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Abstract
Background—Many patients with Parkinson disease (PD) develop dementia (PDD), a syndrome
that overlaps clinically and pathologically with dementia with Lewy bodies (DLB); PDD and DLB
differ chiefly in the relative timing of dementia and parkinsonism. Brain amyloid deposition is an
early feature of DLB and may account in part for its early dementia. We sought to confirm this
hypothesis and also to determine whether amyloid accumulation contributes to cognitive
impairment and dementia in the broad range of parkinsonian diseases.

Methods—29 cognitively normal PD, 14 PD subjects with mild cognitive impairment (PD-MCI),
18 with DLB, 12 with PDD and 85 healthy control subjects (HCS) underwent standardized
neurologic and neuropsychological examinations and PiB imaging with PET. Apolipoprotein
(APOE) genotypes were obtained in many patients. PiB retention was expressed as the distribution
volume ratio using a cerebellar tissue reference.

Results—PiB retention was significantly higher in DLB than in any of the other diagnostic
groups. PiB retention did not differ across PDD, PD-MCI, PD, and HCS. Amyloid burden
increased with age and with the presence of the APOEε4 allele in all patient groups. Only in the
DLB group was amyloid deposition associated with impaired cognition.
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Conclusions—DLB subjects have higher amyloid burden than subjects with PDD, PD-MCI, PD
or HCS; amyloid deposits are linked to cognitive impairment only in DLB. Early amyloid deposits
in DLB relative to PDD may account for their difference in the timing of dementia and
parkinsonism.
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INTRODUCTION
Isolated cognitive impairments are common in Parkinson disease (PD); these increase in
number and severity with advancing age and across stage of motor disability (1,2). Mild
cognitive impairment (MCI) is viewed as an intermediate stage between normal cognition
and dementia, and PD patients with cognitive complaints and documented cognitive
impairments that fall short of a diagnosis of dementia are often called PD-MCI (3,4). Frank
dementia is also common in PD, with incidences between 5%–10% and prevalences
between 30%–80% (5–7). When the dementia manifests itself years after the onset of motor
signs, the condition is called Parkinson disease dementia or PDD (8). When the onset of
dementia occurs before or within 1 year of the parkinsonian motor signs, the clinical
diagnosis is dementia with Lewy bodies (DLB) (9). PDD and DLB have clinically similar
manifestations with dementia and associated parkinsonism, hallucinations, and fluctuations
in arousal and cognition. The pathologic basis for PDD and for DLB appear to overlap as
well, with evidence supporting cortical Lewy body accumulation/α-synuclein toxicity (10),
accumulation of Aβ amyloid (10,11), dopamine system dysfunction (12,13), and loss of
basal forebrain cholinergic neurons (14). The development of positron emission
tomographic (PET) tracers that bind Aβ enables ante mortem detection of amyloid in
humans. One such agent, Pittsburgh Compound B (11C-PiB), specifically binds fibrillar
forms of brain amyloid and affords an opportunity to assess pre-mortem the contribution of
Aβ amyloid to cognitive impairment and dementia in the parkinsonian spectrum of Lewy
body diseases (15,16,17,18). Several groups, including our own, have found higher amyloid
burden in DLB than in PDD (15,16,18; but see 19). Given the similar clinical phenotype of
DLB and PDD with the notable exception of the relative timing of motor and cognitive
decline, we previously suggested that amyloid burden may hasten the onset of dementia in
subjects with parkinsonism (15; see also 20). It still remains uncertain whether amyloid
burden contributes to cognitive impairment in PD, or whether it may relate to the relative
timing of motor and cognitive symptoms.

In order to explore the hypothesis that Aβ toxicity contributes to cognitive impairment and
dementia in Lewy body diseases, we enrolled 73 patients with PD, PD-MCI, PDD, DLB and
85 cognitively intact healthy control subjects (HCS), tested them with comprehensive
neurological and neuropsychological examinations, and imaged them with PiB-PET brain
scans. We evaluated the extent of Aβ accumulation in these subjects and analyzed the
relation of Aβ deposition to cognitive test scores and to apolipoprotein E (APOE) genotype.
We tested these specific hypotheses: (1) PiB uptake will be higher in DLB than the other
parkinsonian disorders, (2) PiB uptake will be higher in PD-MCI than in PD with normal
cognition (PD-nl), (3) PiB uptake will relate to cognitive function, and (4) the APOE ε4
allele will predict amyloid burden in this population.
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METHODS
Study design

We enrolled 73 patients with a range of Lewy body diseases: 29 PD-nl, 14 PD-MCI, 12
PDD and 18 DLB (Table 1). All patients were recruited from the Massachusetts General
Hospital (MGH) Movement Disorders and Memory Disorders Units and gave informed
consent to participate in this research study according to the protocol approved by the
Partners HealthCare Inc. Institutional Review Board. Acquired data from these parkinsonian
subjects were compared with those of a separately collected cohort of 85 HCS individuals
who were enrolled in a separate but related research study; the parkinsonian patients and
HCS all underwent identical standardized neurological examinations, cognitive testing and
PiB PET imaging. All HCS subjects had a normal neurological examination, no subjective
complaint, a Clinical Dementia rating (CDR) Sum of Boxes (21; 22) scale score of 0, and
normal cognition. All but one HCS subject had a Mini-Mental Status Examination (MMSE)
score > 27 (23). That subject performed better than 2 standard deviations below the mean for
ability level on a majority of the tests. All PD subjects fulfilled criteria for a diagnosis of
idiopathic PD according to the UK Parkinson Disease Society Brain Bank Research Center’s
clinical diagnostic criteria (24). Individual cognitive tests were grouped into four aggregate
cognitive domain scores (ACD scores; see below) and were used to distinguish a population
of PD-nl from a population of PD-MCI subjects. PD-nl subjects had no ACD score in excess
of 1.5 standard deviations above the group mean of PD subjects without cognitive
complaints. All but one PD-nl subject had CDR scores of 0 (that subject had very mild
complaints and a CDR-SB of 0.5, with CDR-SB scores of 0 in three subsequent years). The
diagnosis of PD-MCI required an individual’s subjective complaint coupled with at least one
abnormal ACD score (exceeding 1.5 standard deviations above the group mean of PD
subjects without cognitive complaints), in the absence of dementia. One subject had two
markedly abnormal ACD scores yet denied subjective complaints and was included in the
PD-MCI group. The diagnosis of PDD was based on the movement disorders criteria of
Emre et al. (8); the diagnosis of DLB was based on the consensus criteria of McKeith et al.
(9).

Clinical evaluation
The clinical evaluation of motor function included the Hoehn & Yahr (H&Y) stage (25) and
the motor subscale of the Unified Parkinson Disease Rating Scale (UPDRS) (26) testing in
the “on” state. Evaluation of cognition included these neuropsychological tests: Logical
Memory I and II (LM I and LM II) (27), Free and Cued Selective Reminding Test (free
recall: FRsrt and cued recall: FCsrt) (28), Digit Span Forward and Backward (29), the Digit
Symbol component of the Wechsler Adult Intelligence Scale–Revised (30), Trailmaking
Tests A and B (31), Verbal Fluency (F-A-S (32); animals & vegetables (33)), the 30 item
Boston Naming Test (34), Benton Visual Form Discrimination (32)and the American
version of the National Adult Reading Test (AMNART) Verbal IQ assessment (35).
Functional status was assessed by the Clinical Dementia Rating Scale Sum of Boxes
(CDR_SB) and the Global CDR (36,37). Psychiatric state was assessed by the
Neuropsychiatric Inventory Questionnaire (38). Clinical fluctuations were quantified with
the Mayo fluctuations screen (39). We also queried the medical record, the subject, and an
informant to derive the age of onset of parkinsonian motor symptoms and the age of onset of
cognitive symptoms. Eighteen demented subjects were unable to complete some cognitive
tests due to their degree of cognitive impairment. We used multiple regression to estimate
performance on those tests using the predictors of MMSE and CDR_SB, and we added a
slight perturbation based on the error variance from the regression model for each respective
measure so as to avoid biasing error variance downward. Depending on the measure, 1 to
12% of scores subsequently analyzed were so estimated. We applied correlated factor
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analysis to the cognitive test performance of subjects with PD, PD-MCI, PDD, and DLB to
identify and form the following 4 aggregate cognitive domain factors: executive (trails B,
digit symbol), episodic memory (logical Ia, logical IIa), semantic memory and language
(FRsrt, FCsrt, BNT, FAS, verbal fluency), and visuospatial skill (Benton Vfdt). Cognitive
domain factor scores were calculated as the average z-score of the nonmissing component
tests (no more than half of each factor’s component tests were allowed to be missing for a
given subject).

Blood tests
We acquired APOE genotype (40) in 65 subjects for regression with PiB imaging and
cognitive test performance.

PET imaging acquisition and analyses
N-Methyl-[11C]2-(4methylaminophenyl)-6-hydroxybenzothiazole (PiB) was prepared at
MGH as previously described (41). Subjects were positioned in a Siemens HR+ scanner
(three-dimensional mode; 63 image planes; 15.2 cm axial field of view; 5.6 mm transaxial
resolution; 2.4 mm slice interval; 69 frames: 12 × 15 seconds, 57 × 60 seconds; Knoxville,
TN). After a transmission scan, 8 – 15 mCi of 11C PiB was injected as a bolus, followed
immediately by a 60 minute dynamic acquisition. PET data were reconstructed, corrected
for attenuation and each frame was evaluated to verify adequate count statistics and absence
of head movement.

PiB retention is highly correlated between brain regions. As PiB retention is particularly
high in the precuneus region, and as precuneus PiB retention correlates very highly with
global retention (r=0.939), we used precuneus PiB retention for our analyses. Each subject’s
precuneus was identified with the Automated Anatomic Labeling template following SPM
spatial transformation (see below), as described previously (15). Precuneus PiB retention
was calculated using the Logan graphical analysis method (42,43), with cerebellar cortex as
the reference tissue input function; specific PiB retention was expressed as the distribution
volume ratio (DVR), as in previous studies (44–47).

SPM analyses
PET DVR data were also analyzed using a voxel-based method, Statistical Parametric
Mapping (SPM8, Wellcome Department of Cognitive Neurology, Function Imaging
Laboratory, London) (48), which was implemented using Matlab R2010b (MathWorks Inc,
Sherborn, MA). Each dataset was spatially transformed to the SPM template PET image and
smoothed with a 12mm Gaussian kernel to account for individual anatomic differences. The
threshold for statistical significance was set at a p-value of 0.05, corrected for multiple
comparisons at the voxel level, using the False Discovery Rate. Statistical significance for
clusters was also recorded. The cluster extent threshold (k) was set at 50 voxels. Anatomical
localization of clusters reaching a peak height significance threshold of 0.05 corrected for
multiple comparisons was ascertained using the coplanar stereotaxic atlas (49,50). Voxel-
wise two sample t-tests for PiB retention comparison between-group were performed,
adjusting for the age at PiB-PET. Two subjects with PD-MCI were excluded from SPM
analysis due to truncation error, leaving 18 DLB, 12 PDD, 12 PD-MCI, 29 PD and 85 HCS.

Analyses examining the association of precuneus amyloid with clinical, motor and
cognitive variables

To assess the relation of various dependent variables to diagnostic groups (PD-nl, PD-MCI,
PDD, DLB, and HCS) and other predictors, we ran a backward elimination general linear
model (GLM) with cutoff p values for removal from the model set at 0.05. Patterns of
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residuals from the final retained model were examined graphically for reasonable
conformance to significance test assumptions of normality and homoscedasticity. Log
transformations were applied to dependent variables when assumptions appeared
questionable. Tukey adjusted post hoc tests were performed where required to follow up
significant main effects. Curvilinear quadratic and interaction terms were included for some
predictors in initial runs. Even when such terms were significant, a second analysis was run
in which all predictors were constrained to be linear because the gain in parsimony and
robustness appeared to offset any slight degradation in fit.

For the analysis of PiB as the dependent variable, the initial pool of predictor variables
included diagnostic group, age at PiB scan, gender, and their interactions. This GLM
analysis was re-run with inclusion of APOE genotype for the subset of subjects with APOE
measurement. Parallel GLM analyses were run separately for the dependent variables of
MMSE and cognitive domain factors, except that PiB DVR was now also included among
the pool of predictors along with its interactions with other terms. GLM analyses provide a
comprehensive and flexible technique to exhaustively examine both quantitative and
qualitative predictor variables as well as their interactions. GLM provides a net of tests that
theoretically allows nothing of interest to escape detection.

RESULTS
Group demographics

The groups did not differ significantly in age or in educational level (Table 1). Most of the
participants in the groups with parkinsonism were men. However, there were more women
than men in the HCS group. The PDD and DLB groups had similar CDR and MMSE scores;
these were lower than the nondemented group scores (p<0.001; Table 1). The PD-MCI CDR
and MMSE scores were intermediate, significantly lower than the PD-nl (p<0.05) but higher
than the PDD and DLB groups (p<0.05). Performance on the full set of cognitive tests
differed similarly between groups (Table 2). Clinical fluctuations (39), were higher in PDD
and DLB than in the other groups (p<0.003). Motor impairment, as measured by the H&Y
stage, was greater for the PDD and PD-MCI groups than for the DLB or PD groups (for all
pairwise comparisons, p<0.04). Age at the time of PiB imaging was similar across the four
parkinsonian groups, and the age of onset of cognitive impairment was likewise similar for
the DLB, PDD and PD-MCI groups. The DLB group however had a significantly later onset
of motor symptoms than the other parkinsonian groups (p<0.02 for all comparisons; Figure
1). In other words, the PD, PD-MCI and PDD groups all had the motor signs of
parkinsonism years before the onset of cognitive signs, and approximately a decade before
motor signs appeared in the DLB group.

Group comparisons of amyloid burden
We assessed amyloid burden using PiB PET in PD-nl, PD-MCI, PDD, DLB and HCS
subjects. Amyloid burden, measured as precuneus PiB DVR normalized to the cerebellum,
differed across the diagnostic groups (with or without a linear adjustment for age;
ANCOVA, p< 0.0001; Figure 2). The mean PiB uptake in the precuneus region for DLB
was 1.49 and for PDD was 1.28 (p = 0.033 on head to head comparison, linearly adjusting
for age). PiB uptake was also significantly higher in DLB than in the PD-nl, PD-MCI, and
HCS groups (all comparisons, p<0.002). The mean PiB DVR for the PD-nl group was 1.16
and for the PD-MCI group was 1.16, indicating that amyloid burden at baseline did not
distinguish these two non-demented parkinsonian groups. PiB DVR values in PD, PD-MCI,
and PDD were not significantly different from each other. PiB retention did not differ
between males and females in any group.
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Within diagnostic groups, older subjects had higher amyloid burden (p=0.0009, GLM
analysis). Six percent of the variance of (log) PiB burden across subjects could be attributed
to its linear relation to age uniquely; 15% of the variance was separately explained by
differences among diagnostic groups in their mean levels.

SPM analyses at the voxel level revealed significantly higher PiB retention in DLB
compared to HCS in frontal and parietal lobes with a peak in the right putamen (p (voxel-
level) < 0.001, z = 6.33; Figure 3A). Amyloid burden in PDD, PD-MCI, PD, and HCS
groups were indistinguishable. Compared to the aggregated PD-nl, PD-MCI and PDD
groups, PiB uptake in DLB was higher in frontal and parietal regions (p (voxel-level) =
0.025, z = 5.13; Figure 3B).

Amyloid burden and cognitive function
The relation between amyloid burden and global cognitive function as measured by the
MMSE varied by diagnostic group (p<0.004 for the interaction of diagnosis and PiB DVR).
In the DLB group, higher amyloid was associated with worse performance (p < 0.001). In
contrast, PiB uptake was not significantly related to MMSE score for any of the PD-nl, PD-
MCI, PDD, or HCS groups.

We also assessed the relation of amyloid deposition to performance on the four aggregate
cognitive domain factors that we identified by factor analysis: executive, semantic memory
and language, episodic memory and visuospatial skill. For each cognitive factor, significant
diagnostic group mean differences were found in expected directions (HCS and PD higher
than the others). However, of more interest was the finding that in the DLB group alone,
performance on the semantic memory factor worsened with increasing amyloid deposition
(p=0.0012 for interaction of diagnostic group and PiB). In contrast to the relation of PiB to
semantic memory among DLB subjects, PiB burden did not significantly relate to cognitive
performance on the episodic memory, executive, or visuospatial factors in any of the five
diagnostic groups.

Amyloid burden and motor function in the parkinsonian groups
We found no significant relation of PiB burden to motor impairment as measured either by
the Hoehn and Yahr (H&Y) score or by the UPDRS score within any of the diagnostic
groups.

Relation of APOE genotype to amyloid burden
We acquired APOE genotype in 65 of the 74 parkinsonian subjects and in 64 of the 85 HCS.
As anticipated, PiB burden positively correlated with the number of APOE ε4 alleles (r = +.
49; p < 0.0001) in the sample as a whole (Figure 4). The number of ε4 alleles (0, 1, 2) was
significantly linked to PiB burden (p<0.0001), with the strongest association in the HCS,
PD-MCI, PDD and DLB groups. On examining the relative contributions of factors
impacting amyloid burden, we uncovered three independent features: diagnostic group
(p=0.013), number of APOE ε4 alleles (p<0.0001), and advancing age (p=0.0001). In these
analyses, the number of APOE ε4 alleles accounted for 14% of the variance in (log) PiB
burden (unbiased population estimate). Adjusting for diagnostic group and age, the presence
of at least one APOE ε4 allele (treated as binary: present/absent) was associated with a two-
fold higher log amyloid load (0.33 vs 0.17; p = 0.0001) or approximately a 20% higher
amyloid load (1.39 vs 1.18). Conversely, after adjusting for number of APOE ε4 alleles and
age, the mean PiB uptake in the precuneus region for DLB was 1.48 and for PDD was 1.28
(p = 0.05) on head to head comparison).
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DISCUSSION
The results of this study confirm and extend our initial report of high PiB amyloid signal in
DLB compared to PDD, PD-MCI, PD and HCS. These results are consistent with several
prior studies, including our own (15,16,18; but see 19) that cortical amyloid deposits are a
common feature of DLB that can be detected during life. Although prior reports have
identified age as a risk factor for amyloid burden (for example, 51), this would not explain
the higher amyloid burden seen in our DLB cohort as their mean age did not differ
significantly from the other parkinsonian groups. While diagnostic groups were well
matched for age, the age of onset of motor illness was higher for DLB than for the other
Parkinson disease groups. This finding is compatible with the known epidemiology of DLB
and PD (52).

Differential amyloid accumulation in PDD and DLB suggests differences in how
neuropathological lesions evolve in these diseases. In PD, the clinical history of early motor
dysfunction followed by later cognitive impairment correlates with nigral Lewy body
accumulation and neuronal death, followed by diffuse Lewy-related pathology in cortex,
possibly influenced by late amyloid deposition (53, 54). In contrast, in dementia with Lewy
bodies, the underlying neuropathology appears to take a rostral to caudal course, with an
amyloid-driven cortex-specific pathology present early and likely related to early cognitive
dysfunction, with concomitant or subsequent motor decline due to midbrain Lewy related
pathology. The observation that the severity and duration of motor deficits were greater in
the PDD than DLB groups supports this formulation. However, as PiB binds amyloid fibrils
but not soluble amyloid oligomers (55), it remains possible that DLB and PDD share high
concentrations of toxic amyloid oligomers, and that these oligomers underlie cognitive
impairment in both DLB and PDD.

Diffuse plaques with amorphous amyloid deposits have been observed in both PDD and
DLB (56–58). PiB labels neuritic plaques as well as some diffuse plaques, and PiB retention
in cases of DLB and PDD appears to relate to diffuse plaque burden (43, 56, 57, 59). The
extent to which diffuse plaques contribute to cognitive impairment in Lewy body diseases
remains to be determined.

The DLB and PDD groups had similar degrees of cognitive impairment, yet amyloid burden
was linked to indices of dementia only in the DLB cases. The difference in amyloid burden,
and its cognitive consequences, is surprising, given the similar clinical phenotype and
neuropathology findings in DLB and PDD. The low amyloid burden of PDD may hinder our
ability to resolve a relation between amyloid and cognitive function in PDD. Another
possibility is that some of the other pathologic processes that cause dementia in PD, such as
diffuse Lewy body/α-synuclein accumulation, loss of cholinergic neurons and/or loss of
medial nigral dopaminergic neurons exert greater effects in PDD than in DLB.
Alternatively, it is possible that amyloid burden accelerates cognitive decline, thereby
narrowing the temporal window between motor and cognitive deterioration. This possibility
is supported by recent neuropathological studies in PD, which have shown that late onset of
parkinsonism is associated with higher amyloid burden (18) and dementia in PD (18, 54). It
is noteworthy that cognitively normal PD subjects and PD-MCI subjects were
indistinguishable on the basis of amyloid burden, with levels similar to HCS. Amyloid
burden therefore is not an important factor for cognitive impairments in PD-MCI.

Consistent with prior reports (15, 60), PiB retention varied widely in the HCS, with amyloid
burden in some subjects elevated into the DLB and AD range. Whether higher amyloid
burden in cognitively normal subjects represents a risk factor for future cognitive decline is
an active area of investigation.
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Prior reports identified APOE e4 allele (reviewed in 61) and age (51) as risk factors for
amyloid burden. We confirmed these findings. As expected, we found that the ε4 allele
conferred significant risk for amyloid burden in our entire cohort. Remarkably, the
explanatory power of APOE genotype in predicting amyloid burden was comparable to the
explanatory power of diagnostic group (in terms of percent variance of log amyloid
accounted for). Nonetheless, after taking into account APOE status and age as independent
variables, amyloid burden was still substantially higher in the DLB group compared to the
other parkinsonian groups, including PDD. Further, large population studies have not
consistently found a relation between APOE genotype and dementia in PD (62–67) or in
DLB (68–72). We conclude therefore that amyloid plays an early and central role in the
pathology and clinical manifestations of dementia that is unique to DLB, and helps explain
the difference from PDD in the timing of dementia.
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Figure 1. Distribution of onset of motor and cognitive symptoms across the diagnostic groups
Age at acquisition of PiB PET, age at onset of motor symptoms and age at onset of cognitive
symptoms for each diagnostic group are displayed using the box-whiskers convention. Box
edges show the inter-quartile range. The vertical line within each box is the median value,
and the diamond designates the mean. Box whiskers extend to as much as 1.5 interquartiles
above and below the edges. The DLB group had a significantly later onset of motor
symptoms than the other groups (p <0.01), whereas all groups associated with cognitive
symptoms had similar ages at onset of cognitive impairment.
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Figure 2. Amyloid burden varies across the diagnostic groups
Precuneus PiB DVR values are displayed for each of the diagnostic groups, using the box-
whiskers convention. Dots (jittered slightly laterally) represent actual values. The red
horizontal line within each box is the group median PiB DVR value, and the green
horizontal line extending beyond the box is the diagnostic group mean. The horizontal line
extending across the entire graph indicates the grand mean. The widths of the boxes are
proportional to group sample sizes. Group means were not substantially altered by
adjustment for age. The DLB group had higher PiB retention than each of the other groups
(p<0.04 for each comparison). The PDD, PD-MCI, PD, and HCS group means were not
significantly different from each other.
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Figure 3. Topography of amyloid burden in DLB
SPM contrasts of PiB DVR in DLB with other diagnostic groups. Regional PiB retention
differences are shown in red. A. Amyloid burden in DLB compared with HCS was
significantly higher in the frontal, parietal and superior temporal lobes (p (voxel-level) <
0.001, z = 6.33). B. Compared with the aggregated PD, PD-MCI and PDD groups, DLB had
higher PiB retention in both frontal and parietal lobes (p (voxel-level) = 0.025, z = 5.13).
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Figure 4. Amyloid burden varies with apolipoprotein E genotype
Box-whisker plots showing PiB retention in each diagnostic group differentiated by the
presence (+) or absence (−) of at least one ApoE4 allele. There was a significant main effect
of ApoE4 versus PiB retention for the entire cohort (p=0.0001), with the strongest
associations in the HCS, PD-MCI, PDD and DLB groups.
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