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Abstract
Background and Objectives
Although alpha-synuclein–related pathology is the hallmark of dementia with Lewy bodies
(DLB), cerebrovascular and Alzheimer disease pathologies are common in patients with DLB.
Little is known about the contribution of these pathologies to neurodegeneration in DLB. We
investigated associations of cerebrovascular, β-amyloid, and tau biomarkers with gray matter
(GM) volume in patients with probable DLB.

Methods
We assessed patients with probable DLB and cognitively unimpaired (CU) controls with
11C-Pittsburgh compound B (PiB) and 18F-flortaucipir PET as markers of β-amyloid and tau, re-
spectively. MRI was used to assess white matter hyperintensity (WMH) volume (a marker of
cerebrovascular lesion load) and regional GM volume (a marker of neurodegeneration). We used
correlations and analysis of covariance (ANCOVA) in the entire cohort and structural equation
models (SEMs) in patients with DLB to investigate associations of WMH volume and regional
β-amyloid and tau PET standardized uptake value ratios (SUVrs) with regional GM volume.

Results
We included 30 patients with DLB (69.3 ± 10.2 years, 87%men) and 100 CU controls balanced on
age and sex. Compared with CU controls, patients withDLB showed a lower GM volume across all
cortical and subcortical regions except for the cuneus, putamen, and pallidum. A larger WMH
volume was associated with a lower volume in the medial and orbital frontal cortices, insula,
fusiform cortex, and thalamus in patients with DLB. A higher PiB SUVr was associated with a lower
volume in the inferior temporal cortex, while flortaucipir SUVr did not correlate with GM volume.
SEMs showed that a higher age and absence of the APOE e4 allele were significant predictors of
higher WMH volume, and WMH volume in turn was a significant predictor of GM volume in
medial and orbital frontal cortices, insula, and inferior temporal cortex. By contrast, we observed 2
distinct paths for the fusiform cortex, with age having an effect through PiB and flortaucipir SUVr
on one path and through WMH volume on the other path.

Discussion
Patients with probable DLB have widespread cortical atrophy, most of which is likely influenced by
alpha-synuclein–related pathology. Although cerebrovascular, β-amyloid, and tau pathologies often
coexist in probable DLB, their contributions to neurodegeneration seem to be region specific.
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Dementia with Lewy bodies (DLB) is the second most com-
mon neurodegenerative dementia, after Alzheimer disease
(AD). While alpha-synuclein–related pathology is the main
hallmark of DLB, cerebrovascular and AD pathologies are also
common in patients with DLB.1-3 It is likely that these coex-
isting pathologies contribute to the neurodegeneration in DLB.
However, their contribution to regional atrophy and whether
their effects are isolated or joint are largely unknown. One
reason for this knowledge gap is the lack of studies combining
cerebrovascular, AD, and neurodegeneration biomarkers in the
same cohort. Another reason is that these pathologies can also
be present in cognitively unimpaired (CU) individuals. Hence,
whether findings are specific to DLB or ubiquitous to the aging
population is unclear.

Some studies have shown individual associations of cerebrovas-
cular and AD biomarkers with neurodegeneration in DLB.4-9

White matter hyperintensities (WMH) are widely used MRI
biomarkers of cerebrovascular disease,10 and gray matter (GM)
volume on MRI is a common marker of neurodegeneration. In
imaging studies, AD pathology is commonly assessed through
different tracers for β-amyloid and tau neurofibrillary tangles
(NFTs) onPET.Only 3 studies have investigated the association
of WMH with neurodegeneration in DLB.4,6,9 In one of these,
we recently showed that a higher WMH volume was associated
with thinner orbitofrontal, retrosplenial, and posterior cingulate
cortices and a smaller volume with the thalamus and pallidum.4

Two earlier studies showed that higher visual rating scores of
WMH were associated with reduced global brain volume and
higher visual rating scores of medial temporal atrophy.6,9 For AD
biomarkers, some studies did not find associations between
amyloid PET and GM volumes,7 while other studies reported
significant associations.5,8 The only longitudinal tau PET study
showed that an increase in tau in lateral occipital and tempor-
oparietal cortices was associated with increased rates of neuro-
degeneration in DLB over time.11 However, none of these
studies, including our own, combined all biomarkers in the same
cohort, so that it is still unclear how cerebrovascular and AD
biomarkers together associate with neurodegeneration and
whether these associations are specific to DLB or are a feature of
aging. Answering these questions would identify DLB-specific
targets for future trials and improve the currently low clinical
detection rate of DLB.12

Our overall goal was to investigate the associations of cere-
brovascular and AD biomarkers with neurodegeneration in
patients with DLB. Our first objective was to assess univariate
associations of WMH, β-amyloid, and tau biomarkers with

regional GM volume in patients with DLB. We also in-
vestigated these associations in an age-balanced and sex-
balanced CU group for comparison. Our second objective was
to assess multivariable associations of WMH, β-amyloid, and
tau biomarkers with regional GM volume in patients with DLB
using structural equation models (SEMs). We addressed the
question of isolated vs joint associations of WMH and AD
biomarkers with GM volume, in the context of important
modifiers such as age and APOE genotype. We hypothesized
that WMH and AD biomarkers would have an association with
GMvolume inDLB, but the spatial patterns would be different.

Methods
Participants
We included consecutive patients with probable DLB12,13

who were at mild to moderate clinical stages. Patients were
recruited at the Mayo Clinic Alzheimer Disease Research
Center (ADRC)14 between November 2017 and October
2020. Clinical evaluations included a neurologic examination
and standardized instruments for the assessment of cognitive
performance and activities of daily living. We selected the
Mini-Mental State Examination (MMSE) to characterize the
cohort for global cognitive performance. We also assessed
clinical features characteristic of DLB, which are as follows:
(1) Unified Parkinson Disease Rating Scale, part III (UPDRS-
III) for parkinsonism; (2) visual hallucinations characterized
by being fully formed, not restricted to a single episode and
not related to another medical issue; (3) cognitive fluctua-
tions defined as a score of 3 or 4 on the Mayo Fluctuations
Questionnaire15; and (4) probable REM sleep behavior dis-
order (RBD) based on the International Classification of
Sleep Disorders-II diagnostic criteria.16 Clinical diagnosis was
established by a consensus committee including behavioral
neurologists, neuropsychologists, and study coordinators.

In addition, we included a CU group from the population-based
MCSA, which was balanced on age and sex with the DLB group.

All patients with probableDLB andCU individuals were required
to have 3T MRI, β-amyloid, and tau PET scans as per inclusion
criteria. Exclusion criteria for the DLB and CU groups were a
history of traumatic brain injury, hydrocephalus, or intracranial
mass and a history of chemotherapy, head radiation therapy, or
substance abuse. DLB participants with neurologic or psychiatric
disorders other than DLB were excluded. CU participants with
any neurologic or psychiatric disease were excluded.

Glossary
AD = Alzheimer disease; ADRC = Alzheimer Disease Research Center; CU = cognitively unimpaired; DLB = dementia with
Lewy bodies; FLAIR = fluid-attenuated inversion recovery; GM = gray matter; MCALT = Mayo Clinic Adult Lifespan
Template; MMSE = Mini-Mental State Examination; NFT = neurofibrillary tangle; PiB = Pittsburgh compound B; RBD =
REM sleep behavior disorder; SEM = structural equation model; TIV = total intracranial volume;UPDRS = Unified Parkinson
Disease Rating Scale; WMH = white matter hyperintensity.
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PET and MRI Biomarkers: Data Acquisition and
Image Processing
PET imaging was performed on Siemens and General Electric
PET/CT scanners. The tracers 11C-Pittsburgh compoundB (PiB)
and flortaucipir (18F-AV-1451) were used to assess β-amyloid and
tau pathologies, respectively, following the procedures described
in Ferreira et al.2 High-resolution 3D T1-weighted magnetization
prepared rapid gradient echo and axial T2-weighted fluid-
attenuated inversion recovery (FLAIR) MRI sequences were
acquired on 3T scanners (Siemens) for the assessment of GM
volume and WMH, respectively.

All PET and MRI scans were visually inspected for technical
quality. The study setup from PET and MRI scans to statistical
analysis is represented in Figure 1 and described in detail
in eMethods in the Supplement (links.lww.com/WNL/C497).

In brief, SPM12 was used to segment gray and white matter
from T1-weighted MRIs and to rigidly align PET images
with them.17 Using Mayo Clinic Adult Lifespan Template
(MCALT) atlases, we determined β-amyloid and tau positivity by
obtaining the respective cortical PiB and flortaucipir retention
standardized uptake value ratio (SUVr) of β-amyloid and tau
meta-regions of interest (ROIs) (see eMethods). Meta-ROI
SUVrs were classified as normal (−) or abnormal (+) using a cut
point of≥1.48 for PiB and a cut point of≥1.25 for flortaucipir.18 In
total, MCALT atlases provided estimations of PiB and flortaucipir
SUVr across 23 ROIs (Figure 1 and eTable 1 in the Supplement).

The WMH volume was quantified from 3D FLAIR images
using a fully automated updated version of a method pre-
viously described19 and explained in detail in eMethods in the
Supplement (links.lww.com/WNL/C497).

Figure 1 Study Setup: Biomarkers, MCALT Atlas, and Statistical Analyses

AllPETandMRIscanswerevisually inspected for technicalquality. PiBand flortaucipirPETscanswererigidlyaligned to individuals’T1-weightedMRIs.UsingMCALTatlases,
we determinedβ-amyloid and tau positivity.WMHwere assessed on FLAIRMRI using a fully automated segmentationmethod. For regional GM volume, we propagated
MCALT atlases to individuals’ native T1-weighted MRIs. Hence, the MCALT output for PiB, flortaucipir, and GM volume provided regional measures base on the atlases,
while the WMH output represented a global estimation of WMH volume. PiB, flortaucipir, WMH, and GM volume were analyzed using univariate and multivariable
methods. Analyses were primarily conducted in the DLB group, andunivariate analyseswere replicated in the CU group only for those regions that resulted significant in
theDLBgroup, for comparison.Univariate analyses (correlations)were setup ina region-to-region fashion forPiBand flortaucipir and inaglobalWMHvolume to regional
GMvolumefashionforWMH. Inmultivariableanalyses (SEMs),PiB, flortaucipir,andWMHwere includedtogetheraspredictors,andGMvolumewastheoutcomevariable.
Abbreviations: CU = cognitively unimpaired; DLB = dementia with Lewy bodies; GM = gray matter; MCALT = Mayo Clinic Adult Lifespan Template; NFT = neurofibrillary
tangles; PiB = Pittsburgh compound B; WMH = white matter hyperintensities; SEMs = structural equation models; SUVr = standardized uptake value ratios.
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For regional GM volume, we propagated MCALT atlases to
individuals’ native space, and regional volumetric estimations
across the cortical mantle and subcortical GM structures were
calculated. Left and right ROIs were combined, giving a total of
21 cortical ROIs and 7 subcortical ROIs. The total intracranial
volume (TIV) was estimated from the tissue probabilities and
included in statistical models involving GM volume, to account
for between-subject variability in head size.

Statistical Analysis
Demographic and clinical characteristics were reported using
mean values and standard deviations for continuous variables,
medians and interquartile range for the strongly skewedWMH
volume, and counts and percentages for categorical variables.
Group differences were tested with t tests for continuous var-
iables and chi-square tests for categorical variables. PiB SUVr,
flortaucipir SUVr, and WMH volume were analyzed with a log
transformation because of skewness.

We used ANCOVA (age and TIV as covariates) to test for
differences in regional GM volume between the DLB and CU
groups. p values were adjusted with the false discovery rate
method for multiple testing.

Univariate associations of PiB and flortaucipir SUVr and WMH
volume with regional GM volume were assessed through partial
Spearman correlations, adjusting for age and TIV. These correla-
tions were set up in a region-to-region fashion for PiB and flor-
taucipir (e.g., PiB and flortaucipir SUVr in the middle frontal
cortical region were correlated with GM volume in the middle
frontal cortical region). For WMH, we used a global estimation of
WMH volume, so that correlations were set up in a global WMH
volume to regional GM volume fashion. This was performed to
replicate previous studies where GM volume has often been cor-
related with biomarkers separately, in a univariate manner.4-9 Fur-
thermore, by comparing univariate and multivariable results, we
could approximate pathologic underpinnings of neurodegeneration
(i.e., observe competitive effects in multivariable analysis in com-
parison with findings from univariate analysis—how introducing
biomarkers in a multivariable model modifies the univariate asso-
ciation of a given biomarker with GM volume). Correlations were
explorative to identify relevant regions for SEMs. Differences in
slopes were tested through linear regression with an interaction
term for group by biomarker of pathology toward the prediction of
regional GM volume (TIV was added as an adjustment variable).

Complex multivariable associations of PiB and flortaucipir SUVr
andWMHvolumewith regional GMvolumewere assessedwith
SEMs. Once again, PiB, flortaucipir, and GM volume were re-
gional estimations, while WMH represented a global estimation
of WMH volume. We included age and APOE genotype as
important exogenous predictors of AD and CVD biomarkers
and GM volume in DLB. The TIV was also added to the SEMs
as a confounding factor of GM volume. Figure 2A shows the
general formof our SEMs, and details of thesemodels are further
described in eMethods in the Supplement (links.lww.com/
WNL/C497). MPlus version 8 was used to fit the SEMs.20

Figure 2 Structural Equation Models (SEMs)

In all SEMs, PiB, flortaucipir, and GM volume were regional estimations
and WMH represented a global estimation of WMH volume. We included
age and APOE genotype as important modifiers of PiB, flortaucipir, WMH,
and GM volume in DLB. The TIV was also added to the SEMs as a con-
founding factor of GM volume. (A) General form of our SEMs. (B) SEMs for
regions of interest. Arrows that join nodes are direct effects, and arrows
that join nodes but pass through intervening variables are indirect effects.
The intervening variables are mediators. Effects come from linear re-
gression models and represent regression coefficients (and standard er-
rors between brackets). Coefficients were standardized per standard
deviation change in each variable to facilitate interpretation across pre-
dictors. The unit for age is decades. TIV was scaled to TIV/1,000. Thickness
in all arrows reflects the strength of regression coefficients, except for that
of the TIV. The TIV is represented as an unweighted dashed line because
this variable was not interpreted; it was included only in the SEMs to cal-
culate the effects of PiB, flortaucipir, and WMH volume independent of
TIV. Abbreviations: APOE = Apolipoprotein E; DLB = dementia with Lewy
bodies; GM = gray matter; PiB = Pittsburgh compound B; SUVr = stan-
dardized uptake value ratios; WMH = white matter hyperintensities; TIV =
total intracranial volume; SEM = structural equation model.
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Thalamus, caudate, putamen, pallidum, and substantia inno-
minata were excluded from all analyses involving PiB and
flortaucipir because of off-target binding in the thalamus and
basal ganglia and the small size of the substantia innominata for
PET resolution. A p value ≤ 0.05 (2-tailed) was deemed sig-
nificant in all the analyses.

Standard Protocol Approvals, Registrations,
and Patient Consents
The Mayo Clinic Institutional Review Board approved the study
(17-011339). Informed consent onparticipationwas obtained from
all patients or a surrogate according to the Declaration of Helsinki.

Data Availability
Anonymized data will be shared by request from a qualified
investigator in accordance with the Mayo ADRC data sharing
protocol.

Results
Cohort Characteristics
A total of 130 individuals fulfilled our selection criteria
(30 individuals with probable DLB and 100 CU individuals).

Table 1 summarizes key characteristics of the groups. By
design, the DLB and CU groups were comparable in age and
sex distribution. Both groups were also comparable in years
of education. MMSE scores were significantly lower and
CDR sum of boxes significantly higher in the DLB group
than in the CU group. Regarding clinical DLB features, 54%
of patients with DLB had visual hallucinations, 68% had
cognitive fluctuations, 89% had parkinsonism, and 93% had
probable RBD. The average (SD) UPDRS-III score in the
DLB group was 22.6 (14.8).

The frequency of patients with DLB with positive PiB
(60%) and flortaucipir (43%) scans was significantly higher
than that of CU individuals (PiB: 31%, flortaucipir: 22%).
The log-transformed WMH volume in the DLB group was
qualitatively higher than that in the CU group, but it did
not reach statistical significance (p = 0.32).

Regional GM Volume Differences Between DLB
and CU Groups
Patients with DLB showed lower GM volume than CU in-
dividuals across all cortical and subcortical regions except for
the cuneus, putamen, and pallidum (Figure 3).

Table 1 Cohort Characteristics

DLB (n = 30) CU (n = 100) p Value

Age, y 69.3 (10.2) 70.1 (10.6) 0.72

Sex, count (%) men 26 (87%) 85 (85%) 0.82

Education, y 15.5 (3.0) 15.6 (2.3) 0.77

MMSE, total score1 22.6 (4.9) 28.9 (0.9) <0.001

CDR sum of boxes 5.6 (3.4) 0.0 (0.1) <0.001

APOE genotype, count (%) at least 1 «4 allele1 12 (44%) 30 (31%) 0.18

PiB, count (%) positive 18 (60%) 31 (31%) 0.004

PiB, SUVr 1.86 (0.56) 1.50 (0.32) <0.001

Flortaucipir, count (%) positive 13 (43%) 22 (22%) 0.021

Flortaucipir, SUVr 1.24 (0.17) 1.19 (0.10) 0.040

Log WMH volume, fraction to TIV −0.61 (0.86) −0.80 (0.97) 0.32

UPDRS-III, score1 22.6 (14.8) — —

Visual hallucinations, count (%) presencea 15 (54%) — —

Cognitive fluctuations, count (%) presencea 19 (68%) — —

Parkinsonism, count (%) presencea 25 (89%) — —

Probable RBD, count (%) presencea 26 (93%) — —

Abbreviations: APOE = Apolipoprotein E; CU = cognitively unimpaired; DLB = dementia with Lewy bodies; MMSE = Mini-Mental State Examination; PiB =
Pittsburgh compound B; RBD = REM sleep behavior disorder; SUVr = standardized uptake value ratio; TIV = total intracranial volume; UPDRS-III = Unified
Parkinson Disease Rating Scale, part III; WMH = white matter hyperintensities.
Mean (standard deviation, SD) is listed for all continuous variables except for the strongly skewed WMH volume, where medians and interquartile range are
reported. Count (%) is listed for categorical variables. PiB, flortaucipir, and WMH were analyzed on the log scale. p values below 0.05 are deemed significant
and highlighted in bold.
a Data were missing for MMSE (1 participant), APOE (5 participants), UPDRS (5 participants), and core clinical features (2 particpants).
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Univariate Associations of PiB, Flortaucipir,
and WMH With Regional GM Volume
Figure 4 shows forest plots of partial Spearman correlations in
the DLB group, adjusted for age and TIV. For significant
associated regions, we also reported the results from the CU

group for comparison, including brain maps and scatter plots
for visualization (Figure 5).

Regarding WMH, a larger WMH volume was significantly
associated with lower volume in medial and orbital frontal

Figure 3 Differences in Regional GM Volume Between DLB and CU Groups

p values are based on ANCOVA adjusting for age and TIV. Figure shows original and FDR-adjusted p values. Significant p values in red. Abbreviations: cc = cubic
centimeters; CU = cognitively unimpaired group; DLB = dementia with Lewy bodies group; GM = gray matter; FDR = false discovery rate.
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Figure 4 Univariate Associations (Partial Spearman Correlations) of WMH, PiB, and Flortaucipir With Regional GM
Volume in DLB

The forestplots showthecorrelationcoefficient frompartial Spearmancorrelationsadjusting forageand total intracranial volume.Dashed lines show95%confidence
intervals. Significant results (p< 0.05) aremarked in red. (A) ForWMH, correlations are calculated for the associationof globalWMHvolumewithGMvolume in a given
region (e.g., for hippocampus, globalWMHvolumewithGMvolume in thehippocampus). For PiB (B) and flortaucipir (C), correlations are calculated for the association
of PiB or flortaucipir SUVr in a given region with GM volume in the same region (e.g., for hippocampus, PiB SUVr in the hippocampus with GM volume in the
hippocampus). Abbreviations: GM = gray matter; PiB = Pittsburgh compound B; SUVr = Standardized uptake value ratios, WMHs = white matter hyperintensities.
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cortices, insula, fusiform cortex, and thalamus in patients with
DLB, after adjusting for age and TIV. All these associations
were also statistically significant in the CU group except for the
association between WMH volume and medial frontal cortex
(γ = −0.153, p = 0.13). However, correlation coefficients ten-
ded to be stronger in the DLB group (correlation coefficients
between −0.384 to −0.538) than in the CU group (correlation
coefficients between −0.125 to −0.259) (Figure 5). This ob-
servation was supported by a statistically significant interaction
for the thalamus volume (p = 0.043), indicating that the cor-
relation betweenWMH and thalamus volumes was stronger in
the DLB group.

Regarding PiB, higher PiB SUVrs were significantly associated
with lower volume in the inferior temporal cortex in patients
with DLB, after adjusting for age and TIV (γ = −0.387, p =
0.042), but this association was not significant in the CU group
(γ = −0.125, p = 0.220) (Figure 5). We did not find significant
associations between flortaucipir SUVr and GM volume in the
DLB group after adjusting for age and TIV (Figure 4).

Structural Equation Models for Associations of
PiB, Flortaucipir, and WMH With Regional GM
Volume in Patients With DLB
SEM results for the regions that were significant in the cor-
relation analyses have been listed in Table 2 and presented in
Figure 2B.

WMH volume predicted GM volume in medial and orbital
frontal cortices, insula, and inferior temporal cortex. In medial

frontal, orbital frontal, and inferior temporal cortices, the ef-
fect of WMH volume was a mediation of the effects of age and
APOE genotype over GM volume. An older age and absence
of the APOE e4 allele were significant predictors of a higher
WMH volume, and a higher WMH volume in turn was a
significant predictor of lower GM volume. In the insula, older
age was a significant predictor of higher WMH volume, and a
higher WMH volume in turn was a significant predictor of
lower GM volume.

The SEM result for fusiform cortex was completely different.
We observed 2 distinct paths: one path with the effect of age
on fusiform volume through PiB and flortaucipir and another
path with the effect of age on fusiform volume throughWMH
volume. The standardized direct effect of age on both PiB and
WMH volume was of similar magnitude (0.58 vs 0.60)
(Table 2).

Discussion
The paucity of studies combining biomarkers of cerebrovascular
disease, β-amyloid, tau, and neurodegeneration in DLB has
hindered our understanding of how copathologies influence
neurodegeneration in this common dementia syndrome. Pre-
vious single biomarker studies have provided relevant data, but
whether these pathologies act independently or in combination
and their effects are specific to DLB or shared with the aging
population is largely unknown. In this study, we demonstrated
that although β-amyloid and tau biomarker positivity andWMH

Figure 5 Brain Maps and Scatter Plots of Associations of WMH and PiB With Regional GM Volume in DLB

Side brainmaps give an overall overview of the regions that were statistically significant in univariate analysis (partial Spearman correlations for PiB SUVr and
WMH volume with regional GM volume). The scatter plots show the associations between log transformed PiB SUVr or log transformed WMH volume with
regional GM volume, separately for DLB patients (blue dots and blue regression lines) and CU individuals (gray dots and gray regression lines). Spearman
correlation coefficients (partial) are displayed by the regression lines. Abbreviations: CU = cognitively unimpaired; DLB = dementia with Lewy bodies; GM =
gray matter; PiB = Pittsburgh compound B; SUVr = Standardized uptake value ratios, WMH = white matter hyperintensities.
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Table 2 Structural Equation Models (SEMs)

Brain region and effects Predictor Outcome

Unstandardized
regression coefficient
(standard error) p Value

Standardized
regression coefficient
(standard error) p Value

Frontal Orbital

Direct effects Age WMH 5.96 (1.35) <0.001 0.64 (0.12) <0.001

APOE WMH −5.80 (2.85) 0.042 −0.30 (0.14) 0.039

TIV Regional GM volume 10.69 (2.01) <0.001 0.65 (0.10) <0.001

WMH Regional GM volume −0.12 (0.03) <0.001 −0.45 (0.12) <0.001

Total effects Age Regional GM volume −0.69 (0.25) 0.005 −0.29 (0.10) 0.004

APOE Regional GM volume 0.68 (0.38) 0.075 0.13 (0.07) 0.070

Frontal medial

Direct effects Age WMH 5.96 (1.35) <0.001 0.64 (0.12) <0.001

APOE WMH −5.80 (2.85) 0.042 −0.30 (0.14) 0.039

TIV Regional GM volume 8.31 (1.41) <0.001 0.69 (0.10) <0.001

WMH Regional GM volume −0.08 (0.02) <0.001 −0.44 (0.12) <0.001

Total effects Age Regional GM volume −0.49 (0.17) 0.004 −0.28 (0.10) 0.004

APOE Regional GM volume 0.48 (0.27) 0.074 0.13 (0.07) 0.071

Fusiform

Direct effects Age WMH 5.67 (1.44) <0.001 0.58 (0.12) <0.001

Age PiB 0.23 (0.06) <0.001 0.60 (0.12) <0.001

TIV Regional GM volume 12.44 (2.24) <0.001 0.67 (0.10) <0.001

PiB Flortaucipir 0.25 (0.09) 0.001 0.47 (0.14) 0.001

Flortaucipir Regional GM volume −4.75 (1.76) 0.007 −0.34 (0.14) 0.012

WMH Regional GM volume −0.08 (0.04) 0.033 −0.27 (0.12) 0.029

Total effects Age Flortaucipir 0.06 (0.02) 0.018 0.28 (0.11) 0.010

Age Regional GM volume −0.71 (0.25) 0.004 −0.25 (0.09) 0.004

PiB Regional GM volume −1.17 (0.59) 0.048 −0.16 (0.08) 0.056

Insula

Direct effects Age WMH 5.67 (1.44) <0.001 0.58 (0.12) <0.001

TIV Regional GM volume 7.90 (1.35) <0.001 0.68 (0.09) <0.001

WMH Regional GM volume −0.08 (0.02) <0.001 −0.45 (0.11) <0.001

Total effects Age Regional GM volume −0.46 (0.17) 0.006 −0.26 (0.09) 0.004

Inferior temporal

Direct effects Age WMH 5.96 (1.35) <0.001 0.64 (0.12) <0.001

APOE WMH −5.80 (2.85) 0.042 −0.30 (0.14) 0.039

TIV Regional GM volume 15.90 (2.90) <0.001 0.71 (0.10) <0.001

WMH Regional GM volume −0.10 (0.05) 0.028 −0.28 (0.13) 0.025

Total effects Age Regional GM volume −0.60 (0.31) 0.049 −0.18 (0.09) 0.046

APOE Regional GM volume 0.59 (0.39) 0.135 0.08 (0.06) 0.130

Abbreviations: APOE = Apolipoprotein E; GM = gray matter; PiB = Pittsburgh compound B; SEM = structural equation model; TIV = total intracranial volume;
WMH = white matter hyperintensities.
Coefficients were standardized per standard deviation change in each variable. The unit for age is decades. TIV was scaled to TIV/1,000. PiB, flortaucipir, and
GM volume were regional estimations, and WMH represented a global estimation of WMH volume.
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were frequent in our DLB group, their contributions to GM
volume were focal and region specific. WMH were associated
with GM volume in frontal areas, fusiform cortex, and thalamus,
whereas the tau biomarker was associated with GM volume in
the fusiform cortex, as a mediator for the effect of the β-amyloid
biomarker.

We first demonstrated that, when compared with CU partici-
pants, patients with DLB had reduced volume across all cortical
and subcortical GM regions except for the cuneus, putamen,
and pallidum. This was important for the interpretation of our
subsequent analyses as potential pathologic underpinnings of
brain atrophy in DLB. We found a pattern of GM atrophy that
replicates the findings from a large multicenter study, which
showed that widespread cortical atrophy characterizes the
majority of patients withDLB.21 Although smaller single-center
DLB studies may not have been adequately powered to capture
widespread atrophy, the overview of findings recapitulates the
pattern of atrophy observed in our study.8,22-31

Mounting evidence shows that atrophy is more prominent and
widespread in patients with DLB with concomitant AD
pathology.22,24-26,32,33 Similarly, atrophy in DLB seems greater
in patients with higher WMH burden,4,6,9 but the WMH lit-
erature is still scant. The important question of whether WMH
and AD biomarkers have isolated or synergistic effects on GM
volume in DLB is still unanswered. The important question of
whetherWMH and AD biomarkers have isolated or synergistic
effects on GM volume in DLB is still unanswered, since no
previous studies have investigated these associations.

Among the investigated biomarkers, univariate analyses
showed that WMH volume was associated with GM volume
in more ROIs than β-amyloid and tau biomarkers. This ob-
servation was clearly supported by the multivariable analysis
(SEMs). These findings suggest that WMH contribute to
atrophy as much as AD biomarkers in our cohort of patients
with mild to moderate DLB. Whether this observation is
specific to DLB or shared with the aging population is an
important question. Our univariate analysis showed that a
larger WMH volume was associated with lower volume in
medial and orbital frontal cortices, insula, fusiform cortex, and
thalamus in patients with DLB. All these associations, except
for that of the medial frontal cortex, were also significant in the
CU group. However, the strength of the associations was
higher in the DLB group than in the CU group, supported by
a statistically significant interaction between diagnostic group
andWMH volume for the thalamus. In addition, patients with
DLB had significantly lower GM volumes than the CU group
in all these regions. Based on these results, we consider the
possibility that WMH have an influence on these regions in
the aging brain, but the association and its detrimental effect
over brain integrity is higher in magnitude in DLB. An in-
teresting finding from the SEMs is that the relatively narrow
age range in this cohort did not have a direct effect on regional
GM volume in any of the tested models. Instead, the effect of
age was through WMH volume in all the GM regions except

for the fusiform cortex, where a second path through β-am-
yloid and tau biomarkers was also observed in DLB. Although
we cannot exclude that a wider age range or higher statistical
power might reveal direct effects of age on GM volume, our
current finding suggests that a higher age alone likely does not
cause the neurodegeneration observed in DLB. Instead, age-
related increases in WMH and AD copathology seem to in-
fluence part of the neurodegeneration in DLB.

The effects of WMH and AD biomarkers were region specific.
Our univariate and multivariable analyses suggest a pre-
dilection of cerebrovascular disease (i.e., WMH) for fronto-
insular-thalamic regions, while β-amyloid and tau pathologies
seemed to target temporal areas extending to occipital cortex
(fusiform and inferior temporal cortices). Previous DLB
studies reported associations of β-amyloid with neuro-
degeneration in temporal and occipital cortices, including
fusiform and inferior temporal areas.5,8,32 We recently showed
that a longitudinal increase in tau-PET SUVr was associated
with longitudinal atrophy rates in cortical areas overlapping
with fusiform and inferior temporal cortices.11 Studies in-
vestigating both β-amyloid and tau biomarkers are scant in
DLB. Van der Zande and colleagues25 combined β-amyloid
and tau CSF biomarkers and showed an association with
greater medial temporal atrophy in DLB. We also reported
that neuropathologic evidence of AD pathology in DLB was
associated with greater hippocampal atrophy at baseline34 and
with hippocampal and temporoparietal atrophy over 2 years
of follow-up.24 However, none of these previous studies in-
vestigated AD biomarkers in combination with WMH, in
association with regional GM volumes. When all these bio-
markers were modeled together in SEMs in this study, the
univariate association of β-amyloid with inferior temporal
cortex was taken over by WMH volume in mediating age-
related and APOE-related effects. β-Amyloid positivity and
high WMH volume have been associated with increased
neurodegeneration in temporal lobe in patients with AD.35

Furthermore, β-amyloid and WMH volume increase with age
in DLB.2,4 Hence, it is possible that our SEM for the inferior
temporal cortex captured the most prominent effect of WMH
volume over the weaker effect of β-amyloid and tau in our
cohort of patients with mild to moderate DLB. By contrast,
neuropathologic studies have shown the effect of NFT density
over GM volume. The less prominent effect observed in this
study may be due to a higher sensitivity of neuropathologic
measures to NFT or that neuropathologic studies include
older patients with DLB at more advanced stages of the dis-
ease and with higher levels of tau pathology and GM de-
generation. In all other SEMs, WMH volume had a more
central role than β-amyloid in the prediction of GM volume,
often in paths involving indirect effects of age and APOE
genotype. In addition, we observed that the absence of the
APOE e4 allele was a significant predictor of higher WMH
volume. A previous study showed that regional brain atrophy
and clinical disease severity is greater in patients with DLB
who are carriers of the APOE e4 allele.36 Because a higher
WMH volume is also associated with greater brain atrophy
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and clinical disease severity,4,6,9 we believe that patients with a
high WMH volume who are APOE e4 carriers may tend to be
too impaired to be eligible for this study on patients with mild
to moderate DLB. However, further research explaining this
finding is needed.

The SEM for the fusiform cortex showed combined effects of
tau (through β-amyloid) and WMH volume. Again, these ef-
fects were mediations of the indirect effect of age over GM
volume. Based on separate biomarker studies,4,37,38 we re-
cently suggested a spatial coexistence of tau with cerebrovas-
cular disease in temporoposterior brain regions in DLB.4 This
study helps clarify that both tau and cerebrovascular bio-
markers independently contribute to the neurodegeneration
in the fusiform cortex in DLB. Indeed, longitudinal biomarker
studies in DLB point to greater rates of atrophy in the fusiform
cortex in patients with DLB with higher PiB SUVrs at base-
line,5 concomitant AD pathology,24 and higher rates of in-
crease in tau-PET SUVr.11 In light of the available evidence, it
is possible that WMH volume is associated with fusiform
cortex, but accumulation of amyloid-related tau pathology
could be the main driver of the neurodegeneration in fusiform
cortex over time in DLB.11

By contrast, previous studies showed that β-amyloid and tau do
not seem to drive neurodegeneration in frontal cortex in
DLB,5,26,32 although we cannot exclude that patients with DLB
with concomitant AD pathology and neurodegeneration in
frontal cortex would be too impaired to participate in such
studies. Our current findings show that when WMH and
β-amyloid and tau biomarkers are modeled together in a cohort
of patients with mild to moderate DLB, WMH emerged as the
main driver of GM volume in frontal cortex. One of our recent
studies showed the vulnerability of frontal lobes to cerebro-
vascular disease (i.e., WMH) in DLB.4 In this study, the frontal
cortical regions that were uniquely associated with WMH
volume were located in medial and orbital frontal cortices and
in the insula, which has a large medial frontal portion. The
thalamus, which is strongly connected to the frontal cortex, was
also uniquely associated with WMH volume. Therefore, our
current analyses replicate the findings from our earlier study4

and extend the knowledge in confirming that these associations
with WMH volume are independent of AD biomarkers in
patients with mild to moderate DLB. Insula and medial frontal
regions are innervated by cholinergic pathways, which are
heavily targeted by cerebrovascular disease.39 The thalamus
also receives cholinergic input.40 We previously suggested
vascular-related cholinergic neurodegeneration as a potential
mechanism driving neurodegeneration in frontal areas and
thalamus in DLB.4 This hypothesis could be extended to the
insula, as shown in the current study. The finding of neuro-
degeneration in the insula associated with cerebrovascular
disease but not with β-amyloid or tau is of interest, helping to
better understand pathologic correlates of a GM region that has
recently been included as a potential biomarker in the di-
agnostic criteria of prodromal DLB.41 Prodromal DLB includes
early atrophy in the insula, anterior cingulum, and medial-

orbital frontal areas,27,42,43 and a recent longitudinal study
showed faster degeneration of GM regions that receive dense
cholinergic innervation, in prodromal DLB.44 Hence, the actual
contribution of cerebrovascular disease to all these findings in
patients with prodromal DLB and DLB deserve more
attention.

Altogether, this study suggests unique and joint contribu-
tions of WMH and AD biomarkers toward focal GM atro-
phy in DLB. Still, when compared with the CU group, we
observed GM differences in many areas other than those
associated with WMH and AD biomarkers. Hence, the
primary influence of alpha-synuclein–related pathology on
GM volume revealed by neuropathologic studies remains to
be investigated in vivo once a reliable topographical bio-
marker of alpha-synuclein is developed. In the meantime,
our current findings add to the emerging notion that ther-
apies targeting AD and cerebrovascular pathologies may be
considered in patients with DLB for preventing neurode-
generative changes.

This study has some limitations. First, the lack of reliable to-
pographical biomarkers of alpha-synuclein–related pathology
hinders in vivo assessment of the hallmark pathology in DLB.
Because we found that our patients with DLB had lower GM
volume than CU individuals across many regions in which we
did not see any contribution of WMH or β-amyloid and tau
biomarkers, we assumed that alpha-synuclein–related pathol-
ogy likely was the main contributor to neurodegeneration.
However, this remains to be demonstrated. The lack of an
alpha-synuclein biomarker also limits the ability to support the
clinical diagnosis of DLB. Reassuringly, autopsy confirmation
rates at our center are 89%.3 In this study, autopsy examinations
were available for 5 cases, with a DLB diagnosis being con-
firmed in 4 of them. Second, GM volume is a gross structural
measure of neurodegeneration, and this study could be ex-
panded to investigate other topographical markers that inform
about the metabolic and microstructural components of neu-
rodegeneration such as 18F-fluorodeoxyglucose-PET, diffusion
tensor imaging, or functional MRI, ideally using longitudinal
designs. Third, statistical power was lower for patients with
DLB than for the CU group. We thus anticipated that it would
take stronger associations to become statistically significant in
the DLB group. To circumvent this problem, we favored un-
corrected p values in our univariate analysis and reported co-
efficients instead of conducting severe corrections for multiple
testing. We thus consider our univariate correlation analysis as
explorative to serve the purpose of identifying relevant regions
for the SEMs. Fourth, the CU group was balanced on age and
sex with the DLB group, and it is thus not representative of the
general population. Fifth, regional neurodegeneration of GM
correlates with remote cortical β-amyloid.8 We did not explore
such associations because region-to-region effects are more
common and possibly more relevant for tau-PET SUVr.45 Fi-
nally, we included WMH volume as a surrogate marker of
cerebrovascular disease.10 Although vascular pathology con-
tributes to WMH in our cohort,46 some WMH may lack the
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vascular specificity. In addition, there are other aspects of ce-
rebrovascular disease that may influence neurodegeneration
independent of WMH volume. For example, infarcts may
influence neurodegeneration.47 Although infarcts are ob-
served in patients with DLB, the frequency is not higher than
in CU individuals.3 Given the size of our study cohort, we
had limited power to investigate the association of infarcts
with GM volume. In addition, neuropathologic studies have
also emphasized the role of cerebral amyloid angiopathy in
DLB.48 We focused this study on biomarkers, and an in-
teresting prospect for the future is investigating associations
with clinical endpoints. Our previous single biomarker
studies suggest that WMH and AD biomarkers could jointly
influence clinical phenotype and cognitive performance in
DLB.2,3,5,11,24

We conclude that patients with probable DLB had widespread
cortical atrophy, most of which likely is influenced by alpha-
synuclein–related pathology. In addition, atrophy in specific
regions was associated with concomitant cerebrovascular and
AD biomarkers. The association of cerebrovascular disease
with neurodegeneration was more extensive than that of
β-amyloid and tau biomarkers in our cohort of patients with
mild to moderate probable DLB and included GM areas that
receive substantial cholinergic innervation. In turn, amyloid-
related tau pathology was associated with neurodegeneration
in the fusiform cortex. All these effects were mediations of
indirect effects of age and APOE genotype. Modeling different
biomarkers of pathology advances our understanding about
underpinnings of neurodegeneration in DLB. As these find-
ings get replicated and established, such understanding may
become central in guiding new individualized therapeutic
strategies, paving the way for precision medicine in DLB.
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