourgeat P, Konate S, Sabri O, Stephens AW,
Barthel H, Fripp J, Masters CL, Dinkelborg L. Comparison of 18F-flor-
betaben quantification results using the standard Centiloid, MR-based,
and MR-less CapAIBL® approaches: validation against histopathology.
Alzheimers Dement. 2019;15(6):807-16.

Rowe CC, Doré V, Jones G, Baxendale D, Mulligan RS, Bullich S, Stephens
AW, De Santi S, Masters CL, Dinkelborg L, Villemagne VL. 18F-Florbetaben
PET beta-amyloid binding expressed in Centiloids. Eur J Nucl Med Mol
Imaging. 2017;44(12):2053-9.

Buddhala C, Campbell MC, Perimutter JS, Kotzbauer PT. Correlation
between decreased CSF a-synuclein and AR1-42 in Parkinson disease.
Neurobiol Aging. 2015;36(1):476-84.

Heeman F, Hendriks J, Alves IL, Ossenkoppele R, Tolboom N, van Berckel
BN, Lammertsma AA, Yaqub M. [11 C] PIB amyloid quantification: effect of
reference region selection. EJNMMI Res. 2020;10(1):1.

Mintun MA, Larossa GN, Sheline YI, Dence CS, Lee SY, Mach RH, Klunk WE,
Mathis CA, DeKosky ST, Morris JC. [11C] PIB in a nondemented popula-
tion: potential antecedent marker of Alzheimer disease. Neurology.
2006;67(3):446-52.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://www.ncbi.nlm.nih.gov/books/NBK10998/
https://www.ncbi.nlm.nih.gov/books/NBK10998/

	Beta amyloid deposition and cognitive decline in Parkinson’s disease: a study of the PPMI cohort
	Abstract 
	Introduction
	Materials and methods
	Participants
	Clinical assessments and neuropsychological testing
	[18F]FBB image acquisition and pre-processing
	Statistical analyses
	Hierarchical cluster analysis
	Stepwise linear regression modeling

	Results
	Demographics and clinical characteristics
	Hierarchical cluster analysis
	Linear regression

	Discussion
	Conclusion
	Acknowledgements
	References


