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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 II 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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INTRODUCTION

centers, analysis methods, amyloid ligands (incorporating 11 Cand 18 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.

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). Alzheimer’s disease (AD) neuropathology, including
misfolded beta-amyloid (Aβ), may influence the emergence of
PDD by acting synergistically with α-synucleinopathy (4–8).
Neuropathological investigations of Aβ 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 Aβ 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 α-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 [18 F]
Florbetaben (FBB) PET imaging in a large, cognitively wellcharacterized 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 PDMCI 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

Frontiers in Neurology | www.frontiersin.org

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-MCI.
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 [18 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
II 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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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).

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-MCI; n = 76), or with dementia
(PDD; n = 16). Assessors were blinded to amyloid status.

PET Data

PET Acquisition

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 wholebrain analysis.

[18 F] 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 × 1.2 × 3.2 mm3 .

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 R2 = 0.995). Cortical centiloid values were calculated in all
PD participants using the FBB-to-centiloid conversion equation
(centiloid units = 153.4 × SUVRFBB – 154.9) (34).

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, TI = 400 ms,
flip angle = 15 deg, acquisition matrix = 256 × 256 × 170, FOV
= 250 mm, slice thickness = 1 mm) was acquired to facilitate
spatial normalization of FBB PET images. Additional T2weighted and T2-weighted fluid-attenuated inversion recovery
(FLAIR) images were acquired to enable a clinical read.

Regions of Interest (ROIs)
While our principal analysis focused on cortical Aβ deposition,
a number of both pathological and imaging studies suggest a
potential relationship between Aβ 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).

Classification of FBB Images
Visual classification of FBB scans as positive or negative is
accurate and reliable for detection of cases with histologydefined 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 NeuraCeqTM guidelines:
https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/204
677s000lbl.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.

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/.

Image Processing
MRI
CAT12 (r934, http://www.neuro.uni-jena.de/cat/), a toolbox
of SPM12 (v6685, http://www.fil.ion.ucl.ac.uk/spm/), running
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Region of Interest (ROI) Analysis

TABLE 1 | Demographic, cognitive, and clinical metrics.

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

PDN

76

16

–

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
duration, years

7.4 (5)

7.3 (4)

8.5 (5)

∼

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)a

PDN >
PD-MCI >
PDD

Memory domain
score

0.52 (0.86)

−0.82 (0.85)

−1.82(0.67)a

PDN >
PD-MCI >
PDD

294 (20)

300 (16)

290 (27)

∼

4 [17]

11 [14]

6 [38]

–

1.11 (0.13)

1.12 (0.18)

1.28 (0.30)

PDD > PDN
& PD-MCI

16 (19)

18 (27)

42 (44)

PDD > PDN
& PD-MCI

Mean cortical
SUVRNS
Mean cortical CL

Values are mean (standard deviation) unless specified; a 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.
b Visual 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; Aβ, Amyloid beta; SUVRNS , 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).

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).

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

Regional Amyloid Distribution in PD
With a simple model that only considered the discrete cognitive
groups, we found evidence of increased cortical amyloid
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23

Aβ positive, No. [%]b

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 voxelwise 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)].

Linear
model

8 (35)

Dose, MBq

Whole-Brain Voxel-Wise Analysis (SUVR)

PDD

Female, No. [%]

n

(1) We first tested for evidence of varying cortical amyloid
deposition (centiloid) across the cognitive subgroups (PDN,
PD-MCI, PDD).
(2) 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.
(3) 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.

PD-MCI

4
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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 (11 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

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.

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).
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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.

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 Aβ
pathology is unlikely to be a dominant causal factor in the
majority of individuals with PD or PDD.

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

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 alphasynuclein 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 PDMCI; some exhibit single domain and others multi-domain
impairment (32). It is possible that different subtypes may
exhibit greater or lesser underlying Aβ. Nonetheless, Aβ 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 wellcharacterized PD group, we found increased cortical amyloid

Frontiers in Neurology | www.frontiersin.org

DATA AVAILABILITY
Analysis code and data are available on the Open Science
Framework at https://osf.io/5fqb9/.

ETHICS STATEMENT
All participants gave written 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).

AUTHOR CONTRIBUTIONS
TM, DJM, MM, TP, DHM, JD-A, and TA conceptualized and
designed the study. TM, MS, and DJM drafted the manuscript,
performed the image processing, and statistical analyses. TM,
MM, DHM, RK, DJM, LL, JD-A, and TA obtained funding for the
study. RK, LL, DJM, MM, TP, and SM provided administrative,
technical, and material support. All authors contributed to
acquisition, analysis, or interpretation of data. All authors
contributed to manuscript revision, read, and approved the
submitted version.

FUNDING
Research reported in this publication was supported by the
Health Research Council of New Zealand (14/440), a Sir
Charles Hercus Early Career Development Fellowship from
the Health Research Council of New Zealand (17/039), a
Neurological Foundation of New Zealand Philip Wrightson
Posdoctoral Fellowship (1327-WF), the Canterbury Medical
Research Foundation (15/08), the New Zealand Brain Research
Institute, and a University of Otago Research Grant.

ACKNOWLEDGMENTS
We thank all of the participants for their willingness to take part
in this study.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2019.00391/full#supplementary-material

7

April 2019 | Volume 10 | Article 391

Melzer et al.

Amyloid and Cognitive Impairment in PD

REFERENCES
1. Aarsland D, Creese B, Politis M, Chaudhuri KR, Ffytche DH, Weintraub
D, et al. Cognitive decline in Parkinson disease. Nat Rev Neurol. (2017)
13:217–31. doi: 10.1038/nrneurol.2017.27
2. Hely MA, Reid WG, Adena MA, Halliday GM, Morris JG. The Sydney
multicenter study of Parkinson’s disease: the inevitability of dementia at 20
years. Mov Disord. (2008) 23:837–44. doi: 10.1002/mds.21956
3. Jones AJ, Kuijer RG, Livingston L, Myall D, Horne K, MacAskill
M, et al. Caregiver burden is increased in Parkinson’s disease with
mild cognitive impairment (PD-MCI). Transl Neurodegener. (2017) 6:17.
doi: 10.1186/s40035-017-0085-5
4. Irwin DJ, Lee VMY, Trojanowski JQ. Parkinson’s disease dementia:
convergence of [alpha]-synuclein, tau and amyloid-[beta] pathologies. Nat
Rev Neurosci. (2013) 14:626–36. doi: 10.1038/nrn3549
5. Compta Y, Parkkinen L, O’Sullivan SS, Vandrovcova J, Holton JL,
Collins C, et al. Lewy- and Alzheimer-type pathologies in Parkinson’s
disease dementia: which is more important? Brain. (2011) 134:1493–505.
doi: 10.1093/brain/awr031
6. Kotzbauer PT, Cairns NJ, Campbell MC, et al. Pathologic accumulation of αsynuclein and aβ in parkinson disease patients with dementia. Arch Neurol.
(2012) 69:1326–31. doi: 10.1001/archneurol.2012.1608
7. Lashley T, Holton JL, Gray E, Kirkham K, O’Sullivan SS, Hilbig A, et al.
Cortical alpha-synuclein load is associated with amyloid-beta plaque burden
in a subset of Parkinson’s disease patients. Acta Neuropathol. (2008) 115:417–
25. doi: 10.1007/s00401-007-0336-0
8. Irwin DJ, Xie SX, Coughlin D, Nevler N, Akhtar RS, McMillan CT,
et al. CSF tau and beta-amyloid predict cerebral synucleinopathy
in autopsied Lewy body disorders. Neurology. (2018) 90:e1038–46.
doi: 10.1212/WNL.0000000000005166
9. Compta Y, Parkkinen L, Kempster P, Selikhova M, Lashley T, Holton JL,
et al. The significance of alpha-synuclein, amyloid-beta and tau pathologies
in Parkinson’s disease progression and related dementia. Neurodegener Dis.
(2014) 13:154–6. doi: 10.1159/000354670
10. Shah N, Frey KA, Muller ML, Petrou M, Kotagal V, Koeppe RA, et al. Striatal
and cortical beta-amyloidopathy and cognition in Parkinson’s disease. Mov
Disord. (2016) 31:111–7. doi: 10.1002/mds.26369
11. Sabbagh MN, Adler CH, Lahti TJ, Connor DJ, Vedders L, Peterson LK,
et al. Parkinson disease with dementia: comparing patients with and
without Alzheimer pathology. Alzheimer Dis Assoc Disord. (2009) 23:295–7.
doi: 10.1097/WAD.0b013e31819c5ef4
12. Buongiorno M, Compta Y, Marti MJ. Amyloid-beta and tau biomarkers
in Parkinson’s disease-dementia. J Neurol Sci. (2011) 310:25–30.
doi: 10.1016/j.jns.2011.06.046
13. Compta Y, Ibarretxe-Bilbao N, Pereira JB, Junque C, Bargallo N, Tolosa E,
et al. Grey matter volume correlates of cerebrospinal markers of Alzheimerpathology in Parkinson’s disease and related dementia. Parkinsonism Relat
Disord. (2012) 18:941–7. doi: 10.1016/j.parkreldis.2012.04.028
14. Siderowf A, Xie SX, Hurtig H, Weintraub D, Duda J, Chen-Plotkin A, et al.
CSF amyloid {beta} 1-42 predicts cognitive decline in Parkinson disease.
Neurology. (2010) 75:1055-61. doi: 10.1212/WNL.0b013e3181f39a78
15. McMillan CT, Wolk DA. Presence of cerebral amyloid modulates phenotype
and pattern of neurodegeneration in early Parkinson’s disease. J Neurol
Neurosurg Psychiatry. (2016) 87:1112–22. doi: 10.1136/jnnp-2015-312690
16. Goldman JG, Andrews H, Amara A, Naito A, Alcalay RN, Shaw LM, et al.
Cerebrospinal fluid, plasma, and saliva in the BioFIND study: relationships
among biomarkers and Parkinson’s disease features. Mov Disord. (2018)
33:282–8. doi: 10.1002/mds.27232
17. Dolatshahi M, Pourmirbabaei S, Kamalian A, Ashraf-Ganjouei A, Yaseri
M, Aarabi MH. Longitudinal alterations of alpha-synuclein, amyloid beta,
total, and phosphorylated tau in cerebrospinal fluid and correlations
between their changes in Parkinson’s disease. Front Neurol. (2018) 9:560.
doi: 10.3389/fneur.2018.00560
18. Kang JH. Cerebrospinal fluid amyloid beta1-42, tau, and alpha-synuclein
predict the heterogeneous progression of cognitive dysfunction in Parkinson’s
disease. J Mov Disord. (2016) 9:89–96. doi: 10.14802/jmd.16017
19. Adler CH, Caviness JN, Sabbagh MN, Shill HA, Connor DJ, Sue L,
et al. Heterogeneous neuropathological findings in Parkinson’s disease

Frontiers in Neurology | www.frontiersin.org

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

8

with mild cognitive impairment. Acta Neuropathol. (2010) 120:827–8.
doi: 10.1007/s00401-010-0744-4
Jellinger K. Heterogenous mechanisms of mild cognitive impairment
in Parkinson’s disease. J Neural Transm. (2012) 119:381–2.
doi: 10.1007/s00702-011-0716-4
Compta Y, Pereira JB, Rios J, Ibarretxe-Bilbao N, Junque C, Bargallo
N, et al. Combined dementia-risk biomarkers in Parkinson’s disease: a
prospective longitudinal study. Parkinsonism Relat Disord. (2013) 19:717–24.
doi: 10.1016/j.parkreldis.2013.03.009
Gomperts SN, Locascio JJ, Rentz D, Santarlasci A, Marquie M, Johnson
KA, et al. Amyloid is linked to cognitive decline in patients with
Parkinson disease without dementia. Neurology. (2013) 80:85–91.
doi: 10.1212/WNL.0b013e31827b1a07
Petrou M, Dwamena BA, Foerster BR, MacEachern MP, Bohnen NI,
Muller ML, et al. Amyloid deposition in Parkinson’s disease and
cognitive impairment: a systematic review. Mov Disord. (2015) 30:925–35.
doi: 10.1002/mds.26191
Fiorenzato E, Biundo R, Cecchin D, Frigo AC, Kim J, Weis L, et al.
Brain amyloid contribution to cognitive dysfunction in early-stage
Parkinson’s disease: the PPMI dataset. J Alzheimers Dis. (2018) 66:229–37.
doi: 10.3233/JAD-180390
Petrou M, Bohnen NI, Muller ML, Koeppe RA, Albin RL, Frey
KA. Abeta-amyloid deposition in patients with Parkinson disease
at risk for development of dementia. Neurology. (2012) 79:1161–7.
doi: 10.1212/WNL.0b013e3182698d4a
Winer JR, Maass A, Pressman P, et al. Associations between tau, β-amyloid,
and cognition in parkinson disease. JAMA Neurology. (2018) 75:227–35.
doi: 10.1001/jamaneurol.2017.3713
Mashima K, Ito D, Kameyama M, Osada T, Tabuchi H, Nihei Y, et al.
Extremely low prevalence of amyloid positron emission tomography positivity
in Parkinson’s disease without dementia. Eur Neurol. (2017) 77:231–7.
doi: 10.1159/000464322
Gomperts SN, Locascio JJ, Marquie M, Santarlasci AL, Rentz DM, Maye J,
et al. Brain amyloid and cognition in Lewy body diseases. Mov Disord. (2012)
27:965–73. doi: 10.1002/mds.25048
Edison P, Ahmed I, Fan Z, Hinz R, Gelosa G, Ray Chaudhuri K,
et al. Microglia, amyloid, and glucose metabolism in Parkinson’s disease
with and without dementia. Neuropsychopharmacology. (2013) 38:938–49.
doi: 10.1038/npp.2012.255
Lee SH, Cho H, Choi JY, Lee JH, Ryu YH, Lee MS, et al. Distinct patterns
of amyloid-dependent tau accumulation in Lewy body diseases. Mov Disord.
(2018) 33:262–72. doi: 10.1002/mds.27252
Akhtar RS, Xie SX, Chen YJ, Rick J, Gross RG, Nasrallah IM, et al. Regional
brain amyloid-β accumulation associates with domain-specific cognitive
performance in Parkinson disease without dementia. PLoS ONE. (2017)
12:e0177924. doi: 10.1371/journal.pone.0177924
Wood K-L, Myall DJ, Livingston L, Melzer TR, Pitcher TL, MacAskill
MR, et al. Different PD-MCI criteria and risk of dementia in Parkinson’s
disease: 4-year longitudinal study. NPJ Parkinson’s Disease. (2016) 2:15027.
doi: 10.1038/npjparkd.2015.27
Klunk WE, Koeppe RA, Price JC, Benzinger TL, Devous MD, Sr.,
Jagust WJ, et al. The centiloid project: standardizing quantitative
amyloid plaque estimation by PET. Alzheimers Dement. (2015) 11:1–15.
doi: 10.1016/j.jalz.2014.07.003
Rowe CC, Doré V, Jones G, Baxendale D, Mulligan RS, Bullich S, et al.
18F-Florbetaben PET beta-amyloid binding expressed in centiloids. Eur
J Nucl Med Mol Imaging. (2017) 44:2053–9. doi: 10.1007/s00259-0173749-6
Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of clinical diagnosis of
idiopathic Parkinson’s disease: a clinico-pathological study of 100 cases. J
Neurol Neurosurg Psychiatry. (1992) 55:181–4. doi: 10.1136/jnnp.55.3.181
Litvan I, Goldman JG, Tröster AI, Schmand BA, Weintraub D, Petersen
RC, et al. Diagnostic criteria for mild cognitive impairment in Parkinson’s
disease: Movement Disorder Society Task Force guidelines. Mov Disord.
(2012) 27:349–56. doi: 10.1002/mds.24893
Emre M, Aarsland D, Brown RG, Burn DJ, Duyckaerts C, Mizuno Y, et al.
Clinical diagnostic criteria for dementia associated with Parkinson’s disease.
Mov Disord. (2007) 22:1689–707. doi: 10.1002/mds.21507

April 2019 | Volume 10 | Article 391

Melzer et al.

Amyloid and Cognitive Impairment in PD

55. Su Y, Flores S, Hornbeck RC, Speidel B, Vlassenko AG, Gordon BA, et al.
Utilizing the centiloid scale in cross-sectional and longitudinal PiB PET
studies. Neuroimage. (2018) 19:406–16. doi: 10.1016/j.nicl.2018.04.022
56. Sabri O, Sabbagh MN, Seibyl J, Barthel H, Akatsu H, Ouchi Y,
et al. Florbetaben PET imaging to detect amyloid beta plaques in
Alzheimer’s disease: phase 3 study. Alzheimers Dement. (2015) 11:964–74.
doi: 10.1016/j.jalz.2015.02.004
57. Jack CR, Wiste HJ, Weigand SD, Therneau TM, Lowe VJ, Knopman DS,
et al. Defining imaging biomarker cut points for brain aging and Alzheimer’s
disease. Alzheimers Dement. (2017) 13:205–16. doi: 10.1016/j.jalz.2016.08.005
58. Bullich S, Seibyl J, Catafau AM, Jovalekic A, Koglin N, Barthel H,
et al. Optimized classification of (18)F-florbetaben PET scans as positive
and negative using an SUVR quantitative approach and comparison to
visual assessment. Neuroimage. (2017) 15:325–32. doi: 10.1016/j.nicl.201
7.04.025
59. Donaghy PC, Firbank MJ, Thomas AJ, Lloyd J, Petrides G, Barnett N, et al.
Clinical and imaging correlates of amyloid deposition in dementia with Lewy
bodies. Mov Disord. (2018) 33:1130–8. doi: 10.1002/mds.27403
60. Gomperts SN, Rentz DM, Moran E, Becker JA, Locascio JJ, Klunk WE,
et al. Imaging amyloid deposition in Lewy body diseases. Neurology. (2008)
71:903–10. doi: 10.1212/01.wnl.0000326146.60732.d6
61. Hansen AK, Damholdt MF, Fedorova TD, Knudsen K, Parbo P, Ismail R,
et al. In vivo cortical tau in Parkinson’s disease using 18F-AV-1451 positron
emission tomography. Mov Disord. (2017) 32:922–7. doi: 10.1002/mds.26961
62. Lanskey JH, McColgan P, Schrag AE, Morris HR, Acosta-Cabronero J, Rees
G, et al. Can neuroimaging predict dementia in Parkinson’s disease? Brain.
(2018) 141:2545–60. doi: 10.1093/brain/awy211
63. Herrup K. The case for rejecting the amyloid cascade hypothesis. Nat Neurosci.
(2015) 18:794. doi: 10.1038/nn.4017
64. Harrison JR, Owen MJ. Alzheimer’s disease: the amyloid hypothesis on trial.
Br J Psychiatry. (2016) 208:1–3. doi: 10.1192/bjp.bp.115.167569
65. Drachman DA. The amyloid hypothesis, time to move on: amyloid is the
downstream result, not cause, of Alzheimer’s disease. Alzheimers Dement.
(2014) 10:372–80. doi: 10.1016/j.jalz.2013.11.003
66. Rullmann M, Dukart J, Hoffmann K-T, Luthardt J, Tiepolt S, Patt M,
et al. Partial-volume effect correction improves quantitative analysis of
18F-florbetaben β-amyloid PET scans. J Nucl Med. (2016) 57:198–203.
doi: 10.2967/jnumed.115.161893

38. Seibyl J, Catafau AM, Barthel H, Ishii K, Rowe CC, Leverenz JB, et al.
Impact of training method on the robustness of the visual assessment of
18F-florbetaben PET scans: results from a phase-3 study. J Nucl Med. (2016)
57:900–6. doi: 10.2967/jnumed.115.161927
39. Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez J-C, et al. pROC:
an open-source package for R and S+ to analyze and compare ROC curves.
BMC Bioinformatics. (2011) 12:77. doi: 10.1186/1471-2105-12-77
40. Ashburner J, Friston KJ. Unified segmentation. Neuroimage. (2005) 26:839–
51. doi: 10.1016/j.neuroimage.2005.02.018
41. Dugger BN, Serrano GE, Sue LI, Walker DG, Adler CH, Shill HA, et al.
Presence of striatal amyloid plaques in Parkinson’s disease dementia predicts
concomitant Alzheimer’s disease: usefulness for amyloid imaging. J Parkinsons
Dis. (2012) 2:57–65. doi: 10.3233/jpd-2012-11073
42. Kalaitzakis ME, Graeber MB, Gentleman SM, Pearce RK. Striatal beta-amyloid
deposition in Parkinson disease with dementia. J Neuropathol Exp Neurol.
(2008) 67:155–61. doi: 10.1097/NEN.0b013e31816362aa
43. Chen Y, Nasrallah I, Akhtar R, Rick J, Chen-Plotkin A, Trojanowski J, et al.
Comparing patterns of brain amyloid deposition in Parkinson’s disease to
Alzheimer’s disease and cognitively normal controls using [18 F] florbetapir
PET imaging. J Nucl Med. (2017) 58:416.
44. Becker GA, Ichise M, Barthel H, Luthardt J, Patt M, Seese A, et al. PET
quantification of 18F-florbetaben binding to β-amyloid deposits in human
brains. J Nucl Med. (2013) 54:723–31. doi: 10.2967/jnumed.112.107185
45. Makris N, Goldstein JM, Kennedy D, Hodge SM, Caviness VS,
Faraone SV, et al. Decreased volume of left and total anterior
insular lobule in schizophrenia. Schizophr Res. (2006) 83:155–71.
doi: 10.1016/j.schres.2005.11.020
46. Frazier JA, Chiu S, Breeze JL, Makris N, Lange N, Kennedy DN, et al.
Structural brain magnetic resonance imaging of limbic and thalamic
volumes in pediatric bipolar disorder. Am J Psychiatry. (2005) 162:1256–65.
doi: 10.1176/appi.ajp.162.7.1256
47. Desikan RS, Segonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al.
An automated labeling system for subdividing the human cerebral cortex on
MRI scans into gyral based regions of interest. Neuroimage. (2006) 31:968–80.
doi: 10.1016/j.neuroimage.2006.01.021
48. Goldstein JM, Seidman LJ, Makris N, Ahern T, O’Brien LM, Caviness
VS Jr., et al. Hypothalamic abnormalities in schizophrenia: sex
effects and genetic vulnerability. Biol Psychiatry. (2007) 61:935–45.
doi: 10.1016/j.biopsych.2006.06.027
49. Buerkner P. brms: an R package for Bayesian multilevel models using Stan. J
Stat Softw. (2017) 80:1–28. doi: 10.18637/jss.v080.i01
50. Vehtari A, Gelman A, Gabry J. Practical Bayesian model evaluation using
leave-one-out cross-validation and WAIC. J Stat Comput. (2017) 27:1413–32.
doi: 10.1007/s11222-016-9696-4
51. Winkler AM, Ridgway GR, Webster MA, Smith SM, Nichols TE. Permutation
inference for the general linear model. Neuroimage. (2014) 92:381–97.
doi: 10.1016/j.neuroimage.2014.01.060
52. Gomperts SN, Locascio JJ, Makaretz SJ, Schultz A, Caso C, Vasdev N, et al.
Tau positron emission tomographic imaging in the lewy body diseases. JAMA
Neurol. (2016) 73:1334–441. doi: 10.1001/jamaneurol.2016.3338
53. Ossenkoppele R, Jansen WJ, Rabinovici GD, Knol DL, van der Flier WM, van
Berckel BN, et al. Prevalence of amyloid pet positivity in dementia syndromes:
a meta-analysis. JAMA. (2015) 313:1939–50. doi: 10.1001/jama.2015.4669
54. Villemagne VL, Pike KE, Chételat G, Ellis KA, Mulligan RS, Bourgeat P, et al.
Longitudinal assessment of Aβ and cognition in aging and Alzheimer disease.
Ann Neurol. (2011) 69:181–92. doi: 10.1002/ana.22248

Frontiers in Neurology | www.frontiersin.org

Conflict of Interest Statement: DHM has received honoraria through payments
to UCL Institute of Neurology for Advisory Committee and/or Consultancy advice
from Novartis and Mitsubishi Pharma Europe, and grants through payments to
UCL Institute of Neurology from Biogen Idec and Novartis.
The remaining 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 © 2019 Melzer, Stark, Keenan, Myall, MacAskill, Pitcher, Livingston,
Grenfell, Horne, Young, Pascoe, Almuqbel, Wang, Marsh, Miller, DalrympleAlford and Anderson. 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.

9

April 2019 | Volume 10 | Article 391

