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Abstract

Parkinson disease patients develop clinically significant cognitive impairment at variable
times over their disease course, which is often preceded by milder deficits in memory, visuo-
spatial, and executive domains. The significance of amyloid-f3 accumulation to these prob-
lems is unclear. We hypothesized that amyloid-8 PET imaging by '®F-florbetapir, a radio-
tracer that detects fibrillar amyloid-8 plaque deposits, would identify subjects with global
cognitive impairment or poor performance in individual cognitive domains in non-demented
Parkinson disease patients. We assessed 61 non-demented Parkinson disease patients
with detailed cognitive assessments and '8F-florbetapir PET brain imaging. Scans were
interpreted qualitatively (positive or negative) by two independent nuclear medicine physi-
cians blinded to clinical data, and quantitatively by a novel volume-weighted method. The
presence of mild cognitive impairment was determined through an expert consensus pro-
cess using Level 1 criteria from the Movement Disorder Society. Nineteen participants
(31.2%) were diagnosed with mild cognitive impairment and the remainder had normal cog-
nition. Qualitative '®F-florbetapir PET imaging was positive in 15 participants (24.6%).
Increasing age and presence of an APOE €4 allele were associated with higher composite
'8F_florbetapir binding. In multivariable models, an abnormal '8F-florbetapir scan by expert
rating was not associated with a diagnosis of mild cognitive impairment. However, '®F-flor-
betapir retention values in the posterior cingulate gyrus inversely correlated with verbal
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memory performance. Retention values in the frontal cortex, precuneus, and anterior cingu-
late gyrus retention values inversely correlated with naming performance. Regional cortical
amyloid-B amyloid, as measured by '8F-florbetapir PET, may be a biomarker of specific cog-
nitive deficits in non-demented Parkinson disease patients.

Introduction

Clinical Parkinson disease (PD) is a common and progressive neurodegenerative disease man-
ifested by bradykinesia, rigidity, and rest tremor [1], and up to 80% of patients eventually
develop dementia [2, 3]. The diagnostic neuropathological features in PD are pathological
accumulation of a-synuclein and neuronal loss in the substantia nigra [4]. Deposits of other
amyloidogenic proteins, particularly amyloid-p (AB) and tau, are also frequently found in PD
brain, and these pathologies associate with dementia in PD [5, 6]. Comparatively less is known
about their contribution to mild cognitive impairment (MCI) in PD.

PET radiotracers, such as '*F-florbetapir and ''C-PiB, can reveal fibrillar AB neuropathology
in living patients [7]. Cortical radiotracer binding corresponds to fibrillar AB pathology seen at
autopsy in patients with Alzheimer’s disease (AD) [8-10] and PD with dementia (PDD) [11].
This tracer can help to determine if patients with dementia have AD versus a non-Alzheimer
dementia [10, 12], and AP amyloidosis is a prognostic biomarker in patients with mild cognitive
impairment (MCI) for developing AD [13]. Prior studies focused on non-demented PD patients
have used ''C-PiB PET brain imaging while we used '*F-florbetapir. We previously showed in a
small number of PD patients without cognitive impairment that '*F-florbetapir did not corre-
late with global cognitive performance [14]. However, non-demented PD patients typically have
impairment in specific and few neuro-cognitive domains [15], and the association of '*F-florbe-
tapir with these individual functions is unclear.

In this study, we hypothesized that AB amyloid imaging by '*F-florbetapir PET would corre-
late with cognitive impairment in a well-characterized study population of PD patients. To test
this hypothesis, we recruited PD patients without dementia for '*F-florbetapir PET scans and for
detailed psychometric analyses. We also performed additional qualitative and quantitative imag-
ing analyses aimed at understanding the technical performance characteristics of '*F-florbetapir
PET as an in vivo imaging tool in PD patients. We determined the inter-rater reliability of expert
interpretation of '*F-florbetapir PET imaging, which has not been previously determined in PD
patients. Using ordered logistic and linear regression models, we examined the association of
'8F_florbetapir with MCI and cognitive abilities when controlled for age, sex, education, disease
duration, and the presence of an APOE e4 allele. Finally, we computed regional '*F-florbetapir
PET retention values to determine whether regional A amyloidosis could either identify MCI
or correlate with poor performance in individual neuro-cognitive domains.

Methods
Patients and clinical measures

We recruited non-demented patients from the Parkinson Disease and Movement Disorders
Center of the University of Pennsylvania as a cohort of subjects within our Morris K Udall
Center for Parkinson’s Disease Research (John Q. Trojanowski, P.I.). All sixty-one patients
were diagnosed with PD according to the U.K. Brain Bank Criteria [16]. Disease duration was
defined as time in years since PD symptom onset.
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Each participant underwent a test battery comprised of assessments of global cognition and
individual neuropsychological tests, as previously described [17]. An internal, blinded consen-
sus conference, composed of 3-5 pairs of trained physician raters (movement disorders spe-
cialists and a psychiatrist with expertise in PD cognition), categorized each participant as
having intact cognition (PD-NC) or MCI (PD-MCI). Consensus assessments were based on
the available clinical and neuropsychological data from 11 tests annotated with Z-scores, in
keeping with the Level 1 recommendations of the Movement Disorders Society (MDS) Task
Force for MCI [18]. No motor characteristics or features, '*F-florbetapir imaging results, or
other biomarker data were used in the consensus process. Between-pair inter-rater agreement
for cognitive consensus was assessed in a separate cohort of 137 cases and was found to be
high (kappa = 0.802, 95% confidence interval (C.I.) = 0.700-0.904). An independent physician
rater adjudicated for cases with a between-pair discrepancy.

For measures of motor function, participants were assessed by the Unified Parkinson Dis-
ease Rating Scale (UPDRS part 3) and the modified Hoehn & Yahr (H&Y) scale. All testing
was performed in the participant’s “ON” state. Participants were phenotyped as tremor-domi-
nant (TD) or postural instability-gait dysfunction (PIGD) type by calculating a TD / PIGD
ratio as previously described [19]. The numerator and denominator of the TD / PIGD ratio
were defined as the mean motor subscores for tremor and postural instability. Because PIGD
features have been previously associated with increased AR amyloid burden in PD patients
[20], we grouped TD and indeterminate (IND) cases together to assess the contribution of
PIGD phenotype to cognitive and imaging results.

We used the clinical evaluation closest in time to the '*F-florbetapir imaging for all analyses.
All study protocols were approved by the University of Pennsylvania Institutional Review
Board. Informed consent was obtained from each participant in the study prior to enrollment.

AB PET imaging

Brain neuritic AB plaque burden was assessed by PET neuroimaging with '*F-florbetapir.
Briefly, participants underwent a 10-minute PET scan 50 minutes following an intravenous
bolus of 370 MBq (10 mCi) '*F-florbetapir. Scans were obtained between 2009 and 2014 at
two clinical sites of the University of Pennsylvania on either a Siemens Biograph mCT PET/
CT scanner or a Philips Ingenuity PET/CT scanner. Images were acquired with a 128X128
matrix (zoom 2) and reconstructed using iterative or row action maximization likelihood
algorithms. Two board-certified nuclear medicine physicians independently interpreted the
'8E-florbetapir PET images as positive or negative for A amyloid positivity according to
current guidelines and published methods [9]. Briefly, scans that evidenced increased bind-
ing of tracer in cortical grey matter, as shown by the apparent loss of contrast in grey or
white matter in at least two cortical regions, or intense uptake in at least one cortical region,
were classified as AP amyloid positive. Discrepant individual interpretations were adjudi-
cated by consensus.

Because cerebral AP amyloid likely accumulates gradually over time, we analyzed quanti-
tative '*F-florbetapir binding in parallel with the qualitative interpretation by our expert
readers. Cerebral Ap amyloid was quantified using a semi-automated PET atlas method that
was previously reported and validated [21, 22], using the '*F-florbetapir specific PET tem-
plate from those previous studies. The '*F-florbetapir specific PET template was provided
to us by Molecular NeuroImaging, LLC. Probabilistic template segmentation was used since
structural brain MRI was not available for all subjects within 6 months of '*F-florbetapir
PET. Each patient’s '®F-florbetapir PET was spatially normalized to the '*F-florbetapir PET
template space, in order to calculate the inverse transformation matrix for that subject’s PET.

PLOS ONE | https://doi.org/10.1371/journal.pone.0177924 May 25,2017 3/18


https://doi.org/10.1371/journal.pone.0177924

@° PLOS | ONE

Amyloid-B PET imaging in Parkinson disease

The inverse transformation matrix of each subject was applied to the template regions-of-inter-
est (ROIs) and overlaid on that respective patient’s PET scan, in order to quantify cortical *F-
florbetapir retention in each patient’s original PET space. The spatial normalization, transfor-
mation, and quantification were performed in PMOD (version 3.6, PMOD Technologies Ltd.).
Cortical '*F-florbetapir PET retention was expressed as a standardized uptake value ratio
(SUVr) using the cerebellum as a reference region. Because specific brain regions important for
cognitive decline in PD have not been determined, we calculated regional SUVTs for six vol-
ume-weighted cortical ROIs known to be important for memory function in AD (anterior cin-
gulate, posterior cingulate, precuneus, temporal cortex, frontal cortex, and parietal cortex) [22,
23]. Right and left hemisphere values were averaged for each region. A composite ROI SUVr
was also calculated as the weighted average SUVT of the six ROISs, with the contribution of each
ROI based on the volume of that ROI relative to the overall summed volume of the six ROIs.
Representative '*F-florbetapir PET axial images from a positive scan depicting each ROI are
shown in Fig 1.

To confirm that qualitative PET interpretation agrees with quantitative imaging in our
cohort [14, 24], we compared qualitative, expert radiologist interpretation of '*F-florbetapir
PET imaging to quantitative composite ROI SUVTr values using a previously published SUVr
cutoff value of 1.10 to distinguish positive A PET scans from negative scans [21, 25, 26].
Cohen’s kappa was used to assess the agreement of presence of A amyloid deposition between
the two expert raters and between the consensus expert read and scans defined as positive by
virtue of the composite ROI SUVr exceeding the cutoff value.

APOE genotyping

The APOE €4 allele is associated with cerebral AR amyloid deposition in older adults and
patients with either MCI or AD [27]. Genomic DNA was isolated from peripheral blood sam-
ples using manufacturer’s protocols (FlexiGene, QIAGEN, Valencia, CA or QuickGene, Auto-
gen, Holliston, MA). Genotyping for the APOE €4 allele was performed using real-time allelic
discrimination PCR using TagMan reagents and ABI assays C_904973_10 (for single nucleo-
tide polymorphism rs7412) and C_3084793_20 (for rs429358) on an ABI 7500 real-time PCR
instrument (Applied Biosystems, Foster City, CA) using standard conditions.

Statistical analyses

Comparisons across groups for cross-sectional analyses of demographics, clinical characteris-
tics, and biomarker data were performed using two-sample t-test (for normally distributed
variables), Wilcoxon-Mann-Whitney test (for non-normally distributed or ordered categorical
variables), Fisher’s exact test, or one-way analysis of variance (ANOVA) and Tukey’s post-hoc
tests where appropriate. Correlation analyses of cognitive performance and '*F-florbetapir
imaging results were performed using linear regression and Pearson partial correlation to
adjust for age, sex, education, and presence of an APOE €4 allele. Binary logistic regression was
used to evaluate the contribution of PET imaging measures to cognitive consensus diagnosis.
All statistical analyses were performed using Stata/IC (13.1, College Station, TX). Figures were
prepared with GraphPad Prism (6.0, La Jolla, CA). All statistical tests were two-sided. For com-
parisons involving individual brain regions or individual neuropsychological tests, we adjusted
for multiple testing using Bonferroni correction [28]. Continuous variables are presented as
mean (95% C.1.) unless otherwise specified. Statistical significance was set at <0.05 level. Par-
ticipant level data is available in the supplementary materials (S1 File).

PLOS ONE | https://doi.org/10.1371/journal.pone.0177924 May 25,2017 4/18


https://doi.org/10.1371/journal.pone.0177924

@. PLOS | ONE Amyloid-B PET imaging in Parkinson disease

Fig 1. Analyzed regions of interest (ROIs) in the '®F-florbetepir PET scans. Six individual cortical ROls and a cerebellum ROl were analyzed
for regional '®F-florbetapir binding and to calculate a composite ROI (see Methods). Representative trans-axial images from a Ap negative (left)
and positive (right) study demonstrate each ROI: (A) parietal cortex and precuneus; (B) frontal cortex; (C) anterior and posterior cingulate gyrus;
(D) temporal cortex; and (E) cerebellum. Darker regions indicate higher '8F-florbetapir retention.

https://doi.org/10.1371/journal.pone.0177924.9001

Results

Study demographics and clinical correlations between motor and
cognitive performance

72.1% of the participants were male. Mean (95% C.1.) age of disease onset was 60.0 (57.7 to
62.4) years, age at scan time was 67.0 (64.9 to 69.0) years, disease duration was 7.7 (6.5 to 8.9)
years, and years of education was 16.3 (15.7 to 16.9) years. 32.8% of participants had at least
one APOE &4 allele. 41.8% of cases experienced motor fluctuations. 59.3% of cases were of the
PIGD motor phenotype. On average, cognitive and motor data were collected 133 days prior
to '®F-florbetapir scan (range 0 days to 664 days before the scan). Only three cases were clini-
cally evaluated more than one year prior to their scan.
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Fig 2. Cognitive and motor characteristics of the study population. A. Total DRS-2 score was significantly lower in PD-MCI participants (134.3, 131.7
to 136.9) as compared to PD-NC (139.3, 138.1 to 140.6) (t(57) =4.12, p < 0.001). B. Total DRS-2 score was not significantly different among H&Y stages (F
(5,53) =0.54, p=0.75). C. UPDRS part 3 score was significantly higher in PD-MCI (24.5, 19.9 to 29.2) as compared to PD-NC (17.1, 14.5t0 19.7) (t(59) =
3.07, p=0.003). D. UPDRS part 3 score was significantly higher with advanced H&Y stage (1.0: 13.5, 0.2t0 26.8; 1.5: 14.8, 12.4t0 17.1; 2.0: 18.2, 15.5 to
20.9;2.5:17.3,11.8t022.9; 3.0: 28.1, 22.3 t0 33.9; 4.0: 48) (F(5,55) = 6.57, p < 0.001). There was no association between motor phenotype (TD vs. PIGD)
and H&Y stage (data not shown). Data depicted are mean + 95% C.I. Significance identified by one-way ANOVA and Tukey post-hoc test. *** p < 0.005,
**¥%p<0.001.

https://doi.org/10.1371/journal.pone.0177924.9002

Nineteen cases (31.2%) were found to have mild cognitive impairment (PD-MCI) and the
remaining 42 (68.9%) had normal cognition (PD-NC). Both PD-NC and PD-MCI had similar
proportions of males (68.4% and 73.8%, respectively) (Fisher’s exact = 0.76). PD-NC had more
years of education (16.6, 15.9 to 17.2) than PD-MCI (15.7, 14.3 to 17.1) that was not signifi-
cantly different (t(59) = 1.36, p = 0.18). An APOE €4 allele was present in similar proportions
in PD-NC (31.0%) and PD-MCI (36.8%) (Fisher’s exact = 0.77).

Associations between key cognitive and motor features are presented in Fig 2. There was no
significant association between cognitive rating (PD-NC vs. PD-MCI) and H&Y stage (Fisher’s
exact = 0.16). Cognitive rating did not associate with the presence of motor fluctuations (Fish-
er’s exact = 1.00). We did not find an association between cognitive rating and the PIGD
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motor phenotype (Fisher’s exact = 0.084). Although motor disease duration was shorter in
PD-MCI (7.1, 5.3 to 9.0) as compared to PD-NC (8.0, 6.4 to 9.6), this difference was not statis-
tically significant (t(59) = 0.66, p = 0.51). Longer disease duration was significantly associated
with more severe H&Y stage (F(5,55) = 3.90, p = 0.004). There were no significant differences
in age of onset or age at scan time between PD-NC and PD-MCI (data not shown). There were
no significant differences in age of onset, age at scan time, sex, years of education, or presence
of an APOE €4 allele among all H&Y stages (data not shown).

Qualitative and quantitative metrics for '8F-florbetapir PET imaging

Fifteen (24.6%) '*F-florbetapir scans were rated as positive by both expert readers. Cohen’s
kappa for the initial qualitative read was 0.92 (59 / 61 scans), and both initially discordant
scans were adjudicated as negative. There was no significant contribution of the clinical site of
PET imaging to the expert rating (Fisher’s exact = 0.54). Positive scans had a significantly
higher composite cortical:cerebellar ROI SUVr (1.268, 1.174 to 1.362) compared with negative
scans (1.050, 1.030 to 1.069) (t(59) = 7.29, p < 0.001). For the entire cohort, average composite
SUVr values were similar at either clinical site (Pennsylvania Hospital: 1.116, 1.055 to 1.177
and Hospital of the University of Pennsylvania: 1.097, 1.053 to 1.142) (t(59) = 0.49, p = 0.63).
Using a SUVr cutoff of 1.10 [21, 25, 26], there was moderate agreement between qualitative
expert rating and composite ROI SUVr-classified scans (kappa = 0.58, p < 0.001).

Age at disease onset and at scan time were not significantly different in those with positive
scans as compared to negative scans (Table 1). However, participants whose scans had a com-
posite ROI SUVr > 1.10 were significantly older at disease onset (t(59) = 3.35, p = 0.001) and
at time of scan (t(59) = 3.31, p = 0.002). The presence of an APOE &4 allele was more common
in positive scans than negative scans, but this difference was not statistically significant (for
expert rating, Fisher’s exact = 1.00; for SUVTr cutoff, Fisher’s exact = 0.22). There were no sig-
nificant differences in sex, years of education, disease duration, or PIGD motor phenotype in
participants with positive scans, determined either by qualitative read or by quantitative SUVr
threshold. Participants with composite SUVr > 1.10 had significantly higher UPDRS part 3

Table 1. Demographic characteristics in '8F-florbetapir positive versus negative scans.

18F.florbetapir assessment method Expert visual rating Composite ROI SUVr
Scan result (N) Negative (46) Positive (15) Statistic <1.10 (44) >1.10(17) Statistic

Age of onset, y 59.2 62.6 0.20 57.8 65.8 0.001
(56.7 t0 61.6) (56.5t0 68.8) (55.5t060.1) (60.6 to 71.0)

Age at scan time, y 66.2 69.1 0.24 65.0 721 0.002
(64.2t0 68.3) (63.0to 75.3) (62.9 t0 67.0) (67.3t0 76.9)

Sex, male / female 31/15 13/2 0.20 32/12 12/5 1.00

APOE €4, % present 32.6% 33.3% 1.00 27.3% 47 1% 0.22

Education, y 16.6 15.3 0.07 16.3 16.2 0.90
(16.0t0 17.3) (13.9t0 16.8) (15.6t0 17.1) (15.1t0 17.3)

Disease duration, y 7.8 7.5 0.87 7.9 7.2 0.63

(6.3109.3) (5.6109.5) (6.4109.4) (5.3t109.2)

PIGD phenotype, % present 59.1% 60.0% 1.00 60.5% 56.3% 0.78

UPDRS part 3 score 18.5 22.1 0.20 17.8 23.4 0.04
(15.81021.2) (16.8 t0 27.5) (15.0t020.7) (19.0t0 27.9)

Significant differences by two-sample T-test or Fisher’s exact test indicated in bold prior to correction for multiple comparisons. All data are mean (95% C.1.)
unless otherwise specified.

https://doi.org/10.1371/journal.pone.0177924.t001
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scores (t(59) = 2.14, p = 0.04), but this difference was not seen when scans were categorized by
expert read (Table 1). Because participants with positive scans by SUVr cutoff were older at
age of onset and at scan time, we asked whether these ages contributed to UPDRS part 3 score.
We found no correlation between either age of onset or age at scan time and UPDRS part 3
score using univariate linear regression (F(1,59) = 0.25, p = 0.62 and F(1,59) = 1.29, p = 0.26).
Using two-way ANOVA, UPDRS part 3 score remained significantly higher in scans positive
by SUVr cutoff when age of onset ((F(1,58) = 6.69, p = 0.01) but not age at scan time (F(1,58)
=3.28, p = 0.08) was included as co-variates, likely owing to the strong effect of age at scan
time in univariate analysis (p = 0.002, Table 1).

On univariate linear regression, increasing age at scan time was significantly correlated
with higher composite ROI SUVr value (F(1,59) = 9.41, p = 0.003). In contrast, disease dura-
tion and years of education did not correlate with higher composite SUVr values (F(1,59) =
0.79, p=0.38 and F(1,59) = 0.11, p = 0.74). Males did not have significantly different compos-
ite SUVr values than females (t(59) = 0.876, p = 0.39). Participants with an APOE &4 allele had
slightly higher composite SUVTr values (1.145, 1.061 to 1.229) as compared to those without an
€4 allele (1.083, 1.049 to 1.117) but did not reach statistical significance (t(59) = 1.67, p = 0.10).
Age remained significantly associated with composite ROI SUVr when sex, disease duration,
years of education, and presence of an APOE €4 allele were added as covariates (F(5,55) = 3.23,
p = 0.002). Controlling for age, the presence of an APOE &4 allele was associated with higher
composite ROI SUVr (F(2,58) = 7.00, p = 0.047). UPDRS part 3 score did not correlate with
composite SUVr value (F(1,59) = 1.03, p = 0.31).

Association between qualitative AR amyloid scan results and cognition

MCI status was not significantly associated with a positive '*F-florbetapir PET scan result
based on either expert rating (Fisher’s exact = 0.20) or composite ROI SUVr (Fisher’s

exact = 0.13) (Table 2). Total DRS-2 score was lower in subjects with positive scans (136.5,
133.0 to 140.1) as compared to negative scans (138.2, 136.9 to 139.5), but this difference was
not statistically significant (t(57) = 1.16, p = 0.25). Similarly, total DRS-2 score was lower, but
not significantly so, in scans with composite SUVr > 1.10 (136.6, 133.1 to 140.1) as compared
to scans with composite SUVr < 1.10 (138.2, 137.0 to 139.5) (t(57) = 1.12, p = 0.27). There was
no difference in DRS-2 subscores of attention, initiation / perseveration, conceptualization,
construction, or memory in participants with positive scans vs. negative scans by either catego-
rization method (Table 2).

On a detailed neuropsychological test battery (summarized in Table 2), participants with
positive scans by expert rating scored significantly worse on the Boston Naming Test (BNT) (t
(57) = 2.64, p = 0.01). However, this difference was no longer significant when corrected for
multiple comparisons. There were no other significant differences in cognitive test perfor-
mance between participants with positive scans vs. negative scans, irrespective of the categori-
zation method used (Table 2).

We tested the association between MCI status and the '®F-florbetapir scan result in a multi-
variable logistic regression model that included age, sex, education, disease duration, and pres-
ence of APOE g4 allele as covariates. Using either categorization method, the '*F-florbetapir
scan result did not associate with a diagnosis of MCI (Table 3).

Association between quantitative composite and regional A amyloid
PET retention values and cognition

Composite ROI SUVTr values did not significantly differ between the PD-NC and PD-MCI
groups (Table 4). "*F-florbetapir binding was significantly higher in the posterior cingulate
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Table 2. Cognitive diagnosis and test results in '®F-florbetapir positive versus negative scans.

18F.florbetapir assessment method
Scan result (N)
Cognitive status, n. (%)

Total DRS-2 score

DRS-2 sub-score
Attention

Expert visual rating

Negative (46)

34 (74%)
12 (26%)
138.2
(136.9 0 139.5)

35.8
(35.31036.3

Positive (15)

(133.0t0 140.1)

35.5
(34.7 10 36.3)

Statistic

0.20

0.25

(137.0t0 139.5)

35.7
(35.210 36.2)

Composite ROl SUVr
<1.10 (44) >1.10(17)
_______ 33(75%) | 9(58%)
11 (25%) 8 (47%)
138.2 136.6

(13.1 t0 140.1)

35.7
(34.9 t0 36.5)

Statistic

0.13

0.27

Memory

Boston Naming Test score

Judgment of Line Orientation score

Trails A time

Trails B time

Symbol-Digit Modalities Test score

Hopkins Verbal Learning Test-R
Immediate free recall score

(22.61023.7)
57.3
(56.4 t0 58.2)
24.0
(22510 25.9)
49.0
(39.1 10 58.9)
120.0
(96.1t0 143.8)
35.9
(32.11039.7)

20.0
(18.6 10 21.5)

(21.210 24.0)
54.4
(51.51t0 57.3)
23.1
(20.410 25.7)
448
(32.31057.3)
112.7
(78.0t0 147.4)
34.4
(27.810 41.0)

20.3
(16.810 23.9)

0.55

0.65

0.75

0.68

(22.7 10 23.8)
57.0
(55.9 10 58.1)
245
(23.010 25.9)
44.7
(36.210 53.2)
113.9
(91.0to 136.8)
36.9
(33.1 10 40.7)

20.3
(18.91021.7)

(21.010 23.9)
55.3
(52.910 57.7)
21.9
(19.1 10 24.6)
56.7
(37.410 76.0)
130.9
(89.4 10 172.5)
31.7
(25.4 10 38.1)

19.6
(16.1t0 23.1)

0.07

0.18

0.45

0.15

Delayed free recall score

Letter-Number Sequencing Test score

Verbal fluency
F-A-S score

(4.7106.7)
9.9
(9.11010.8)

455
(41.910 49.1)

(4.1108.6)
9.5
(8.11011.0)

40.9
(34.910 47.0)

(4.5106.7)
10.0
(9.210 10.8)

45.2
(41.5t0 49.0)

(4.5108.3)
9.3
(7.910 10.8)

421
(36.7 t0 47.5)

Semantic score

(17.6 0 20.9)

(15.0t0 22.5)

(17.8 10 21.4)

(15.1 10 20.5)

Significant differences by two-sample T-test or Fisher’s exact test indicated in bold prior to correction for multiple comparisons. All data are mean (95% C.l.)
unless otherwise specified. Abbreviations: DRS-2 = Dementia Rating Scale—2

https://doi.org/10.1371/journal.pone.0177924.t1002

gyrus of PD-MCI participants as compared to PD-NC participants (t(59) = 2.28, p = 0.03),
although this difference was no longer significant after correction for multiple comparisons.
Regional SUVTr values were higher in all remaining ROIs of PD-MCI participants but were not

significantly different from PD-NC participants.
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Table 3. Association between mild cognitive impairment and '®F-florbetapir PET imaging.

Model 1 Outcome: Mild Cognitive Impairment

Varigble OR | .. 95%C.l. | . Zscore | _ p-value
"°F-florbetapir expertrating | 194 | 0581to752 | 097 | 033
Age at scan time 1.05 0.97t01.12 1.22 0.22
Model2 Outcome: Mild Cognitive Impairment
"F-florbetapir SUVrcutoff | 198 | 080to7.84 | 098 | 033
Age at scan time 1.03 0.96t0 1.11 0.85 0.39

Binary logistic regression models with sex, education, disease duration, and presence of APOE €4 allele as
additional covariates. Abbreviations: OR = odds ratio; Cl = confidence interval.

https://doi.org/10.1371/journal.pone.0177924.1003

We found no significant correlation between global cognition as measured by total DRS-2
score and composite '°*F-florbetapir ROI SUVT (Fig 3A). Because age at scan time and presence
of an APOE €4 allele influenced composite SUVT values, we used Pearson partial correlation to
correct for these variables and for sex, disease duration, and education. After adjustment, there
was still no linear correlation between composite ROI SUVr and total DRS-2 score (p = 0.52).
We next determined whether any DRS-2 subscores correlated with composite SUVr; only the
memory subscore approached a statistically significant correlation with composite SUVTr (Fig
3B). After Pearson partial adjustment, there remained no significant correlation between com-
posite SUVr and DRS-2 memory subscore (p = 0.57). There was also no significant un-
adjusted correlation between composite SUVr and DRS-2 subscores for attention (p = 0.42),
initiation (p = 0.43), construction (p = 0.94), or conceptualization (p = 0.66).

There was a significant association between total DRS-2 score and regional SUVTr values in
the frontal cortex, anterior cingulate gyrus, and posterior cingulate gyrus (F(1,57 = 4.24,

p =0.04; F(1,57) = 5.11, p = 0.03, and F(1,57) = 4.89, p = 0.03). However, once adjusted for
age, sex, disease duration, education, and presence of an APOE €4 allele, these relationships
were no longer significant (p = 0.22, p = 0.15, and p = 0.14). There was no significant associa-
tion before or after adjustment between total DRS-2 score and the other regional SUVTr values
(data not shown).

We examined DRS-2 subscores and regional SUVr values by pairwise correlation and
found that DRS-2 memory subscore was significantly correlated with regional SUVr values in
the frontal cortex, precuneus, anterior cingulate gyrus, and posterior cingulate gyrus (p = 0.02,
p =0.04, p=0.01, and p < 0.005). One participant had a relatively low DRS-2 memory sub-
score (Fig 4A, black diamond). When this participant was excluded, only the posterior cingu-
late gyrus remained significantly correlated with DRS-2 memory subscore (rho = -0.270,

p = 0.04). In addition, the posterior cingulate gyrus regional SUVr remained significantly cor-
related with DRS-2 memory score after adjustment for age, sex, disease duration, education,
and presence of APOE €4 allele (Fig 4A). There was no significant association between DRS-2
subscores in attention, initiation / perseveration, construction, or conceptualization and any
region (data not shown).

To determine if other memory tasks also associated with regional *F-florbetapir SUVr val-
ues, we examined performance on the Hopkins Verbal Learning Test (HVLT-R; immediate
and delayed free recall) for correlations with regional SUVr values. As with DRS-2 memory,
regional SUVT in the posterior cingulate gyrus significantly correlated with HVLT-R immedi-
ate recall score (Fig 4B). However, this correlation did not remain statistically significant after
adjustment for co-variates above (rho = -0.263, p = 0.054) or when a single outlying participant
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Table 4. Composite and regional A amyloid retention in participants with and without cognitive impairment.

Cognitive diagnosis (N) PD-NC (42) PD-MCI (19) T p-value
Composite ROI SUVr 1.085 1.145 1.60 0.12

(1.046 t0 1.124) (1.069 to 1.220)
Regional SUVr
Frontal 0.891 0.941 1.17 0.25
_________________________________________________________ (0849100.983) | (0849101082) |
Temporal 1.151 1.205 1.47 0.15
_________________________________________________________ (1113t01189) | (U3Mrot27®)
Precuneus 1.111 1.211 1.77 0.08
_________________________________________________________ (1.051101.170) | (1.098101828) |
Parietal 1.082 1.142 1.56 0.12
_________________________________________________________ (1.089t01124) | (1070to1214)
Anterior cingulate 1.033 1.126 1.52 0.13
_________________________________________________________ (0973101.004) | (0995t01257) |
Posterior cingulate 0.949 1.072 2.28 0.03

(0.896 to 1.003) (0.958 to 1.185)

All data are mean (95% C.I.). Statistical significant differences by two-sample t test indicated in bold prior to correction for multiple comparisons.
Abbreviations: PD-NC = normal cognition; PD-MCI = mild cognitive impairment; SUVr = standardized uptake value ratio.

https://doi.org/10.1371/journal.pone.0177924.t1004

was excluded (rho = -0.127, p = 0.34). There was no unadjusted association between HVLT-R
delayed recall and regional SUVT values in the posterior cingulate gyrus (p = 0.42).

Our previous analysis suggested that confrontational naming, as measured by the BNT, is
more impaired in participants with positive '*F-florbetapir scans. We investigated which corti-
cal regions could contribute to this effect. Low total BNT score was significantly correlated
with higher SUVTr values in all six regions, but after adjustment for age, sex, disease duration,
education and presence of an APOE €4 allele, only correlations in the frontal cortex, precu-
neus, and anterior cingulate gyrus remained significant (rho = -0.295, p = 0.03; rho = -0.306,

p = 0.03; and rho = -0.370, p = 0.006).

Discussion

In this study of non-demented PD patients, composite AB amyloidosis as measured by '*F-
florbetapir PET did not correlate with MCI diagnosis or global cognitive test performance.
Both older age and the presence of an APOE €4 allele were associated with significantly higher
'8E-florbetapir PET uptake values, similar to what is seen in AD patients [27]. We found that
regional AB amyloidosis in the posterior cingulate gyrus identified individuals with MCI, albeit
prior to correction for multiple comparisons, and correlated with memory performance on
neuropsychological testing. Importantly, the latter relationship persisted for some but not all
methods of memory assessment after correction for age, sex, disease duration, education, and
presence of an APOE €4 allele. Finally, Ap amyloid retention in the frontal cortex, precuneus,
and anterior cingulate gyrus correlated with language (naming) performance, also prior to cor-
rection for the above co-variates. Overall, our analysis suggests that MCI and memory and
naming performance depends on regional AR burden in non-demented PD patients.

Our study provides preliminary evidence that Ap amyloid may not accumulate equally in
all brain regions in PD patients with MCI. We found significantly higher '*F-florbetapir bind-
ing in the posterior cingulate gyrus of PD-MCI participants compared to PD-NC. Global mea-
sures of cognition appear to be insensitive to A amyloidosis in this region once adjusted for
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Fig 3. No correlation between composite '3F-florbetapir ROl SUVr and global cognition or memory
performance. (A) Total DRS-2 score did not significantly correlate with composite ROl SUVr values, either
analyzed in aggregate (F(1,57) = 2.39, p = 0.13) or by cognitive diagnosis (for PD-NC, F(1,39) = 0.02,

p =0.90; for PD-MCI, F(1,16) = 2.15, p = 0.16). (B) DRS-2 memory subscore did not significantly correlate
with composite ROl SUVr values, either analyzed in aggregate (F(1,57) = 3.80, p = 0.06) or by cognitive
diagnosis (for PD-NC, F(1,39) = 0.00, p = 0.97; for PD-MCI, F(1,16) = 3.03, p = 0.10).

https://doi.org/10.1371/journal.pone.0177924.g003

age, sex, disease duration, education, and presence of an APOE €4 allele. However, DRS-2
memory subscore inversely correlated with '*F-florbetapir binding in this region, even after
making the same adjustments. HVLT-R immediate free total recall score showed a similar
association, although after adjustment the correlation was not significant (p = 0.054). Age,
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Fig 4. Association between posterior cingulate gyrus '®F-florbetapir SUVr and memory performance. Regional '®F-florbetapir SUVr in the posterior
cingulate gyrus significantly correlated with memory performance on the DRS-2 (A, rho = -0.446, p < 0.0005), which remained significant after adjusting for
age, sex, disease duration, education, and presence of an APOE €4 allele (rho =-0.316, p = 0.02). SUVr in this region also significantly correlated with
immediate free total recall on the Hopkins Verbal Learning Test (HVLT-R) on unadjusted analysis (B, rho = -0.263, p = 0.04) but not after adjustment (rho =
-0.263, p = 0.054). Outlying participant indicated by closed diamond.

https://doi.org/10.1371/journal.pone.0177924.9004

education, and disease duration are known contributors to cognitive performance in PD so it
is not surprising that these co-variates strongly affected our analysis. Our cohort also included
one individual with a relatively lower DRS-2 memory subscore and HVLT-R score (Fig 4).
This participant was not demented despite their poor performance and we did not find any
technical reasons to suggest their testing results were erroneous. Nevertheless, this partici-
pant’s performance contributed significantly to our HVLT-R finding. Although outlying data
points are perhaps not unexpected in small cohorts of heterogeneous and clinically complex
participants, our findings should be interpreted as preliminary until validation in a larger
cohort of non-demented PD patients.

The posterior cingulate gyrus is a highly interconnected region that is part of the default
mode network, a robust cerebral network that is most active during periods of rest and has
been reported using non-invasive methods to show abnormalities in both PD and AD [29-31].
If Ap amyloid preferentially accrues in this region, it could serve as a biomarker for MCI with
utility during relatively early stages of cognitive impairment in PD. This possibility should be
tested in future longitudinal studies of cognition in PD. Additional studies are also necessary
to fully characterize the functional consequence of Af amyloid deposition in this region in PD
patients, and whether AP deposition here influences aggregation of a-synuclein. All other
regions in PD-MCI participants also had higher AR amyloid retention than PD-NC partici-
pants, but these differences were not statistically significant, in part reflecting the relatively
small sample size of PD-MCI patients (N = 19).

Our results suggest that composite '*F-florbetapir PET imaging, assessed either qualitatively
by expert readers or quantitatively, does not identify PD patients with MCI. This result is per-
haps not surprising since only 30% of PDD patients meet criteria for significant AD neuropath-
ologic change at autopsy, while the remaining have alternative etiologies including cortical LB,
tauopathy, or vascular injury [5, 6]. Thus, it is expected that most non-demented but cognitively
impaired PD patients will have negative A} amyloid PET scans [11]. There have been relatively
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few studies of AR amyloid neuropathologic change in non-demented PD patients (as compared
to demented PD patients), but our results suggest that in the absence of dementia, the preva-
lence of significant Af amyloid pathology is probably low. We previously examined 42 carefully
followed PD patients for AR amyloid pathology and found that only two of 20 non-demented
cases had any AD neuropathologic change [32]. In another autopsy study of 22 PD patients,
four were not demented and of these, two had AP amyloid plaque burden of CERAD level C cri-
teria [33]. A more recent study of 56 PD patients at autopsy quantified Ap amyloid plaque
pathology using semi-quantitative methods, and showed that AR amyloid plaque scores in non-
demented cases were approximately one-third the scores in demented cases [34]. Importantly,
'*F-florbetapir PET imaging was not developed to reliably detect AB amyloid pathology seen in
subjects with low probability AD neuropathology change [35]. However, using PiB PET imag-
ing, a previous study of non-demented PD patients also found that PiB PET imaging did not
identify those with MCI at baseline [36], although those who declined cognitively over time had
higher levels of cortical AB amyloid. It remains to be determined if baseline '*F-florbetapir PET
imaging in non-demented PD patients can predict future conversion to dementia.

There are additional possible explanations for why composite Ap amyloid imaging did not
correlate with a diagnosis of MCI. First, we excluded participants with dementia in our study
because we were specifically interested in the effect of A amyloidosis on relatively early cogni-
tive decline in PD patients. However, significant AB amyloid PET retention might be common
only in dementia with Lewy body (DLB) patients, who are more likely than PD patients to
have AP neuropathology at autopsy [37]. PiB studies that combine Lewy body (LB) diseases
(PD, PDD, and DLB) have found higher PiB uptake primarily in those with DLB [38, 39] or
not at all [40]. A recent meta-analysis of A amyloid PET imaging with PiB confirmed that
DLB patients have highest PiB retention among LB diseases, followed by PDD and then
PD-MCI [41].

Second, AP amyloid imaging might correlate better with cognitive test performance mea-
sured as a continuous variable rather than dichotomized cutoff points typically applied to
adhere to diagnostic criteria [18]. Mean neocortical PiB distribution volume ratio in PD
patients correlated with worse performance in a composite of neuropsychological tests [42],
and here we found significant inverse correlations between specific cognitive test performance
and regional SUVr values. However, the useful dynamic range of our neuropsychological tests
may have been restricted because demented participants were excluded.

The PIGD motor subtype has been associated with positive PiB PET imaging, which sug-
gests that cortical dysfunction could contribute to features of advanced motor disease in PD
[20, 43]. We were not able to replicate this finding using '*F-florbetapir PET, possibly because
of the slightly different method we used to ascertain PIGD status [19]. Larger prospective stud-
ies are likely needed to determine the relevance of abnormal AP amyloid PET imaging to loss
of postural stability and the PIGD motor subtype.

We used a probabilistic atlas method to calculate volume-weighted '*F-florbetapir SUVr
values in segmented brain regions [21]. Importantly, this automated quantitative method had
good agreement with the qualitative interpretation of the scans by expert radiologists, as previ-
ously shown in a smaller cohort [14]. An SUVTr cutoff value of 1.10 was able to separate nega-
tive '®F-florbetapir scans from positive scans in PD patients, as it does in AD [21, 25, 26],
although we did not test different cutoff points. The probabilistic atlas quantification method
used in this study is an established quantification strategy for this radiotracer, although our
study is one of the first applications in PD patients. This method was implemented due to lack
of suitable MRI for tissue segmentation. In AD, a comparison of the probabilistic method to
MR segmentation showed a similar ability to discriminate disease from controls [44]. How-
ever, the probabilistic atlas quantification method is more likely to underestimate relationships
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with cognition. Future studies should incorporate new ways of quantifying '*F-florbetapir in
PD patients similar to work being done in AD [45, 46]. We also did not analyze the left and
right hemispheres independently, which could be important given the asymmetry in motor
PD symptoms.

The APOE €4 allele is associated with cerebral AR amyloid deposition in older healthy con-
trols and patients with either MCI or AD. In neuropathologically confirmed PD, the APOE €4
allele is more prevalent in cases with higher burdens of coexisting AR amyloid pathology [47,
48], and the entorhinal, temporal, and parietal cortices could be particularly vulnerable to AR
amyloid pathology in APOE €4 carriers with PD [34]. The APOE &4 allele is also more preva-
lent in PDD and pure DLB cases as compared to controls, even when these cases do not have
sufficient AR amyloid pathology to reach diagnostic criteria for coexisting AD [49]. To our
knowledge, our study is the first to show that in PD patients, the presence of an APOE &4 allele
increases quantitative '*F-florbetapir PET retention in addition to the effect of age. Our obser-
vation extends the previous finding of higher prevalence of APOE €4 in PiB PET positive indi-
viduals from a mixed group of LBD cases [50].

In non-demented PD patients, composite Af amyloidosis does not distinguish individuals
without cognitive impairment from those with MCI. However, regional cortical Ap amyloid
burden correlates with domain-specific cognitive performance in these patients. Our study
suggests that these regions might be vulnerable to AD-related brain changes and cognitive
decline prior to the onset of dementia.

Supporting information
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Acknowledgments
We thank the patients and their families for their participation in this study.

Author Contributions

Conceptualization: RSA RGG ASC-P HIH ADS JGD DW.

Formal analysis: RSA SXX Y]JC.

Funding acquisition: RGG JQT HIH ADS.

Investigation: JR IMN VMVD JGD.

Project administration: RSA JR ASC-P HIH ADS DW.

Supervision: RSA DW.

Visualization: RSA YJC.

Writing - original draft: RSA.

Writing - review & editing: SXX YJC JR IMN VMVD RQT ASC-P HIH ADS JGD DW.

References

1. Postuma RB, Berg D, Stern M, Poewe W, Olanow CW, Oertel W, et al. MDS clinical diagnostic criteria
for Parkinson’s disease. Movement disorders: official journal of the Movement Disorder Society. 2015;
30(12):1591-601. Epub 2015/10/17.

PLOS ONE | https://doi.org/10.1371/journal.pone.0177924 May 25,2017 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177924.s001
https://doi.org/10.1371/journal.pone.0177924

@° PLOS | ONE

Amyloid-B PET imaging in Parkinson disease

10.

11.

12

13.

14.

15.

16.

17.

18.

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. Movement disorders: official journal of the Movement
Disorder Society. 2008; 23(6):837—44. Epub 2008/03/01.

Aarsland D, Andersen K, Larsen JP, Lolk A, Kragh-Sorensen P. Prevalence and characteristics of
dementia in Parkinson disease: an 8-year prospective study. Archives of neurology. 2003; 60(3):387—
92. Epub 2003/03/14. PMID: 12633150

Lee VM, Trojanowski JQ. Mechanisms of Parkinson’s disease linked to pathological alpha-synuclein:
new targets for drug discovery. Neuron. 2006; 52(1):33-8. Epub 2006/10/04. https://doi.org/10.1016/j.
neuron.2006.09.026 PMID: 17015225

Irwin DJ, White MT, Toledo JB, Xie SX, Robinson JL, Van Deerlin V, et al. Neuropathologic substrates
of Parkinson disease dementia. Annals of neurology. 2012; 72(4):587-98. Epub 2012/10/06. PubMed
Central PMCID: PMC3484250. https://doi.org/10.1002/ana.23659 PMID: 23037886

Kotzbauer PT, Cairns NJ, Campbell MC, Willis AW, Racette BA, Tabbal SD, et al. Pathologic accumula-
tion of alpha-synuclein and Abeta in Parkinson disease patients with dementia. Archives of neurology.
2012; 69(10):1326-31. Epub 2012/07/25. PubMed Central PMCID: PMC3616136. https://doi.org/10.
1001/archneurol.2012.1608 PMID: 22825369

Mathis CA, Mason NS, Lopresti BJ, Klunk WE. Development of positron emission tomography beta-
amyloid plaque imaging agents. Seminars in nuclear medicine. 2012; 42(6):423-32. Epub 2012/10/03.
PubMed Central PMCID: PMC3520098. https://doi.org/10.1053/j.semnuclmed.2012.07.001 PMID:
23026364

Choi SR, Schneider JA, Bennett DA, Beach TG, Bedell BJ, Zehntner SP, et al. Correlation of amyloid
PET ligand florbetapir F 18 binding with Abeta aggregation and neuritic plaque deposition in postmor-
tem brain tissue. Alzheimer disease and associated disorders. 2012; 26(1):8—16. Epub 2012/02/23.
PubMed Central PMCID: PMC3286131. https://doi.org/10.1097/WAD.0b013e31821300bc PMID:
22354138

Clark CM, Pontecorvo MJ, Beach TG, Bedell BJ, Coleman RE, Doraiswamy PM, et al. Cerebral PET
with florbetapir compared with neuropathology at autopsy for detection of neuritic amyloid-beta plaques:
a prospective cohort study. Lancet neurology. 2012; 11(8):669-78. Epub 2012/07/04. https://doi.org/
10.1016/S1474-4422(12)70142-4 PMID: 22749065

Clark CM, Schneider JA, Bedell BJ, Beach TG, Bilker WB, Mintun MA, et al. Use of florbetapir-PET for
imaging beta-amyloid pathology. JAMA: the journal of the American Medical Association. 2011; 305
(3):275-83. Epub 2011/01/20. https://doi.org/10.1001/jama.2010.2008 PMID: 21245183

Akhtar RS, Xie SX, Brennan L, Pontecorvo MJ, Hurtig HI, Trojanowski JQ, et al. Amyloid-beta positron
emission tomography imaging of Alzheimer pathology in Parkinson disease dementia. Movement disor-
ders clinical practice. 2016. Epub 01/05/2016.

Johnson KA, Sperling RA, Gidicsin CM, Carmasin JS, Maye JE, Coleman RE, et al. Florbetapir (F18-
AV-45) PET to assess amyloid burden in Alzheimer’s disease dementia, mild cognitive impairment, and
normal aging. Alzheimer’'s & dementia: the journal of the Alzheimer’s Association. 2013; 9(5 Suppl):
S72-83. Epub 2013/02/05. PubMed Central PMCID: PMC3800236.

Knopman DS, Jack CR Jr., Lundt ES, Wiste HJ, Weigand SD, Vemuri P, et al. Role of beta-Amyloidosis
and Neurodegeneration in Subsequent Imaging Changes in Mild Cognitive Impairment. JAMA neurol-
ogy. 2015:1-9. Epub 2015/10/06.

Siderowf A, Pontecorvo MJ, Shill HA, Mintun MA, Arora A, Joshi AD, et al. PET imaging of amyloid with
Florbetapir F 18 and PET imaging of dopamine degeneration with 18F-AV-133 (florbenazine) in patients
with Alzheimer’s disease and Lewy body disorders. BMC neurology. 2014; 14:79. Epub 2014/04/11.
PubMed Central PMCID: PMC4027995. https://doi.org/10.1186/1471-2377-14-79 PMID: 24716655

Pfeiffer HC, Lokkegaard A, Zoetmulder M, Friberg L, Werdelin L. Cognitive impairment in early-stage
non-demented Parkinson’s disease patients. Acta neurologica Scandinavica. 2014; 129(5):307—18.
Epub 2013/10/15. https://doi.org/10.1111/ane.12189 PMID: 24117192

Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of clinical diagnosis of idiopathic Parkinson’s dis-
ease: a clinico-pathological study of 100 cases. Journal of neurology, neurosurgery, and psychiatry.
1992; 55(3):181—4. Epub 1992/03/01. PubMed Central PMCID: PMC1014720. PMID: 1564476

Pigott K, Rick J, Xie SX, Hurtig H, Chen-Plotkin A, Duda JE, et al. Longitudinal study of normal cognition
in Parkinson disease. Neurology. 2015; 85(15):1276—82. Epub 2015/09/13. https://doi.org/10.1212/
WNL.0000000000002001 PMID: 26362285

Litvan I, Goldman JG, Troster Al, Schmand BA, Weintraub D, Petersen RC, et al. Diagnostic criteria for
mild cognitive impairment in Parkinson’s disease: Movement Disorder Society Task Force guidelines.
Movement disorders: official journal of the Movement Disorder Society. 2012; 27(3):349-56. Epub
2012/01/26. PubMed Central PMCID: PMC3641655.

PLOS ONE | https://doi.org/10.1371/journal.pone.0177924 May 25,2017 16/18


http://www.ncbi.nlm.nih.gov/pubmed/12633150
https://doi.org/10.1016/j.neuron.2006.09.026
https://doi.org/10.1016/j.neuron.2006.09.026
http://www.ncbi.nlm.nih.gov/pubmed/17015225
https://doi.org/10.1002/ana.23659
http://www.ncbi.nlm.nih.gov/pubmed/23037886
https://doi.org/10.1001/archneurol.2012.1608
https://doi.org/10.1001/archneurol.2012.1608
http://www.ncbi.nlm.nih.gov/pubmed/22825369
https://doi.org/10.1053/j.semnuclmed.2012.07.001
http://www.ncbi.nlm.nih.gov/pubmed/23026364
https://doi.org/10.1097/WAD.0b013e31821300bc
http://www.ncbi.nlm.nih.gov/pubmed/22354138
https://doi.org/10.1016/S1474-4422(12)70142-4
https://doi.org/10.1016/S1474-4422(12)70142-4
http://www.ncbi.nlm.nih.gov/pubmed/22749065
https://doi.org/10.1001/jama.2010.2008
http://www.ncbi.nlm.nih.gov/pubmed/21245183
https://doi.org/10.1186/1471-2377-14-79
http://www.ncbi.nlm.nih.gov/pubmed/24716655
https://doi.org/10.1111/ane.12189
http://www.ncbi.nlm.nih.gov/pubmed/24117192
http://www.ncbi.nlm.nih.gov/pubmed/1564476
https://doi.org/10.1212/WNL.0000000000002001
https://doi.org/10.1212/WNL.0000000000002001
http://www.ncbi.nlm.nih.gov/pubmed/26362285
https://doi.org/10.1371/journal.pone.0177924

@° PLOS | ONE

Amyloid-B PET imaging in Parkinson disease

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Stebbins GT, Goetz CG, Burn DJ, Jankovic J, Khoo TK, Tilley BC. How to identify tremor dominant and
postural instability/gait difficulty groups with the movement disorder society unified Parkinson’s disease
rating scale: comparison with the unified Parkinson’s disease rating scale. Movement disorders: official
journal of the Movement Disorder Society. 2013; 28(5):668—-70. Epub 2013/02/15.

Muller ML, Frey KA, Petrou M, Kotagal V, Koeppe RA, Albin RL, et al. beta-Amyloid and postural insta-
bility and gait difficulty in Parkinson’s disease at risk for dementia. Movement disorders: official journal

of the Movement Disorder Society. 2013; 28(3):296—301. Epub 2012/12/15. PubMed Central PMCID:

PMC3680885.

Joshi AD, Pontecorvo MJ, Lu M, Skovronsky DM, Mintun MA, Devous MD Sr. A Semiautomated
Method for Quantification of F 18 Florbetapir PET Images. Journal of nuclear medicine: official publica-
tion, Society of Nuclear Medicine. 2015; 56(11):1736—41. Epub 2015/09/05.

Hutton C, Declerck J, Mintun MA, Pontecorvo MJ, Devous MD Sr., Joshi AD, et al. Quantification of
18F-florbetapir PET: comparison of two analysis methods. European journal of nuclear medicine and
molecularimaging. 2015; 42(5):725-32. Epub 2015/02/06. https://doi.org/10.1007/s00259-015-2988-7
PMID: 25652817

Wong DF, Rosenberg PB, Zhou Y, Kumar A, Raymont V, Ravert HT, et al. In vivo imaging of amyloid
deposition in Alzheimer disease using the radioligand 18F-AV-45 (florbetapir [corrected] F 18). Journal
of nuclear medicine: official publication, Society of Nuclear Medicine. 2010; 51(6):913-20. Epub 2010/
05/27. PubMed Central PMCID: PMC3101877.

Schreiber S, Landau SM, Fero A, Schreiber F, Jagust WJ, Alzheimer’s Disease Neuroimaging |. Com-
parison of Visual and Quantitative Florbetapir F 18 Positron Emission Tomography Analysis in Predict-
ing Mild Cognitive Impairment Outcomes. JAMA neurology. 2015; 72(10):1183—-90. Epub 2015/08/19.

https://doi.org/10.1001/jamaneurol.2015.1633 PMID: 26280102

Landau SM, Breault C, Joshi AD, Pontecorvo M, Mathis CA, Jagust WJ, et al. Amyloid-beta imaging
with Pittsburgh compound B and florbetapir: comparing radiotracers and quantification methods. Jour-
nal of nuclear medicine: official publication, Society of Nuclear Medicine. 2013; 54(1):70-7. Epub 2012/
11/21. PubMed Central PMCID: PMC3747730.

Joshi AD, Pontecorvo MJ, Clark CM, Carpenter AP, Jennings DL, Sadowsky CH, et al. Performance
characteristics of amyloid PET with florbetapir F 18 in patients with alzheimer’s disease and cognitively
normal subjects. Journal of nuclear medicine: official publication, Society of Nuclear Medicine. 2012; 53
(3):378-84. Epub 2012/02/15.

Fleisher AS, Chen K, Liu X, Ayutyanont N, Roontiva A, Thiyyagura P, et al. Apolipoprotein E epsilon4
and age effects on florbetapir positron emission tomography in healthy aging and Alzheimer disease.
Neurobiology of aging. 2013; 34(1):1—12. Epub 2012/05/29. https://doi.org/10.1016/j.neurobiolaging.
2012.04.017 PMID: 22633529

Bender R, Lange S. Adjusting for multiple testing—when and how? Journal of clinical epidemiology.
2001; 54(4):343-9. Epub 2001/04/12. PMID: 11297884

Rektorova I. Resting-state networks in Alzheimer’s disease and Parkinson’s disease. Neuro-degenera-
tive diseases. 2014; 13(2-3):186-8. Epub 2013/09/07. https://doi.org/10.1159/000354237 PMID:
24008996

Leech R, Sharp DJ. The role of the posterior cingulate cortex in cognition and disease. Brain: a journal
of neurology. 2014; 137(Pt 1):12-32. Epub 2013/07/23. PubMed Central PMCID: PMC3891440.

Spetsieris PG, Ko JH, Tang CC, Nazem A, Sako W, Peng S, et al. Metabolic resting-state brain net-
works in health and disease. Proceedings of the National Academy of Sciences of the United States of
America. 2015; 112(8):2563-8. Epub 2015/02/13. PubMed Central PMCID: PMC4345616. https://doi.
org/10.1073/pnas.1411011112 PMID: 25675473

Hurtig HI, Trojanowski JQ, Galvin J, Ewbank D, Schmidt ML, Lee VM, et al. Alpha-synuclein cortical
Lewy bodies correlate with dementia in Parkinson’s disease. Neurology. 2000; 54(10):1916-21. Epub
2000/05/24. PMID: 10822429

Aarsland D, Zaccai J, Brayne C. A systematic review of prevalence studies of dementia in Parkinson’s
disease. Movement disorders: official journal of the Movement Disorder Society. 2005; 20(10):1255—
63. Epub 2005/07/26.

Compta Y, Parkkinen L, O’Sullivan SS, Vandrovcova J, Holton JL, Collins C, et al. Lewy- and Alzhei-
mer-type pathologies in Parkinson’s disease dementia: which is more important? Brain: a journal of neu-
rology. 2011; 134(Pt 5):1493-505. Epub 2011/05/21. PubMed Central PMCID: PMC4194668.

Amyvid (Florbetapir F18 Injection) for intravenous use: Full Prescribing Information: Eli Lilly and Com-
pany; 2013 [01/05/2015]. Available from: http://pi.lilly.com/us/amyvid-uspi.pdf.

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(1):85-91.

PLOS ONE | https://doi.org/10.1371/journal.pone.0177924 May 25,2017 17/18


https://doi.org/10.1007/s00259-015-2988-7
http://www.ncbi.nlm.nih.gov/pubmed/25652817
https://doi.org/10.1001/jamaneurol.2015.1633
http://www.ncbi.nlm.nih.gov/pubmed/26280102
https://doi.org/10.1016/j.neurobiolaging.2012.04.017
https://doi.org/10.1016/j.neurobiolaging.2012.04.017
http://www.ncbi.nlm.nih.gov/pubmed/22633529
http://www.ncbi.nlm.nih.gov/pubmed/11297884
https://doi.org/10.1159/000354237
http://www.ncbi.nlm.nih.gov/pubmed/24008996
https://doi.org/10.1073/pnas.1411011112
https://doi.org/10.1073/pnas.1411011112
http://www.ncbi.nlm.nih.gov/pubmed/25675473
http://www.ncbi.nlm.nih.gov/pubmed/10822429
http://pi.lilly.com/us/amyvid-uspi.pdf
https://doi.org/10.1371/journal.pone.0177924

@° PLOS | ONE

Amyloid-B PET imaging in Parkinson disease

37.

38.

39.

40.

4.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Epub 2012/12/18. PubMed Central PMCID: PMC3589197. https://doi.org/10.1212/WNL.
0b013e31827b1a07 PMID: 23243071

Toledo JB, Brettschneider J, Grossman M, Arnold SE, Hu WT, Xie SX, et al. CSF biomarkers cutoffs:
the importance of coincident neuropathological diseases. Acta neuropathologica. 2012; 124(1):23-35.
Epub 2012/04/25. PubMed Central PMCID: PMC3551449. https://doi.org/10.1007/s00401-012-0983-7
PMID: 22526019

Edison P, Rowe CC, Rinne JO, Ng S, Ahmed |, Kemppainen N, et al. Amyloid load in Parkinson’s dis-
ease dementia and Lewy body dementia measured with [11C]PIB positron emission tomography. Jour-
nal of neurology, neurosurgery, and psychiatry. 2008; 79(12):1331-8. Epub 2008/07/26. https://doi.org/
10.1136/jnnp.2007.127878 PMID: 18653550

Gomperts SN, Locascio JJ, Marquie M, Santarlasci AL, Rentz DM, Maye J, et al. Brain amyloid and cog-
nition in Lewy body diseases. Movement disorders: official journal of the Movement Disorder Society.
2012; 27(8):965-73. Epub 2012/06/14. PubMed Central PMCID: PMC3725259.

Foster ER, Campbell MC, Burack MA, Hartlein J, Flores HP, Cairns NJ, et al. Amyloid imaging of Lewy
body-associated disorders. Movement disorders: official journal of the Movement Disorder Society.
2010; 25(15):2516-23. Epub 2010/10/06. PubMed Central PMCID: PMC2978796.

Petrou M, Dwamena BA, Foerster BR, MacEachern MP, Bohnen NI, Muller ML, et al. Amyloid deposi-
tion in Parkinson’s disease and cognitive impairment: a systematic review. Movement disorders: official
journal of the Movement Disorder Society. 2015; 30(7):928-35. Epub 2015/04/17. PubMed Central
PMCID: PMC4478091.

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(11):1161—7. Epub
2012/08/31. PubMed Central PMCID: PMC3525303. https://doi.org/10.1212/WNL.0b013e3182698d4a
PMID: 22933741

Bohnen NI, Frey KA, Studenski S, Kotagal V, Koeppe RA, Constantine GM, et al. Extra-nigral pathologi-
cal conditions are common in Parkinson’s disease with freezing of gait: an in vivo positron emission
tomography study. Movement disorders: official journal of the Movement Disorder Society. 2014; 29
(9):1118-24. Epub 2014/06/10. PubMed Central PMCID: PMC4162130.

Saint-Aubert L, Nemmi F, Peran P, Barbeau EJ, Payoux P, Chollet F, et al. Comparison between PET
template-based method and MRI-based method for cortical quantification of florbetapir (AV-45) uptake
in vivo. European journal of nuclear medicine and molecular imaging. 2014; 41(5):836—43. Epub 2014/
01/18. PubMed Central PMCID: PMC3978219. https://doi.org/10.1007/s00259-013-2656-8 PMID:
24435769

Brendel M, Hogenauer M, Delker A, Sauerbeck J, Bartenstein P, Seibyl J, et al. Improved longitudinal
[(18)F]-AV45 amyloid PET by white matter reference and VOI-based partial volume effect correction.
Neurolmage. 2015; 108:450-9. Epub 2014/12/09. https://doi.org/10.1016/j.neuroimage.2014.11.055
PMID: 25482269

Rullmann M, Dukart J, Hoffmann KT, Luthardt J, Tiepolt S, Patt M, et al. Partial-Volume Effect Correc-
tion Improves Quantitative Analysis of 18F-Florbetaben beta-Amyloid PET Scans. Journal of nuclear
medicine: official publication, Society of Nuclear Medicine. 2016; 57(2):198-203. Epub 2015/11/07.

Mattila PM, Koskela T, Roytta M, Lehtimaki T, Pirttila TA, llveskoski E, et al. Apolipoprotein E epsilon4
allele frequency is increased in Parkinson’s disease only with co-existing Alzheimer pathology. Acta
neuropathologica. 1998; 96(4):417—-20. Epub 1998/10/31. PMID: 9797007

Monsell SE, Besser LM, Heller KB, Checkoway H, Litvan |, Kukull WA. Clinical and pathologic presenta-
tion in Parkinson’s disease by apolipoprotein e4 allele status. Parkinsonism & related disorders. 2014;
20(5):503-7. Epub 2014/03/04. PubMed Central PMCID: PMC4028373.

Tsuang D, Leverenz JB, Lopez OL, Hamilton RL, Bennett DA, Schneider JA, et al. APOE epsilon4
increases risk for dementia in pure synucleinopathies. JAMA neurology. 2013; 70(2):223-8. Epub

2013/02/15. PubMed Central PMCID: PMC3580799. https://doi.org/10.1001/jamaneurol.2013.600
PMID: 23407718

Maetzler W, Liepelt |, Reimold M, Reischl G, Solbach C, Becker C, et al. Cortical PIB binding in Lewy
body disease is associated with Alzheimer-like characteristics. Neurobiology of disease. 2009; 34
(1):107—12. Epub 2009/01/24. https://doi.org/10.1016/j.nbd.2008.12.008 PMID: 19162186

PLOS ONE | https://doi.org/10.1371/journal.pone.0177924 May 25,2017 18/18


https://doi.org/10.1212/WNL.0b013e31827b1a07
https://doi.org/10.1212/WNL.0b013e31827b1a07
http://www.ncbi.nlm.nih.gov/pubmed/23243071
https://doi.org/10.1007/s00401-012-0983-7
http://www.ncbi.nlm.nih.gov/pubmed/22526019
https://doi.org/10.1136/jnnp.2007.127878
https://doi.org/10.1136/jnnp.2007.127878
http://www.ncbi.nlm.nih.gov/pubmed/18653550
https://doi.org/10.1212/WNL.0b013e3182698d4a
http://www.ncbi.nlm.nih.gov/pubmed/22933741
https://doi.org/10.1007/s00259-013-2656-8
http://www.ncbi.nlm.nih.gov/pubmed/24435769
https://doi.org/10.1016/j.neuroimage.2014.11.055
http://www.ncbi.nlm.nih.gov/pubmed/25482269
http://www.ncbi.nlm.nih.gov/pubmed/9797007
https://doi.org/10.1001/jamaneurol.2013.600
http://www.ncbi.nlm.nih.gov/pubmed/23407718
https://doi.org/10.1016/j.nbd.2008.12.008
http://www.ncbi.nlm.nih.gov/pubmed/19162186
https://doi.org/10.1371/journal.pone.0177924

