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Abstract
Background

Amyloid co-pathology is common in Lewy body dementia, yet its spatial distribution and relationship to
clinical heterogeneity remain unclear. Prior studies have focused on global burden or between-group
comparisons rather than variation within Lewy body dementia.

Objectives

To determine whether Lewy body dementia exhibits a distinct spatial pattern of amyloid deposition
relative to Alzheimer disease and controls, and to identify symptom-specific covariance patterns
associated with its core features.

Methods

We performed voxel-wise principal component analysis of F-18 Florbetapir positron emission
tomography scans from 77 participants (Lewy body dementia n = 35, Alzheimer disease n = 22, controls
n = 20) to derive spatial covariance patterns. Spatial covariance analysis within the Lewy body dementia
subgroup investigated patterns related to cognitive fluctuations, parkinsonism, rapid eye movement
sleep behavior disorder and visual hallucinations.

Results

No distinct amyloid deposition pattern specific to Lewy body dementia was identified. Within the Lewy
body dementia subgroup, covariance patterns were observed for cognitive fluctuations, characterized by
left-lateralized frontal-temporal-striatal involvement; parkinsonism, demonstrating an anterior-posterior
gradient; and rapid eye movement sleep behavior disorder, showing medial temporal involvement with
frontal-parietal sparing. No pattern was identified for visual hallucinations.

Conclusions

Lewy body dementia does not exhibit a distinct amyloid deposition pattern, but regional variation in
amyloid distribution may be associated with clinical heterogeneity. These findings suggest that cortical-
network symptoms, particularly cognitive fluctuations, may relate to greater cortical amyloid co-
pathology, whereas features linked to subcortical substrates, including parkinsonism and rapid eye
movement sleep behavior disorder, may relate to cortical amyloid sparing.

Introduction
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The diagnosis of dementia with Lewy bodies (DLB) is based primarily on core clinical features: cognitive
fluctuations (CF), recurrent visual hallucinations (VH), rapid eye movement sleep behavior disorder (RBD)
and parkinsonism, alongside diagnostic biomarkers (McKeith et al., 2017). However, DLB is clinically
heterogeneous, potentially reflecting variation in a-synuclein distribution and co-pathologies, particularly
amyloid-B (AB) deposition (Borghammer, 2021; Jellinger & Korczyn, 2018).

In vivo positron emission tomography (PET) imaging consistently shows that global AB burden in DLB is
intermediate between healthy controls and Alzheimer disease (AD) (Yousaf et al., 2019; Tan et al., 2025).
However, no DLB-specific spatial distribution has been identified (Yousaf et al., 2019). This may partly
reflect reliance on global burden or region-of-interest analyses, which may lack sensitivity to detect
distributed spatial covariance patterns (SCPs).

At a systems level, core DLB features map onto specific neural networks. Parkinsonism is associated
with nigrostriatal degeneration (McGregor & Nelson, 2019), while RBD reflects dysfunction in brainstem
circuits regulating rapid eye movement atonia (Elder et al., 2022; Joza et al., 2025). In contrast, CF and
VH involve large-scale cortical attention and perceptual networks (O’'Dowd et al., 2019; Matar et al., 2022;
Shine et al., 2011; Zarkali et al., 2022).

In AD, AB deposition follows a characteristic neocortical progression (Thal et al., 2002). Concomitant AD
pathology may therefore disproportionately influence DLB features associated with cortical networks,
whereas its relative absence may be associated with phenotypes characterized by greater parkinsonism
and RBD. This is broadly consistent with “brain-first” and “body-first” models of a-synuclein propagation,
in which cortical regions are affected earlier in brain-first disease and brainstem structures earlier in
body-first disease (Borghammer, 2021). Biomarker-defined DLB cases with AD co-pathology have been
associated with increased cortical symptoms, particularly VH (Lemstra et al., 2017), whereas elevated
cerebrospinal fluid tau has been linked to lower frequency of parkinsonism and RBD (Di Censo et al.,
2019; Ferreira et al., 2020). However, findings are inconsistent (Jellinger, 2025), and prior work has
largely relied on binary biomarker stratification rather than spatial modeling of AB distribution.

To address these issues, we applied voxel-wise spatial covariance analysis (SCA), a multivariate
principal component analysis (PCA)-based approach that can identify distributed patterns of correlated
tracer signal across brain regions. Similar methods have been applied to fluorine-18 fluorodeoxyglucose
PET studies in dementia and Parkinson disease (Habeck et al., 2008; Ingram et al., 2022; Meles et al.,
2020; Perovnik et al., 2022; Schindlbeck et al., 2020; Sigurdsson et al., 2022). We first performed pairwise
SCA of florbetapir PET scans in DLB, AD and controls to derive diagnostic group-related amyloid patterns
and then performed a DLB-specific analysis to examine symptom-associated patterns.

We hypothesized that DLB would show regional weighting patterns distinct from AD, potentially involving
basal forebrain or occipital regions (Yousaf et al., 2019; Jellinger, 2025), and that cortical-dominant
symptoms (CF and VH) would be associated with greater cortical amyloid signal, whereas subcortical-
dominant symptoms (parkinsonism and RBD) would be associated with relative cortical sparing.
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Methods

Study Design and Participants

This study was a secondary voxel-wise SCA reanalysis of '8F-florbetapir PET data from the AMPLE
cohort, a prospectively recruited study conducted between June 2013 and February 2016 in secondary
care services in the North of England (Donaghy et al., 2018). Participants were aged =60 years. Dementia
participants had probable DLB or AD according to contemporaneous consensus criteria (McKeith et al.,
2005; McKhann et al., 2011). Although DLB participants were recruited before publication of the 2017
DLB Consortium criteria (McKeith et al., 2017), all fulfilled updated probable DLB criteria at retrospective
verification. Diagnoses were determined independently by two experienced clinicians blinded to amyloid
PET results.

Dementia participants required Mini-Mental State Examination (MMSE) =12 (Folstein et al., 1975).
Controls were recruited from a research register or as partners of participants and required MMSE =26,
with no clinical evidence of cognitive impairment. Exclusion criteria included major psychiatric iliness,
significant neurological disease, severe systemic illness, PET-CT contraindications, prior exposure to
amyloid-targeting agents, or participation in investigational drug trials. Given the exploratory nature of
this secondary analysis using an existing dataset, no a priori power calculation was performed.

Clinical Assessments

All participants underwent cognitive, neuropsychiatric and motor assessment as part of the original
AMPLE protocol (Donaghy et al., 2018). Global cognition was assessed using Addenbrooke’s Cognitive
Examination-Revised (ACE-R) (Mioshi et al., 2006). Core DLB features were represented using Movement
Disorder Society—Unified Parkinson’s Disease Rating Scale Part Ill (MDS-UPDRS IIl) for parkinsonism
(Goetz et al., 2008), Dementia Cognitive Fluctuation Scale (DCFS) for CF (Lee et al., 2014), and clinician
consensus ratings for VH and RBD based on full clinical assessment and record review. VH and RBD
were coded dichotomously because accurate severity scales were unavailable. Symptoms that had been
present previously but were controlled at assessment, for example by treatment, were coded as present.

MRI Acquisition and Processing

Structural Magnetic Resonance Imaging (MRI) scans were acquired on a 3T Philips Achieva system
using a 3D sagittal T1-weighted magnetization-prepared rapid gradient-echo sequence: repetition time
8.3 ms, echo time 4.6 ms, inversion time 1250 ms, flip angle 8°, and voxel size 1 x 1 x T mm (Donaghy et
al., 2018). Images were processed using FreeSurfer (Fischl, 2012), with quality control by two blinded
raters (Cohen’s k = 0.92) and manual correction where required. FreeSurfer-derived segmentations were
used to generate the brain mask for PET SCA and to extract intracranial volume (ICV) and bilateral
hippocampal volumes. Hippocampal volumes were normalized to ICV, and related analyses were
restricted to participants with high-quality MRI data.
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PET Acquisition and Processing

Participants underwent '8F-florbetapir PET using a Siemens Biograph-40 PET-CT scanner (Siemens,
Erlangen, Germany) after 370 MBq intravenous tracer injection (Donaghy et al., 2018). A 15-minute
amyloid acquisition, comprising three 5-minute frames, was acquired 30—50 minutes post-injection.
Images were reconstructed using iterative reconstruction with 4 iterations and 16 subsets, a 168 x 168
matrix, approximately 2.0 x 2.0 mm in-plane voxel size, 3-mm slice thickness, a 3-mm Gaussian post-
reconstruction filter, and low-dose CT attenuation correction.

Mean PET images were spatially normalized to Montreal Neurological Institute (MNI) space before SCA.
Statistical Parametric Mapping (SPM) was used for preprocessing (Ashburner & Friston, 2005). An MRI-
derived brain mask defined the voxel space for analysis. Images were smoothed using a 10 mm full-
width at half-maximum Gaussian kernel. To reduce intersubject global uptake effects, each subject’s
mean uptake within the analysis mask was removed from voxel intensity values before PCA. Participants
without usable MRI volumetric data were retained in voxel-wise analyses because SCA did not require
structural volumetric data.

Statistical and Spatial Covariance Analysis

Analyses were conducted using MATLAB R2017a with dedicated covariance analysis software.
Additional processing was performed in Python and R where required.

Voxel-wise PCA was applied to spatially normalized and smoothed florbetapir images within the MRI-
derived brain mask. Separate analyses were performed for controls versus AD, controls versus DLB, and
AD versus DLB. For each comparison, participant scans were vectorized into a subjects-by-voxels matrix.
Principal components (PCs) and corresponding subject scaling factors (SSFs) were generated for each
analysis, with SSFs representing individual expression of each SCP.

To identify diagnostic group-related SCPs, SSFs were entered into linear regression models with
diagnostic group as the dependent variable. Akaike's Information Criterion (AIC) was used to select the
optimal combination of PCs balancing model fit and parsimony (Akaike, 1974). Selected PCs were
linearly combined to produce a composite SCP for each diagnostic contrast, and individual pattern
expression was quantified by projecting the composite pattern onto each participant’s PET image.

A DLB-only SCA was then performed to identify symptom-associated tracer distribution patterns. DLB-
specific PCs and SSFs were generated using the same approach. For each clinical variable, including
DCFS score, MDS-UPDRS Il score, RBD status and VH status, SSFs were entered as independent
variables in linear regression models with the clinical measure as the dependent variable. AIC guided PC
selection, and selected PCs were combined to generate symptom-specific SCPs.

Bootstrap resampling with 1000 iterations was used to assess pattern stability. In each iteration, PCA
and regression-based model selection were repeated on resampled datasets. Voxel-wise Z-statistic
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maps were calculated as the ratio of voxel weight to bootstrap-derived standard deviation (SD). A
threshold of |Z| = 1.64 was used to identify voxels contributing reliably to each SCP.

Because component selection and pattern evaluation were performed within the same dataset, SSFs
and associated model fits are reported as descriptive indices of pattern expression, and findings are
interpreted as exploratory rather than confirmatory. Linear regression models examined associations
between age, sex and DLB-specific SSF scores. Pearson correlation analysis examined associations
between ICV-normalized bilateral hippocampal volume and SSF scores. SCPs were visualized using
MRIcroGL, and regional contributions were localized using the AAL3 brain atlas.

Results

Participant Characteristics

The final sample comprised 77 participants: DLB (n = 35), AD (n = 22), and controls (n = 20) (Table 1).
Groups were comparable in age and sex distribution. As expected, both dementia groups had lower ACE-
R and MMSE scores than controls. Within the DLB group, RBD was present in 21/35 participants and VH
in 22/35.

Spatial Covariance Analyses
Diagnostic Group Patterns

For controls versus AD, a composite image comprising PC,, PC,, PC4, PC, and PC,, differentiated AD
from controls, with higher SSF expression in AD (Figure 1a). The pattern associated with AD showed
relatively higher posterior cortical and orbitofrontal florbetapir signal, with lower midline and medial
temporal signal.

For controls versus DLB, a composite image comprising PC,, PCs and PC,, distinguished DLB from

controls, with higher SSF expression in DLB (Figure 1b). The pattern associated with DLB showed
relatively higher florbetapir signal in right orbitofrontal and rectal cortices, with smaller temporal,
cingulate, precuneus and frontal contributions.

For AD versus DLB, a composite image comprising PC;, PC, and PCg separated DLB from AD, with

higher SSF expression in DLB (Figure 1c). The pattern associated with DLB showed relatively higher
fusiform and inferior temporal signal, with lower medial orbitofrontal, superior temporal and posterior
cortical signal.

Symptom-Associated Patterns in DLB

A combination of PC,, PCs, PC¢ and PC,, was associated with increasing DCFS scores (R? = 0.37). The
resulting SCP showed relatively higher florbetapir signal in the left putamen and frontal and temporal
cortices, with lower right temporal signal, demonstrating a left-right asymmetric distribution (Figure 2).
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The SCP associated with increasing MDS-UPDRS IlI scores comprised PC5 only (R? = 0.11). This pattern
demonstrated an anterior-posterior gradient, with relatively higher signal in anterior cortical, subcortical
and medial temporal regions, and lower signal in posterior parietal and occipital cortices (Figure 3).

A combination of PC; and PC, was associated with positive RBD status (R = 0.28). The pattern showed

relatively higher signal in bilateral medial temporal regions and the caudate, with relative frontal-parietal
sparing (Figure 4).

No SCP associated with VH positive status was identified following AlC-based model selection.
Relationship Between the RBD Pattern and Hippocampal Volume

Because increased medial temporal florbetapir signal in the RBD-associated pattern was unexpected, we
explored whether this reflected relative medial temporal structural preservation. In DLB participants with
high-quality MRI data (n = 29/35), RBD-associated SSF scores were positively correlated with ICV-
normalized hippocampal volume (r = 0.56, p = 0.002).

Age and Sex Effects in DLB

Age and sex were associated with CF SSF scores only. CF SSF scores increased with age (B = 1.483,p =
0.049) and were higher in males than females (B = 124.981, p = 0.049; males: mean = 12.45, SD = 8.86;
females: mean = 9.79, SD = 7.96). No associations were observed for parkinsonism, RBD or VH-related
SSF scores.

Discussion

We combined whole-brain voxel-wise comparisons with within-DLB covariance modeling to examine
spatial amyloid distribution and its relationship to clinical heterogeneity. We found no evidence of a DLB-
specific amyloid topography, with substantial overlap between DLB and AD. Contrary to our hypothesis,
DLB did not show greater basal forebrain or occipital florbetapir signal than AD. Within DLB, distinct
symptom-associated covariance patterns were identified for CF, parkinsonism and RBD. These
exploratory findings suggest that regional variation in florbetapir signal may relate to clinical
heterogeneity, with CF linked to greater cortical amyloid co-pathology and parkinsonism and RBD linked
to relative cortical amyloid sparing.

Absence of a DLB-Specific Amyloid Pattern

The lack of a DLB-specific amyloid topography is consistent with previous imaging studies showing that
AD and DLB differ primarily in amyloid load rather than spatial deposition pattern (Yousaf et al., 2019).
This supports the interpretation of amyloid pathology in DLB as coexisting Alzheimer-type pathology
rather than a disease-specific amyloid pattern.

Cognitive Fluctuations: A Left-Lateralized Covariance Pattern
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CF demonstrated the strongest association with an amyloid covariance pattern (R? = 0.37), characterized
by a left-lateralized distribution involving frontal, temporal and striatal regions, and reduced loading in
contralateral temporo-parietal and cerebellar areas. This spatial configuration overlaps with networks
implicated in attention and arousal regulation, which are thought to underpin CF in DLB (Mengotti et al.,
2020; O'Dowd et al., 2019; Matar et al., 2022). CF-related pattern expression increased with age and was
higher in males. This contrasts with previous studies reporting broadly similar rates of cognitive
fluctuations between sexes (Chiu et al., 2023). Given the marked male predominance of our sample, this
finding may reflect residual confounding and should be interpreted cautiously.

Parkinsonism: An Anterior-Posterior Covariance Gradient

The covariance pattern associated with parkinsonism was modest (R? = 0.11) and demonstrated an
anterior-posterior gradient, broadly inverse to the posterior-dominant florbetapir pattern observed in AD
versus controls. This suggests that greater parkinsonism may be associated with relative absence of
AD-like posterior cortical signal, consistent with evidence that parkinsonism is more prominent in DLB
with lower concomitant Alzheimer-type pathology (Di Censo et al., 2019; Ferreira et al., 2020). The
pattern also overlapped with motor and frontostriatal circuitry relevant to parkinsonism (McGregor &
Nelson, 2019), although this should be interpreted cautiously given the exploratory analysis.

Rapid Eye Movement Sleep Behavior Disorder: Medial Temporal Signal and Structural Confounding

The RBD-associated covariance pattern (R? = 0.28) showed relatively increased medial temporal loading
with reduced widespread cortical loading. Although medial temporal amyloid deposition is more typical
of AD than DLB, the positive correlation between RBD-related SSF scores and hippocampal volume
suggests that this signal may partly reflect structural preservation rather than greater amyloid burden.
Together, these findings align with evidence that RBD is more frequent in DLB without comorbid AD
pathology (Ferreira et al., 2020).

Visual Hallucinations: Null Findings

No amyloid covariance pattern was identified for VH. Although prior studies have linked AD co-pathology
with increased hallucination frequency (Lemstra et al., 2017), our analysis was likely underpowered, and
dichotomous coding may have reduced sensitivity. This null finding should therefore be interpreted
cautiously.

Mixed Pathology and Clinical Heterogeneity

The CF- and parkinsonism-related covariance patterns align anatomically with attention-arousal and

motor circuitry, respectively, supporting their neuroanatomical plausibility. The relative cortical

involvement in CF, compared with cortical sparing in parkinsonism and RBD, is consistent with the

hypothesis that AD-type amyloid co-pathology may preferentially modify symptoms associated with

cortical networks. Conversely, parkinsonism and RBD may be more prominent in DLB phenotypes with

less cortical amyloid co-pathology. This interpretation is conceptually consistent with brain-first and
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body-first models of alpha-synuclein propagation (Borghammer, 2021), although the absence of tau and
a-synuclein biomarkers precludes direct testing.

Strengths and Limitations

This study used a whole-brain voxel-wise framework rather than region-of-interest restriction, applying
SCA to characterize between-group patterns and within-DLB symptom heterogeneity. FreeSurfer-derived
gray matter masking was used to reduce nonspecific white matter binding and improve anatomical
specificity.

Limitations include modest sample size, male predominance, cross-sectional design and dichotomous
coding of VH and RBD, which likely reduced sensitivity to symptom-specific associations. Partial volume
correction was not performed, and residual partial volume effects may have influenced regional signal
estimates. Florbetapir PET is sensitive to amyloid but does not measure tau or alpha-synuclein, limiting
interpretation of mixed proteinopathies. Finally, model selection and pattern evaluation were performed
within the same dataset, increasing overfitting risk. The findings should therefore be considered
exploratory pending replication in larger, longitudinal cohorts with multimodal biomarkers and
continuous symptom measures.

Conclusions

Florbetapir signal distribution in DLB did not show a distinct spatial pattern compared with AD but was
associated with core clinical features. CF was linked to greater cortical amyloid co-pathology, whereas
parkinsonism and RBD were linked to relative cortical amyloid sparing. Larger longitudinal studies
incorporating multimodal biomarkers are required to validate these exploratory findings.
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Table

Table 1. Clinical and Demographic Characteristics of the AMPLE Cohort

Variables DLB (n=35) AD (n=22) Control (n=20)
Age (Mean * SD) 759+6.7 762+66 76.4+7.3
Gender (M/F) 30/5 17/5 16/4

ACE-R (Mean t SD) 64 +15 61+17 95+3

MMSE (Mean % SD) 215 215 29 1
MDS-UPDRS Part Ill (Mean + SD) 44 +18 16+12 6+t4

DCFS (Mean * SD) 11+4 9+4 -

RBD (+/-) 21/ 14 - -

VH (+/-) 22 /13 - -

Values represent mean + SD unless otherwise stated.

Abbreviations: ACE-R = Addenbrooke’s Cognitive Examination—Revised; MMSE = Mini-Mental State
Examination; MDS-UPDRS Part Il = Movement Disorder Society—Unified Parkinson’s Disease Rating
Scale Part lll; DCFS = Dementia Cognitive Fluctuation Scale; RBD = rapid eye movement sleep behavior
disorder; VH = visual hallucinations; DLB = dementia with Lewy bodies; AD = Alzheimer disease; SD =
standard deviation.
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Figure 1
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Legend:Spatial covariance patterns (SCPs) derived from voxel-wise principal component analysis of *éF-
florbetapir PET images for diagnostic group comparisons: Controls vs AD (a), Controls vs DLB (b), and
AD vs DLB (c). Patterns are displayed on axial slices and cortical surface-rendered MRI templates. Voxel-
wise Z-score maps (|Z| > 1.64) illustrate regions contributing reliably to the reconstructed SCPs. Red
regions indicate relatively higher florbetapir signal, whereas blue regions indicate relative lower
florbetapir signal. Images are displayed in neurological convention (left is left).
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Figure 2

Florbetapir spatial covariance pattern associated with CF in DLB

Legend:Voxel-wise spatial covariance pattern (SCP) associated with Dementia Cognitive Fluctuation
Scale (DCFS) scores in the DLB subgroup, derived from voxel-wise principal component analysis of 8F-
florbetapir PET images. Patterns are projected onto axial slices and cortical surface-rendered MRI
templates. Voxel-wise Z-score maps (|Z| > 1.64) illustrate regions contributing reliably to the
reconstructed SCP. Red areas indicate relative higher florbetapir signal with increasing DCFS scores,
whereas blue areas indicate relative lower signal with increasing DCFS scores.The pattern demonstrates
left-hemispheric predominance. The accompanying scatter plot illustrates the relationship between SCP
expression scores (SSF) and DCFS scores.
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Figure 3

Florbetapir spatial covariance pattern associated with parkinsonism in DLB

Legend:Voxel-wise spatial covariance pattern (SCP) associated with MDS-UPDRS Ill scores in the DLB
subgroup, derived from voxel-wise principal component analysis of '®F-florbetapir PET images. Patterns
are projected onto axial slices and cortical surface-rendered MRI templates. Voxel-wise Z-score maps
(1Z| > 1.64) illustrate regions contributing reliably to the reconstructed SCP. Red regions indicate relative
higher florbetapir signal with increasing MDS-UPDRS lIl scores, whereas blue regions indicate relative
lower signal with increasing MDS-UPDRS Il scores. The pattern demonstrates an anterior—posterior
gradient. The accompanying scatter plot illustrates the relationship between SCP expression scores
(SSF) and MDS-UPDRS Il scores.
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Figure 4

Florbetapir spatial covariance pattern associated with RBD in DLB

Legend:Voxel-wise spatial covariance pattern (SCP) associated with rapid eye movement sleep behavior
disorder (RBD) status in the DLB subgroup, derived from voxel-wise principal component analysis of *8F-
florbetapir PET images. Patterns are projected onto axial slices and cortical surface-rendered MRI
templates. Voxel-wise Z-score maps (|Z| > 1.64) illustrate regions contributing reliably to the
reconstructed SCP. Red areas indicate relative higher florbetapir signal, whereas blue areas indicate
relative lower signal in participants with RBD. The pattern demonstrates increased medial temporal and
caudate signal with relative frontal—parietal sparing. The accompanying scatter plot illustrates the
distribution of SCP expression scores (SSF) according to RBD status.
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