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ABSTRACT

Objective: To use principal component analyses (PCA) of Pittsburgh compound B (PiB) PET imag-
ing to determine whether the pattern of in vivo b-amyloid (Ab) in Parkinson disease (PD) with
cognitive impairment is similar to the pattern found in symptomatic Alzheimer disease (AD).

Methods: PiB PET scans were obtained from participants with PD with cognitive impairment (n 5

53), participants with symptomatic AD (n 5 35), and age-matched controls (n 5 67). All were
assessed using the Clinical Dementia Rating and APOE genotype was determined in 137 partic-
ipants. PCA was used to 1) determine the PiB binding pattern in AD, 2) determine a possible
unique PD pattern, and 3) directly compare the PiB binding patterns in PD and AD groups.

Results: The first 2 principal components (PC1 and PC2) significantly separated the AD and control
participants (p , 0.001). Participants with PD with cognitive impairment also were significantly
different from participants with symptomatic AD on both components (p , 0.001). However, there
was no difference between PD and controls on either component. Even those participants with PD
with elevated mean cortical binding potentials were significantly different from participants with AD
on both components.

Conclusion: Using PCA, we demonstrated that participants with PD with cognitive impairment do
not exhibit the same PiB binding pattern as participants with AD. These data suggest that Ab
deposition may play a different pathophysiologic role in the cognitive impairment of PD compared
to that in AD. Neurology� 2013;81:520–527

GLOSSARY
Ab 5 b-amyloid; AD 5 Alzheimer disease; ADRC 5 Alzheimer’s Disease Research Center; BP 5 binding potentials; CDR 5
Clinical Dementia Rating; DLB 5 Lewy body dementia; DVR 5 distribution volume ratio; FWHM 5 full width half maximum;
MCBP 5 mean cortical binding potential; MDC 5 Movement Disorders Center; PC 5 principal component; PCA 5 principal
component analysis; PCC 5 posterior cingulate cortex; PD 5 Parkinson disease; PFC 5 prefrontal cortex; PiB 5 Pittsburgh
compound B.

Synucleinopathy with Lewy bodies and neurites, neuronal loss, and gliosis constitute key neuropath-
ologic features of Parkinson disease (PD) and cortical synucleinopathy is associated with cognitive
impairment.1–3 Cortical b-amyloid (Ab) deposition, but rarely florid tauopathy, also occurs in
PD-related dementia, thus distinguishing b-amyloidosis in PD from Alzheimer disease (AD).2,4

Notably, cortical Ab deposition is associated with faster progression to dementia4,5 and shorter
survival,2,6 suggesting that Ab deposition in PD may act synergistically with synucleinopathy. Iden-
tifying patients with PD with elevated Ab may provide a strategy to test therapeutic interventions.

One biomarker for Ab deposition is the Pittsburgh compound B (PiB) PET radioligand,
which binds to fibrillar Ab.7 Elevated PiB binding occurs in 20%–30% of patients with PD with
dementia8–12 and is associated with the APOE e4 gene, lower CSF Ab42,10 and cognitive
decline.13 Increased PiB binding in the pons and mesencephalon may occur in PD without
elevated cortical binding,9 suggesting that PiB binding may differ between PD and AD. How-
ever, the typical analysis focuses on cortical PiB binding and would not capture these differences.
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The purpose of this study was to compare
PiB binding patterns in participants with AD
and PDwith cognitive impairment using princi-
pal component analyses (PCA). PCA identifies
independent components that best account for
data variance and provides a sensitive method
for detecting PiB binding patterns.14 We first
established an AD binding pattern, then tested
for a unique PD pattern, and finally directly
compared PD and AD.

METHODS Standard protocol approvals, registrations,
and patient consents. The Human Research Protection Office

at Washington University in St. Louis, Missouri, approved this

study and participants provided written informed consent.

Participants. Participants with PD with cognitive impairment,

defined as Clinical Dementia Rating15 (CDR) $0.5 (n 5 53),

were selected from 70 volunteers with PD (17 were cognitively

intact; CDR 0) recruited through the Movement Disorders Cen-

ter (MDC) at Washington University and the community

between January 2006 and December 2011. Age-matched con-

trols (MDC controls; n 5 29) were recruited through partici-

pants with PD and the community. Participants with PD had a

clinical diagnosis of idiopathic PD (n 5 43) based on modified

United Kingdom Parkinson’s Disease Society Brain Bank criteria

with clear response to levodopa16 or idiopathic PD with Lewy

body dementia17 (DLB; n 5 10). Exclusion criteria were 1) head

injury with loss of consciousness.5 minutes; 2) neurologic diag-

nosis other than PD; 3) psychiatric disorders other than depression

or anxiety; 4) inability to complete PET and MRI. Everyone con-

sented to brain donation upon death. MDC controls had a normal

neurologic examination, CDR5 0, no family history of PD, and a

normal PiB scan based upon mean cortical binding potential

(MCBP).18 Two controls were excluded due to elevated PiB scans

(MCBP $ 0.18).18 See table 1 for clinical and demographic

information.

Data for the participants with symptomatic AD (n5 35) and

age-matched controls (n 5 40) were obtained from the Knight

Alzheimer’s Disease Research Center (ADRC) at Washington

University. Participants with AD had CDR $0.5 and elevated

PiB binding (MCBP $ 0.18); ADRC control participants had

CDR 5 0 and normal PiB scans (table 1). Any control with a

positive PiB (MCBP $ 0.18) was excluded to avoid including

participants with presymptomatic AD.19,20

PiB PET scans. PET was done on a Siemens HR or HR1 ECAT

PET scanner in 3D mode (CTI, Knoxville, TN). [11C]-PiB was

synthesized as described.21 Approximately 12 mCi of radiotracer

(range 10.4–14.5; specific activity $1,200 Ci/mmol) was injected

and a 60-minute, dynamic PET scan was collected in 53 frames (25

5-second frames, 9 20-second frames, 10 60-second frames, 9 5-

minute frames). Emission data were corrected for attenuation, scat-

ter, and randoms, with a reconstructed resolution of 6-mm full

width half maximum (FWHM). Frame alignment was corrected

for head motion and coregistered to each person’s T1-weighted

magnetization-prepared rapid gradient echo MRI scan (1.5 or 3 T

Siemens Trio). Time-activity curves for selected regions of interest

were analyzed using Logan graphical analysis, with cerebellar cortex

as the reference tissue input function.18,22 Binding potentials (BP)

were calculated from the distribution volume ratio (DVR) as BP5

DVR 2 1. MCBP was computed as the average of BPs from 4

bilateral cortical regions (prefrontal cortex, gyrus rectus, lateral tem-

poral cortex, and precuneus).18

PCA analyses. We applied PCA to PiB PET scans to differentiate

patterns of uptake across groups. PCA is a data reduction method

that determines a set of linearly uncorrelated components (images)

that account for variability in a dataset. The eigenvalue associated

with each component yields the fraction of the variability associated

with that component. The components are traditionally ordered by

degree of variability explained; the first component accounts for as

much of the data variability as possible. The procedure also yields

component weights or coefficients (loadings) relating the data for

each subject to the principal components (PCs) (see equation 3).

For PCA, composite images were made from the last 30 minutes

of the PET scan and then smoothed to 8-mm FWHM. These images

were normalized by each participant’s respective mean cerebellum

value yielding the standard uptake value ratio,14 an approximation of

DVR. All negative pixel values were set to zero and a common mask

was used that included only those voxels shared by all participants.

PET data were stored in a 2-dimensional matrix, X (M, N),
where M is the number of participants and N is the number of

pixels (after masking). PCs were computed from the singular-

valued decomposition of the matrix after centering the data by

subtracting the mean of each image. The singular value decom-

position method, denoted in MATLAB by sdv (X, “econ”) (for
N . M), decomposes the data into 3 matrices (U, S, V):

Table 1 Participant demographic and clinical informationa

PD (n 5 53) MDC control (n 5 27) AD (n 5 35) ADRC control (n 5 40)

Age, yb 71.36 (0.97) 66.56 (9.58) 76.31 (6.86) 73.4 (5.87)

Sex, M/Fb 44/9 5/22 16/19 8/32

Education, y 15.33 (3.03) 14.78 (2.97) 14.11 (3.23) 15.38 (2.62)

CDR global score, 0/0.5/11b 0/34/19 27/0/0 0/22/13 40/0/0

MCBPb 0.06 (0.19) 20.01 (0.05) 0.75 (0.27) 0.02 (0.01)

APOE e4, 2/1b 28/13 20/2 10/24 34/6

“Off” UPDRS-III total score 34.16 (9.44) — — —

Abbreviations: AD 5 Alzheimer disease; ADRC 5 Alzheimer’s Disease Research Center; CDR 5 Clinical Dementia Rating; MCBP 5 mean cortical binding
potential; MDC 5 Movement Disorders Center; PD 5 Parkinson disease; UPDRS 5 Unified Parkinson’s Disease Rating Scale.
a Values represent means (SD), except sex, CDR global score, and APOE gene status, which are all frequencies.
bSignificant group differences (analyses of variance and x2, p , 0.001).
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X   5  USV T (1)

where theM3MmatrixU is the eigenvector matrix, S is a realM3

M diagonal matrix containing the singular values (square root of the

eigenvalues), and V is a N 3 M matrix. The PCs are given by

P   5   SV T (2)

where each PC (P) is an image. The contribution of the jth PC to

the ith participant is given by the ijth element of the U matrix. We

refer to these coefficients as component weights.

The PCs associated with any reference dataset can be used to

determine whether other groups of participants have similar com-

ponent weights. The new data are processed to form a new data

matrix X9, where each row represents data for a participant. The

estimated or predicted component weight (wij) for the ith partici-
pant relative to the jth PC of the reference dataset is computed using

the PCs and associated eigenvalue of the reference set by

wij   5  
pj
�
x9i

�T

lj
(3)

where pj is the jth PC, lj is the associated eigenvalue, and x9i is the ith

row vector of the data matrix X9. The estimated component weights

are computed assuming that PiB uptake conforms to certain patterns

(PCs) as determined by the reference PCA.

APOE genotype. To examine possible differences in PiB binding

based onAPOE genotype, we obtainedAPOE genotypes (n5 137).23

Neuropathology. Seven participants with PD died during this lon-

gitudinal study and had neuropathologic assessment as described.2

Lewy body stage was assessed using a PD staging scale24 (range: 0,

1–6) and McKeith et al.17,25 staging. AD pathology was rated using

amyloid plaque stage (range: 0, A–C) and neurofibrillary tangle (tau-

opathy) stage (range: 0, I–VI).3,26

Statistical analyses. To establish the AD pattern of PiB bind-

ing (PCA1), AD and ADRC control participants were randomly

split into “training” and “test” sets. PCA was done on the train-

ing set and then those components were applied to the test set

for validation. AD-defined components then were applied to

participants with PD to determine their relative expression of

the AD pattern.

To determine a possible PD-specific PiB binding pattern,

PCA was used to compare participants with PD and MDC con-

trols (PCA2). To avoid potential bias toward the PD group due to

larger sample size, a subset of participants with PD was selected

based on age and education to match the smaller sample of

MDC controls (table 2).

Finally, participants with AD and participants with PD were

directly compared with PCA to determine group differences in

PiB binding (PCA3). These analyses were conducted on age-,

education-, and CDR-matched AD and PD groups (table 2).

Component weights for the PCs that accounted for at least

5% of the variance were compared between groups using t tests
or nonparametric Mann-Whitney U and analyses of covariance,

including age and sex as covariates. Component weights for the

AD-defined components also were compared based on APOE
genotype for each group. Data were analyzed with PASW version

18 (IBM, Chicago, IL). All tests were 2-tailed and p , 0.05 was

considered statistically significant.

RESULTS MCBP. We used the standard approach of
MCBP $ 0.18 to indicate elevated PiB binding
(PiB1).18 An inclusion criterion for controls was normal
PiB scans; all participants with AD were PiB1. Only 9
(17%) participants with PD had elevatedMCBP, which
was lower than the AD group (Mann-WhitneyU5 47,
z523.22, p, 0.001; see figure e-1 on theNeurology®

Web site at www.neurology.org for PiB binding
images). Although some report greater PiB binding in
DLB,8,11 the proportion of PiB1 participants was
similar across DLB (20%) and PD (16%) (x2 5 0.08,
df 5 1, p 5 0.78); therefore, all participants with PD
with cognitive impairment were included in the
analyses.

PCA1: AD PiB pattern. We first established the AD
pattern with a training set of AD and ADRC con-
trol PiB scans and then confirmed this in a test
set of AD and ADRC controls. Comparing AD
and control training sets, the first 2 components
accounted for the majority of the variance (PC1
5 61%; PC2 5 15%; PC3 5 3%; PC4 5 2%;
PC5 5 2%; PC6–8 5 1%) and differed between
groups (figure 1A and table e-1; PC1: t [27.18] 5
28.97, p , 0.001; PC2: t [23.04] 5 215.40, p ,
0.001). As expected, PC1 and PC2 were driven by
PiB binding in cortical regions with PC2 demon-
strating greater contribution from prefrontal cortex
(PFC) and posterior cingulate cortex (PCC) and
much less contribution from thalamus, midbrain,
and brainstem (figure 2A).

Table 2 Group demographic and clinical information by specific PCA analysisa

PCA1: AD pattern AD (n 5 35) ADRC control (n 5 40)

Age, y 76.31 (6.86) 73.4 (5.87)

Sex, M/F 16/19 8/32

Education, y 14.11 (3.23) 15.38 (2.62)

APOE e4, 2/1 10/24 34/6

CDR global score, 0/0.5/11 0/22/13 40/0/0

PCA2: PD pattern PD (n 5 27) MDC control (n 5 27)

Age, y 68.41 (6.38) 66.56 (9.58)

Sex, M/F 22/5 5/22

Education, y 14.81 (3.08) 14.78 (2.97)

APOE e4, 2/1 14/5 20/2

CDR global score, 0/0.5/11 0/16/11 27/0/0

PCA3: PD vs AD PD (n 5 34) AD (n 5 35)

Age, y 74.53 (5.51) 76.31 (6.86)

Sex, M/F 28/6 16/19

Education, y 15.01 (2.71) 14.11 (3.23)

APOE e4, 2/1 20/8 10/24

CDR global score, 0/0.5/11 0/21/13 0/22/13

Abbreviations: AD 5 Alzheimer disease; ADRC 5 Alzheimer’s Disease Research Center;
CDR 5 Clinical Dementia Rating; MDC 5 Movement Disorders Center; PCA 5 principal
component analysis; PD 5 Parkinson disease.
a Values represent means (SD), except sex, APOE gene status, and CDR global score, which
are frequencies.
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These components then were applied to the test set of
AD and control participants. The estimated component
weights for the test sets replicated the training set patterns
(figure 1A) and separated the groups (PC1: t [19.66] 5
28.75, p , 0.001; PC2: t [16.94] 5 29.68, p ,

0.001). Thus, we combined the component weights of
the AD and control training and test sets for comparison
with participants with PD.

Comparison with participants with PD. Next, we exam-
ined the relative expression of the AD-defined pattern
by participants with PD. The first 2 components were
applied to PD and MDC control participants to esti-
mate component weights. Both PC1 and PC2 compo-
nent weights were greater in AD than PD (table e-1;
PC1: F1,87 5 109.66, p , 0.001; PC2: F1,87 5

121.76, p , 0.001) but similar across control groups
(table e-1). Comparing PD and ADRC controls re-
vealed a difference on PC2 (F1,92 5 17.61, p ,

0.001) but not on PC1 (p 5 0.95). The majority of

participants with PD had component weights simi-
lar to ADRC controls (figure 1B). Those few PD
(n 5 9) with component weights in the lower range
of the AD group had elevated MCBP, consistent
with the emphasis on cortical binding expressed by
PC2. Comparing participants with PD with elevated
MCBP and participants with AD revealed differences
on both components (Mann-Whitney; PC1: U 5 57,
z 5 22.92, p 5 0.003; PC2: U 5 54, z 5 23.01,
p 5 0.003).

APOE genotype. APOE genotyping was done on 34
participants with AD and 41 participants with PD. A
greater proportion of participants with AD (24 of 34;
71.4%) than participants with PD (13 of 41; 31.7%)
had at least one APOE e4 allele (x2 5 11.24, df 5 1,
p 5 0.001). Gene status did not affect either compo-
nent for participants with AD (PC1: p 5 0.81; PC2:
t [32] 5 21.78, p 5 0.09) or participants with PD
(p . 0.12) (figure e-2).

Figure 1 Distribution of principal component analysis component weights across groups

Scatterplots represent the component weights of the primary principal components (PC1 and PC2) for (A) establishing and validating the Alzheimer disease
(AD) Pittsburgh compound B binding pattern (PCA1), (B) the expression of the AD pattern by participants with Parkinson disease (PD), (C) the expression of
the AD pattern by participants with PD with autopsy confirmation, (D) comparison of PD andMovement Disorders Center controls (PCA2), (E) the expression
of the PD-defined components by the participants with AD, and (F) the direct comparison of participants with PD and participants with AD (PCA3).
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Figure 2 Principal component images

Images represent the principal components for the (A) comparison of Alzheimer disease (AD) and Alzheimer’s Disease Research Center controls (PCA1); (B)
comparison of Parkinson disease (PD) and Movement Disorders Center controls (PCA2); (C) comparison of participants with PD and participants with AD
(PCA3). The color bar indicates the relative intensities at each voxel for that principal component.
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Autopsy confirmation. All 7 participants with PD who
died had dementia and had typical findings of PD
with loss of substantia nigra neurons, a-synuclein-
immunoreactive Lewy bodies and Lewy neurites,
and gliosis in affected areas. Three had predominant
cortical synucleinopathy without substantial neocorti-
cal b-amyloidosis or tauopathy. The others had cortical
synucleinopathy and abnormal neocortical Ab pla-
ques (Braak amyloid plaque stages B–C) without
substantial neocortical tauopathy (Braak neurofi-
brillary tangle stages #4).2 The 4 with abnormal
Ab deposits at autopsy fell within the lower range
of PiB PCA distribution of the participants with AD
and had elevated MCBP, while the 3 without abnor-
mal Ab at autopsy had normal MCBP and compo-
nent weights similar to controls (figure 1C).

PCA2: PD PiB pattern. To determine a unique PD pat-
tern, PCA was applied to matched groups of PD and
MDC controls (table 2). The first 2 components
accounted for the majority of the variance (PC1 5

71%; PC2 5 6%; PC3 5 2%; PC4–8 5 1%), but
only PC2 differed between PD and MDC controls
(table e-1 and figure 1D; PC1: p 5 0.89; PC2:
t [31.74] 5 23.19, p 5 0.003). Interestingly, PC1
largely reflects PiB binding in white matter, thalamus,
and brainstem, whereas PC2 reflects cortical PiB bind-
ing especially in PFC and PCC (figure 2B). However,
the difference on PC2 was largely driven by a small
number (n 5 6) of participants with PD (figure 1D)
with elevated MCBP, consistent with the emphasis on
cortical binding expressed in PC2. In fact, PC2 did not
differ between groups after removing these 6 partici-
pants with PD (t [46] 5 21.69, p 5 0.10).

We then determined the relative expression of these
components in AD. Both components differed between
the PD and AD groups (figure 1E; PC1: F1,625 99.67,
p , 0.001; PC2: F1,62 5 52.58, p , 0.001).

PCA3: AD vs PD PiB pattern. Finally, we directly com-
pared matched groups of participants with AD and par-
ticipants with PD (table 2) to determine potential
differences in PiB binding patterns. The first 2 compo-
nents accounted for most of the variance (PC15 62%;
PC25 12%; PC35 4%; PC4–85 1%) and differed
between AD and PD (table e-1 and figure 1F; PC1:
t [67] 5 9.84, p , 0.001; PC2: t [67] 5 11.60, p ,
0.001), with participants with AD expressing higher
component weights. PC1 appears to largely reflect dif-
ferences in PiB binding between cortex and cerebellum;
however, PC2 emphasizes differences in the PFC, PCC,
white matter tracts, thalamus, and midbrain (figure 2C).
Again, participants with PD with elevated MCBP (n5

9) had component weights in the lower range of partic-
ipants with AD, but still differed from AD (PC1:
Mann-Whitney U 5 45, z 5 22.97, p 5 0.003;
PC2:Mann-WhitneyU5 40, z523.12, p5 0.002).

DISCUSSION PCA demonstrates a clear difference in
PiB binding between participants with PD with cogni-
tive impairment and participants with symptomatic
AD. In all 3 PCA analyses, the first 2 components sep-
arated participants with AD and participants with PD
with PC2 reflecting cortical PiB binding. Specifically,
participants with AD had the expected cortical PiB
binding pattern reflected by PC2, while the majority
of participants with PD exhibited a PiB binding pat-
tern consistent with controls and significantly different
from participants with AD. In the present study, 17%
of participants with PD had elevated PiB binding, indi-
cated by component weights and MCBP. However,
even those participants with PD with elevated MCBP
expressed component weights significantly lower than
participants with AD, despite matching for cognitive
impairment. This indicates that the PiB binding pat-
tern in PD differs from AD. We found no evidence
of a unique noncortical pattern of PiB binding in
PD. These results further emphasize that cognitive
impairment associated with PD can occur indepen-
dently of Ab burden and suggest that the role of Ab
in those participants with PD with elevated cortical Ab
may differ from that in AD.

Our data suggest that cortical PiB binding differs
between PD and AD, as indicated by the differences
in PC2 component weights. Participants with PD con-
sistently had component weights lower than participants
with AD (figure 1), even when the components were
established by comparison of PD and MDC control
groups. This reflects the emphasis of PC2 on cortical
binding, which was relatively low in participants with
PD. Most importantly, PC1 and PC2 significantly dif-
fered between participants with AD and participants
with PD with elevated MCBP. These differences were
not likely due to the effects of cortical atrophy despite
the lack of atrophy correction since the PiB binding
pattern, as expressed by the PCs, was not isolated to
brain edges. Nevertheless, given the small sample size of
PD with elevated cortical PiB binding, it is unclear
whether this reflects differences in the amount of PiB
binding, the cortical pattern of PiB binding, or both.

These results support previous PiB PET reports of
relatively few participants with PD having increased
PiB.8–12 Although limited evidence suggests possible
increased midbrain and brainstem PiB binding in
PD,9 our whole-brain PCA approach did not reveal
unique noncortical binding patterns in PD. Overall,
the PiB binding pattern in PD was similar to controls
and significantly different from AD. Our results high-
light that even with a more sensitive, whole-brain PCA
approach, the pattern of PiB binding appears to reflect
cortical binding.

Recent neuropathologic studies report more frequent
Ab burden in PD.2,5,6,27,28 Although our PCA results
agree with our postmortem evaluations (figure 1C), the
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overall frequency of elevated PiB binding in our PD
sample was lower than typically reported in autopsy stud-
ies. This difference may be attributed to methodologic
differences. PiB binds in vivo to fibrillar Ab and has less
sensitivity to Ab burden than direct in vitro immunohis-
tochemistry that labels diffuse and fibrillar Ab. Ab bur-
den increases with age,29 which may help explain higher
rates of Ab burden at autopsy. Later stages of PD with
greater spread of Lewy body pathology may predispose to
increased cerebral b-amyloidosis. Also, aggregation of
a-synuclein may disrupt protein homeostasis,30 leading
to Ab deposition. Increased aggregation of a-synuclein
may reduce clearance of Ab,31 thus increasing Ab depo-
sition. The possible interaction between a-synuclein and
Ab warrants further investigation.

Although not implicated as the primary pathology
for cognitive impairment associated with PD, Ab may
contribute to shorter survival rates2,32 and more rapid
cognitive decline.4,5,13 Identification of patients with PD
with elevated Ab burden is important for evaluation of
potential treatment with anti-amyloid therapies should
they prove effective in clinical trials for AD.
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