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Dementia with Lewy bodies (DLB) frequently coexists with Alzheimer’s disease pathology, yet the
pattern of cortical microstructural injury and its relationship with amyloid, tau, and cerebrovascular
pathologies remains unclear. We applied neurite orientation dispersion and density imaging (NODDI)
to assess cortical microstructural integrity in 57 individuals within the DLB spectrum and 57 age- and
sex-matched cognitively unimpaired controls by quantifying mean diffusivity (MD), tissue-weighted
neurite density index (tNDI), orientation dispersion index (ODI), and free water fraction (FWF). Amyloid
and tau levels were measured using PiB and Flortaucipir PET imaging. Compared to controls, DLB
exhibited increased MD and FWF, reduced tNDI across multiple regions, and focal ODI reductions in
the occipital cortex. Structural equation modeling revealed that APOE genotype influenced amyloid
levels, which elevated tau, leading to microstructural injury. These findings highlight the role of AD
pathology in DLB neurodegeneration, advocating for multi-target therapeutic approaches addressing

both AD and DLB-specific pathologies.

Dementia with Lewy bodies (DLB) is the second most common cause
of neurodegenerative dementia’, with core clinical features including
visual hallucinations, parkinsonism, cognitive fluctuations, and REM
sleep behavior disorder’. While the defining pathology of DLB is the
aggregation of a-synuclein forming Lewy bodies and neurites, co-
existing Alzheimer's disease (AD) neuropathologic changes, includ-
ing amyloid plaques and neurofibrillary tangles (NFT), are reported
in over 70% of cases’.

Both amyloid-p and tau have been demonstrated to influence clinical
phenotype, disease progression, prognosis, and survival®. The apolipo-
protein E &4 allele (APOE4), a well-established genetic risk factor for AD,
has also been implicated in DLB pathogenesis, potentially influencing both
a-synuclein aggregation and AD copathology”®. Despite the known invol-
vement of amyloid-, tau, and APOE4 in DLB, the precise mechanisms by
which these factors influence its progression remain unclear. Post-mortem
studies demonstrate that DLB patients with high Braak NFT tau stages
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exhibit more severe atrophy in stereotypical AD regions, such as the tem-
poroparietal cortices, hippocampus, and amygdala™"’. These findings have
since been corroborated by in vivo PET imaging studies examining the
associations between AD biomarkers and the extent of neurodegenerative
changes, typically measured by brain atrophy on structural MRI'"™".
However, the sensitivity of conventional structural MRI biomarkers to early
AD-related changes may be limited, as macrostructural gray matter atrophy
typically represents the end-stage of a cascade of neurodegenerative cellular
events, such as early morphological alterations in dendritic spines and
synaptic dysfunction prior to cell death'®.

Diffusion MRI (dMRI) is a non-invasive MRI technique that is sen-
sitive to subtle changes in the integrity of neuronal structures'. Whereas
dMRI in DLB has traditionally been applied to evaluate the integrity of white
matter tracts'* ™, there has been a paradigm shift with the growing recog-
nition that dMRI could be a sensitive technique to probe gray matter dif-
fusion changes that may reflect early synaptic loss and associated
breakdown of neuronal cytoarchitectural within the cortex’*”. Previous
studies using single-shell DT have demonstrated a disease-related increase
in gray matter mean diffusivity (MD) in DLB*, presymptomatic familial
mutation carriers of AD*, MCI”, and sporadic AD*, highlighting the
potential that gray matter MD may serve as a non-invasive, accessible
biomarker of early microstructural alterations predating macroscale neu-
ronal loss. However, the interpretations of gray matter MD remain con-
troversial for several reasons. First, partial volume effects (PVE) of
contamination from surrounding CSF would inflate MD values, thereby
leading to a conflation of disease-related effects, particularly in studies of
neurodegenerative conditions where profound atrophy may already be
present™**. Second, in contrast to the more coherently oriented axons along
the white matter tracts, the complex cytoarchitecture of cortical gray matter

Table 1 | Sample characteristics of matched CU controls
versus DLB spectrum with the mean (SD) listed for the
continuous variables and count (%) for the categorical
variables

CUn=57 DLB P value
Spectrum n =57

Age, yrs 69.2 (8.6) 69.2 (8.5) 0.25
Males, no. (%) 50 (88%) 50 (88%) 1.00
APOE ¢4 carrier, no. (%) 13 (27%) 22 (42%) 0.11
Education, yrs 15.6 (2.4) 15.7 (2.9) 0.81
MMSE 29.1(0.8) 23.9 (4.8) <0.001
CDR-SB 0.0 (0.0) 5.0 (3.5) <0.001
Meta Tau (SUVr) 1.19(0.09) 1.27 (0.19) 0.006
Abnormal Meta Tau, 13 (23%) 25 (44%) 0.011
no. (%)
Meta PiB (SUVr) 1.50 (0.31) 1.69 (0.43) 0.010
Abnormal Meta PiB, 18 (32%) 29 (51%) 0.034
no. (%)
WMH (% of TIV) 0.56 (0.49) 0.74 (0.68) 0.10
Visual hallucinations, NA 20 (35%)
no. (%)
Fluctuations, no. (%) NA 33 (58%)
Parkinsonism, no. (%) NA 52 (91%)
RBD, no. (%) NA 51 (89%)
UPDRS-III NA 21.0 (14.5)

P values for differences between groups are derived from a conditional logistic model, except for
MMSE and CDR-SB, which were analyzed using an exact conditional logistic model. APOE €4
carrier status is defined as the presence of at least one €4 allele. APOE apolipoprotein E, CDR-SB
clinical dementia rating, sum-of-boxes, CU cognitively unimpaired, DLB dementia with Lewy
bodies, MMSE mini-mental state examination, RBD REM sleep behavior disorder, WMH white
matter hyperintensities, T/V total intracranial volume, UPDRS-III unified Parkinson’s disease rating
scale, SUVr standardized uptake value ratio. Note: APOE data were missing in 8 CU and 4 DLB.

—with its heterogeneous mix of cell types and crossing fibers—poses
inherent challenges in accurately modeling diffusion. Third, the cellular
mechanisms underlying elevated MD remain ambiguous since increased
extracellular space secondary to atrophy could also drive MD elevations
without neuritic degeneration™.

Neurite Orientation Dispersion and Density Imaging (NODDI) is an
advanced biophysical multi-shell DWT acquisition model that can differ-
entiate signal contributions from intracellular and extracellular tissue
compartments, providing quantitative estimates of neurite density (NDI),
orientation dispersion (ODI) and free water fraction (FWF)*. NODDI
offers several advantages over conventional DTI techniques in interpreting
gray matter alterations. Firstly, NODDI employs a multi-compartment
modeling approach that distinguishes between intracellular, extracellular,
and CSF compartments, allowing for the quantification of the CSF-fraction
of the diffusion signal and minimizing contamination and partial volume
effects’. Secondly, the fiber orientation dispersion estimates, representing
the angular variation of the diffusion signal, are better suited to characterize
the complex fiber architecture of the heterogeneous neuronal structure
comprising different cell types with dispersed orientations™. Finally, the
compartment-specific quantification of NODDI provides biologically
plausible estimates of neurite density from the intracellular space, rather
than relying on non-specific markers conflating both intra- and extracellular
sources. Indeed, several studies using NODDI in the gray matter have
demonstrated relevant neurobiological changes in various contexts,
including normal aging™ ™, accelerated age-related ODI decreases among
cognitively normal APOE4 carriers™, and widespread loss of NDI and ODI
in young-onset AD”’, MAPT mutation carriers™, and patients with primary
tauopathies”. Additionally, free water mapping has shown promise in
detecting subtle tissue alterations in neurodegenerative conditions**. In
AD, elevated free water in white matter has been associated with cognitive
decline and may serve as a marker of early pathological changes"'.

The present study aims to address several key questions regarding gray
matter microstructural changes in the DLB spectrum and their relationship
to AD copathologies. First, we seek to characterize the regional patterns of
gray matter microstructural alterations in DLB as seen on conventional DTI
and advanced NODDI metrics, comparing these to cognitively normal
controls. Second, we aim to characterize the multivariate pathways of
APOE4 genotype, cerebrovascular disease, and AD biomarkers associated
with gray matter neurite abnormalities in the DLB spectrum. Third, we will
explore the potential clinical relevance of these neurite alterations by
examining their associations with disease severity and the hallmark clinical
features of DLB.

Results

Sample characteristics

Participant characteristics are summarized in Table 1. By design, the DLB
spectrum and CU groups were comparable in age. The groups were similar
with education years, and APOE4 carrier status. As expected, the DLB
spectrum group had statistically significantly lower MMSE scores than the
CU group. Cortical Flortaucipir and PiB SUVr values were elevated in the
DLB spectrum compared to the CU controls. While the percentage of
WMH was higher in the DLB spectrum group, this difference did not reach
statistical significance. Regarding core clinical DLB features, 35% of patients
with DLB spectrum had visual hallucinations, 58% had cognitive fluctua-
tions, 91% had parkinsonism, and 89% had RBD (of whom 23.5% were
confirmed by polysomnography).

Group differences in gray matter microstructure between the
DLB spectrum and CU groups

Figure 1 depicts topographical patterns of group differences between the
DLB spectrum patients and CU participants. These results highlight a
pattern of widespread microstructural injury in DLB, with particularly
pronounced effects in temporal, limbic, and parietal regions for MD, tND],
FWE, and more localized effects in posterior brain regions for ODI. Com-
pared to CU participants, the DLB spectrum group showed significantly
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Fig. 1 | Topographic distributions of GM microstructural injury in DLB spec-
trum relative to matched CU individuals. Pairwise group differences in (a) regional
MD, (b) tNDI, (c) ODI, and (d) FWF were examined using conditional logistic
regression models to account for the 1:1 matching between groups. T-statistics from
the significant comparisons after adjusting for FDR are depicted on both volumetric
templates and 3D glass brain renderings. In the DLB spectrum group, significantly
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elevated MD and FWF was accompanied by decreased tNDI across widespread GM
regions, while reductions in ODI were more focal and preferentially localized to
posterior-occipital brain regions. CU cognitively unimpaired, DLB dementia with
Lewy bodies, FDR false discovery rate, GM gray matter, MD mean diffusivity. ODI
orientation dispersion index, tNDI tissue-weighted neurite density index, FWF free
water fraction.

elevated MD across 74.4% of gray matter ROIs. The most pronounced MD
elevations were observed in the inferior temporal gyrus (Z = 3.66), hippo-
campus (Z = 3.51), middle temporal gyrus (Z = 3.49), supramarginal gyrus
(Z = 3.48), and fusiform gyrus (Z = 3.47). The DLB spectrum group showed
reduced tNDI across 58.1% of ROIs, predominantly in limbic, temporal,
occipital, parietal, and frontal lobes. The largest tNDI reductions were found
in the middle occipital gyrus (Z = -3.49), hippocampus (Z = -3.46), inferior
temporal gyrus (Z=-3.29), supramarginal gyrus (Z=—3.27), inferior
occipital gyrus (Z= —3.05), and middle temporal gyrus (Z = —3.03). ODI
reductions were more localized, affecting 9.3% of ROIs, primarily in

posterior parietal, occipital, and limbic regions, such as the calcarine cortex
(Z=—3.28), parahippocampal gyrus (Z = —3.04), precuneus (Z = —3.02),
and supramarginal gyrus (Z = —2.98). There were also widespread increases
in FWF across multiple brain regions in the DLB spectrum group compared
to the CU participants (83.7% of gray matter ROIs), with particularly strong
effects in the inferior temporal gyrus (Z = 3.90), fusiform (Z = 3.71), middle
temporal lobe (Z=3.6), inferior occipital gyrus (Z=3.57) and
insula (Z = 3.55).

We observed substantial overlap in the topographical patterns of group
differences for MD, tNDI, and FWF. To quantify these spatial relationships,
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Fig. 2 | Structural equation modeling of pathological cascades associated with
microstructural injury in DLB. The diagram shows significant direct effects

(p < 0.05) between age, APOE &4 genotype, AD biomarkers (amyloid-p and tau), and
composite measures of gray matter microstructure (MD, tNDI, ODI, and FWF) in
the DLB spectrum. Pathways are color-coded by their origin: age (green), APOE
(purple), amyloid-p (orange), and tau (red). Line thickness is proportional to the
magnitude of the standardized coefficient, with values and significance levels shown
(***p <0.001, **p < 0.01, *p < 0.05). Variables were transformed for analysis:
amyloid-P and tau were log-transformed, age was measured in decades, and mean
diffusivity was scaled by 100. The model reveals both direct pathways (e.g., tau —

Outcomes

0.059*

MD) and indirect pathways (e.g., APOE — amyloid-p — tau) contributing to
microstructural changes. To interpret the SEM findings within the context of ana-
tomical patterns, the topography of each composite GM microstructure is provided
next to the DTI and NODDI nodes (FDR g < 0.05 from pairwise group comparisons
between DLB spectrum and CU controls). AD Alzheimer’s disease, APOE apoli-
poprotein E, CU cognitively unimpaired, DLB dementia with Lewy bodies, FWEF free
water fraction, FDR false discovery rate, GM gray matter, MD mean diffusivity, ODI
orientation dispersion index, tNDI tissue-weighted neurite density index, SEM
structural equation modeling.

Dice coefficients were computed between the binarized maps of significant
group differences. The highest concordance was found between MD and
tNDI (Dice = 0.88), and between MD and FWF (Dice = 0.88), followed by
tNDIand FWF (Dice = 0.75). In contrast, the topography of ODI reductions
showed minimal concordance with the other metrics, as evidenced by
markedly lower Dice coefficients: ODI-MD (Dice =0.22), ODI-t{NDI
(Dice = 0.28), and ODI-FWF (Dice = 0.20).

To assess the independence of microstructural changes from macro-
structural atrophy, we conducted a sensitivity analysis by including regional
gray matter volume (expressed as a percentage of total intracranial volume)
as a covariate in our statistical models. This adjustment substantially
reduced the spatial extent of group differences in microstructural metrics:
the proportion of gray matter regions showing significant microstructural
alterations decreased from 74.4 to 25.6% for MD, from 58.1 to 14% for tNDI,
and from 83.7 to 55.8% for FWF. Notably, ODI reductions were no longer
statistically significant after controlling for regional gray matter volumes.

Structural equation modeling

The fit indices for the SEMs were good, with CFI = 1.00 and RMSEA <0.05
across the models for the composite MD, tNDI, and ODI ROIs, providing
support for the hypothesized theoretical pathways. For the FWF model, fit
indices were acceptable with CFI=0.96, though slightly below optimal
thresholds for TLI (0.88), and RMSEA = 0.12. Significant direct and indirect
effects, along with standardized parameter estimates and coefficients, are
depicted in Fig. 2 and tabulated in Table 2. WMH did not significantly relate

to the composite diffusion metrics and were therefore not included in the
final parsimonious models after backward elimination.

Both exogenous predictors, age (f =0.107, p <0.001) and APOE &4
genotype (B=0.188, p <0.001) had significant direct effects on amyloid
accumulation (R = 0.330), Amyloid, in turn, had direct effects on increased
tau deposition (B=0.258, p<0.001) and increased FWF (f=0.445,
p=0.027, R*=0.392). Tau showed significant direct effects on (i) higher
MD (f=0.769, p < 0.001, R*> = 0.364), lower tNDI (p = —0.048, p < 0.001,
R?=0.255), and lower ODI (B = -0.041, p = 0.029, R* = 0.373). Tau showed
no significant direct effect on FWF. In addition, age demonstrated sig-
nificant direct effects on elevated MD (f = 0.059, p = 0.035) and lower ODI
(B=-0.013, p <0.001), elevated FWF (p =0.216, p < 0.001) but not tNDL

Both exogenous predictors of older age (f=0.028, p=0.011) and
APOE &4 genotype (B =0.048, p = 0.011) had indirect effects on increasing
tau through amyloid, as well as smaller indirect effects on MD and tNDI,
mediated through amyloid and tau pathways: Age — Amyloid — Tau —
MD (B =0.021, p = 0.029); Age — Amyloid — Tau — tNDI (B = —0.001,
p=0.029); APOE ¢4 — Amyloid — Tau — MD ($=0.037, p=0.029;
APOE ¢4 — Amyloid — Tau — tNDI (B = —0.002, p = 0.029). Although
amyloid did not directly influence gray matter microstructural injury, it had
indirect effects through tau on elevated MD (P =0.198, p=0.005) and
reduced tNDI (f = —0.012, p =0.005). In contrast, FWF showed a distinct
pattern of indirect effects that did not reach statistical significance nor
involve tau: (i) Age — Amyloid — FWF (f=0.048, p=0.061) and (ii)
APOE &4 — Amyloid — FWEF (B =0.084, p = 0.061).
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Table 2 | Structural equation modeling results showing the
direct, indirect, and total effects of age, APOE genotype,
amyloid-p, and tau on GM microstructural injury in DLB
spectrum

Type of effects Paths Coefficient (SE) P value
Direct Effects Age — PiB 0.107 (0.030) <0.001
Apoe — PiB 0.188 (0.054) <0.001
PiB — Tau 0.258 (0.070) <0.001
Age — MD 0.059 (0.028) 0.035
Tau — MD 0.769 (0.181) <0.001
Tau — TNDI -0.048 (0.011) <0.001
Age — ODI -0.013 (0.003) <0.001
Tau — ODI -0.041 (0.019) 0.029
Age — FWF 0.216 (0.055) <0.001
PiB — FWF 0.445 (0.201) 0.027
Indirect Effects Age — PiB—Tau 0.028 (0.011) 0.011
Apoe — PiB 0.048 (0.019) 0.011
— Tau
Age — PiB—Tau 0.021(0.010) 0.029
— MD
Apoe — PiB — 0.037 (0.017) 0.029
Tau — MD
PiB — Tau — MD  0.198 (0.071) 0.005
Age — PiB—Tau -0.001 (0.001) 0.029
— TNDI
Apoe — PiB — -0.002 (0.001) 0.029
Tau — TNDI
PiB — Tau -0.012 (0.004) 0.005
— TNDI
Age — PiB—Tau -0.001 (0.001) 0.098
— ODI
Apoe — PiB — -0.002 (0.001) 0.098
Tau — ODI
PiB — Tau — ODI  -0.011 (0.006) 0.061
Age — PiB 0.048 (0.025) 0.061
— FWF
Apoe — PiB 0.084 (0.045) 0.061
— FWF
Total Effects Age — MD 0.080 (0.028) 0.004
Age — ODI -0.014 (0.003) <0.001
Age — FWF 0.264 (0.052) <0.001

Amyloid-B and tau were log-transformed to reduce their positive skew, and age was in decades. MD
was scaled by 100 to ease model fitting. FWF is 100*FWF and was log-transformed. The table
presents the unstandardized coefficients, SE, and p values for each pathway in the SEMs. APOE
apolipoprotein E, DLB dementia with Lewy bodies, FWF free water fraction, GM gray matter, MD
mean diffusivity, tND/ tissue-weighted neurite density index, OD/ orientation dispersion index, SE
standard errors, SEM structural equation modeling.

Total effects. When considering the combined impact of all direct and
indirect pathways, age emerged as a significant predictor across multiple
measures of gray matter microstructure. The total effects analysis
revealed that older age was independently associated with elevated MD
(B =0.080, p = 0.004), lower ODI (B = -0.014, p < 0.001), and higher FWF
(B =0.264, p < 0.001).

Regional associations of amyloid, tau, and WMH with gray matter
microstructure

Multivariable regression analyses revealed significant associations between
tau deposition and regional gray matter microstructural injury in the DLB
spectrum group, after accounting for age, APOE genotype, amyloid-f,

regional gray matter volumes, and WMH and adjusting for multiple
comparisons with FDR. Specifically, a higher tau burden was associated with
elevated MD in 26% of all ROIs, predominantly involving the temporal and
limbic lobes. Higher tau deposition was also associated with lower tNDI
(14% of all gray matter ROIs). The middle temporal gyrus exhibited the
most pronounced effects of tau on both MD (T-statistic = 3.9) and tNDI (T-
statistic = —4.0, Fig. 3). In contrast, no statistically significant correlations
were found between tau and regional ODI after FDR correction. Further-
more, amyloid-f levels and WMH did not significantly relate to gray matter
microstructural metrics in the DLB spectrum (Supplementary Fig. 1),
although increased hippocampal FWF was associated with greater WMH
burden (T-statistic = 4.4, FDR g = 0.002). No significant associations were
observed between tau, amyloid-p deposition, or WMH and diffusion
measures of gray matter microstructure in the CU group (Supplementary
Fig. 2). Supplemental analyses of region-by-region correlation between tau
PET with DTI and NODDI metrics revealed broadly similar patterns of
correlations in the DLB spectrum group (Supplementary Fig. 3).

Associations of gray matter microstructure with clinical features
We conducted exploratory analyses within the DLB spectrum group to
examine associations between clinical features and composite ROIs of MD
and NODDI metrics (derived from FDR-adjusted group differences
between DLB spectrum and CU controls). After adjusting for age, we found
no significant associations between UPDRS-III scores or CDR-SB and three
metrics: MD, tNDI, and ODI. However, FWF showed a weak positive
correlation with UPDRS-III scores (R=0.294, p =0.029, Fig. 4). When
comparing DLB spectrum patients with and without core clinical features
(visual hallucinations, fluctuations, and parkinsonism), we found no sig-
nificant group differences in any composite ROIs. However, patients with
RBD showed significantly higher ODI values compared to those without
RBD (p =0.016, Supplementary Fig. 4).

Discussion

We characterized the in vivo regional gray matter patterns of neurite and
dendritic abnormalities in the continuum of prodromal and probable DLB
and evaluated their associations with co-existing AD PET biomarkers and
cerebrovascular burden. First, the DLB spectrum group showed extensive
abnormalities in MD, tNDI, and FWF across multiple brain regions largely
independent of macrostructural atrophy, while ODI reductions were more
focal and primarily in the occipital cortex. Second, our SEMs disentangled
the complex etiology of gray matter microstructural injury in DLB by
proposing a model that aligned with the classical AD pathogenic cascade
(APOE — amyloid-p — Tau — Neurodegeneration), which in part
explained the NODDI findings. WMHs did not significantly relate to the
observed patterns of gray matter microstructural injury. Our findings
advocate for the further assessment of anti-AD interventions within a multi-
pronged disease-modifying strategy for DLB and underscore the potential of
NODDI as a valuable measure of neurodegeneration driven by co-existing
AD pathology in DLB.

As hypothesized, the DLB spectrum group exhibited widespread
microstructural alterations compared to controls, characterized by elevated
MD, reduced tNDJI, and increased FWF across hemispheric cortices, along
with localized reductions of ODI in parietal-occipital cortices. While our
study comprehensively characterized regional gray matter microstructure
along the DLB spectrum, the diffuse topography and magnitude of neurite
abnormalities in individuals within the DLB spectrum corroborate and
extend the growing literature demonstrating robust cortical neurite
abnormalities in other neurodegenerative diseases, including patients with
young-onset AD, and other primary tauopathies’*~****, To the extent
that diffusion MRI may reflect subtle changes in the neuropil of the gray
matter and, therefore, synaptic health®, the widespread loss of tNDI and
increased FWF is aligned with the extensive synaptic dysfunction that
characterizes DLB***’. The concurrent findings of elevated MD, reduced
tNDI, and increased FWF suggest multiple complementary aspects of tissue
degradation, such as loss of neurite density and compromised cellular
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Fig. 3 | Regional associations between tau and GM microstructure integrity in
DLB spectrum. A T-statistics map showing significant associations between tau and
MD after FDR correction. Yellow-red colors indicate positive associations.

B T-statistics map showing significant associations between tau and tNDI after FDR
correction. Blue colors indicate negative associations. C Scatter plot showing the
positive relationship between log tau SUVR and predicted MD values in the middle
temporal gyrus, with a 95% confidence interval shown in brown shading. D Scatter
plot showing the negative relationship between log tau SUVR and predicted tNDI
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values in the middle temporal gyrus, with a 95% confidence interval shown in blue
shading. All regression models were adjusted for age, APOE genotype, amyloid-f,
gray matter volume (expressed as a % of TIV), and WMH (expressed as a % of TIV).
APOE apolipoprotein E, DLB dementia with Lewy bodies, FDR false discovery rate,
GM gray matter, MD mean diffusivity, SUVR standardized uptake value ratio, tNDI
tissue-weighted neurite density index, TIV total intracranial volume, WMH white
matter hyperintensities.

architecture, increased overall diffusivity due to the breakdown of cellular
barriers, while increased FWF suggests an expansion of the extracellular
space, potentially reflecting edema or neuroinflammatory processes.

The selective preservation of neurite microstructure in the primary
sensory cortex is substantiated by multiple research studies” and is in
keeping with previous reports of relative preservation of metabolic
function*, white matter pathways'’, and functional connectivity* along the
DLB spectrum.

Previous studies have demonstrated that NODDI is sensitive to
disease-related abnormalities over and beyond that of macrostructural
neurodegeneration”"””. Our supplemental analyses broadly supported this
notion, as DLB spectrum individuals showed elevated MD, reduced tND],
and increased FWF in multiple regions, even after controlling for regional
gray matter atrophy. The persistence of significant differences in some
regions after this correction underscores that diffusion metrics can capture
aspects of tissue integrity not fully reflected by volumetric measures alone™.
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Fig. 4 | Associations between gray matter microstructure metrices and clinical
measures in dementia with Lewy bodies. Scatterplots rerpesent age-adjusted corre-
lations between composite gray matter microstructural metrics and clinical measures in
the DLB spectrum group. A Associations with motor severity (B) Associations with global
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cognitive impairment. CDR-SB Clinical Dementia Rating-Sum of Boxes, DLB Dementia
with Lewy Bodies, GM Gray Matter, MD Mean Diffusivity, tNDI tissue-weighted Neurite
Density Index, ODI Orientation Dispersion Index, FWF Free Water Fraction, ROI
Region of Interest, UPDRS-III Unified Parkinson’s Disease Rating Scale Part III.

However, the substantial reduction in the number of regions showing sig-
nificant microstructural differences after correcting for gray matter volume
warrants careful consideration. This reduction suggests a strong relation-
ship between microstructural changes and atrophy in DLB, with volume
correction accounting for a large portion of the variance in diffusion metrics
initially attributed to disease effects. Additionally, this reduction might
partly reflect the mitigation of partial volume effects, which have been
documented by previous studies™. In neurodegenerative conditions like
DLB where atrophy is present, the increased proportion of CSF in a voxel
(i.e., 2 mm isotropic in the present study) would theoretically inflate MD
values and decrease NDI values. These findings indicate that while mac-
rostructural and microstructural changes are closely related in DLB, they are
not entirely redundant. Longitudinal studies are imperative to elucidate the
temporal relationship between macrostructural atrophy and neurite
alterations in DLB. Such studies could reveal whether microstructural
changes precede macroscopic atrophy in specific brain regions, potentially
validating diffusion MRI metrics as early biomarkers of neurodegeneration
before significant atrophy becomes detectable.

In contrast to the diffuse patterns of MD, tNDI, and FWF altera-
tions, the selective ODI reductions in posterior parietal-occipital
regions merit further discussion. Decreased ODI is typically considered
to reflect reduced complexity of dendritic processes”, and we have
previously demonstrated its close coupling with lower synaptic density
using UCB-J PET imaging”. Intriguingly, these ODI reductions coin-
cided with the topography of hypometabolic and perfusion deficits that
we have previously reported in DLB patients™. This spatial overlap
raises the possibility that compromised dendritic complexity in the
occipital lobe could represent a microstructural “fingerprint” under-
lying the neuronal deficits detected using arterial spin labeling (ASL)
and fluorodeoxyglucose (FDG)-PET neuroimaging in DLB. Collec-
tively, these findings point to a predilection for occipital lobe involve-
ment that could be associated with a-synuclein-related synaptic injury,
but also be associated with the atypical temporoparietal-occipital dis-
tribution of tau PET uptake observed in our prior studies in PDD and
DLB*"”. Corroborating this notion, autopsy studies of clinically

diagnosed probable DLB patients have revealed the greatest burden of
hyperphosphorylated tau pathology in the occipital lobes’. Although
direct evidence linking ODI changes with perfusion or metabolic def-
icits is currently lacking in DLB or other dementias, our hypothesis is
further supported by previous studies showing tangential associations
between NODDI and resting-state functional connectivity”’. Moreover,
higher ODI values in the default mode and visual association networks
were associated with increased local functional connectivity™. Future
multimodal studies are needed to evaluate the interaction between
NODDI and functional biomarkers and to delineate how perturbations
in this structure-function relationship could modulate disease trajec-
tory or clinical manifestations in DLB.

Through our simultaneous analyses of pairwise group differences in
diffusion metrics and comparison of Dice coefficients, we observed sub-
stantial spatial overlap among several measures. The highest concordance
was found between MD and tNDI (Dice = 0.88), and between MD and FWF
(Dice = 0.88), followed by tNDI and FWF (Dice =0.75). In contrast, ODI
showed minimal spatial concordance with other metrics (ODI-MD: 0.22,
ODI-tNDI: 0.28, ODI-FWEF: 0.20). Considering recent data showing a
strong correlation between NDI and MD values (R = 0.97)%, these over-
lapping patterns may suggest shared underlying mechanisms that collec-
tively contribute to the degeneration of neuronal architecture in the
spectrum of DLB. These mechanisms could include, but are not limited to,
spinodendritic degeneration™, axonal and synaptic loss, and neuronal death
—all of which would be expected to result in the breakdown of cellular
barriers and manifest as increased overall diffusion magnitude (elevated
MD) and reduced neurite density (lower tDI) and increased free water
diffusivity (higher FWF). Playing the devil’s advocate, one might question
whether the striking topological similarities between MD, tNDI, and FWF
imply redundancy in multi-shell NODDI acquisitions. However, we con-
tend that these overlapping patterns provide valuable mechanistic insights
when interpreted together. The high spatial concordance between MD and
tNDI suggests that elevated MD in DLB primarily reflects neurite loss.
Similarly, the strong overlap between MD and FWEF is biologically plausible,
as increased extracellular space would lead to higher overall diffusivity.
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Together, these relationships suggest that MD alterations in DLB reflect
both cellular (neurite loss) and extracellular (increased free water) patho-
logical changes. The substantial overlap between our MD and tNDI results
implies that previous DT studies using MD as a measure of microstructural
integrity in DLB and other neurodegenerative disorders may have indeed
been capturing changes in neurite density' .

After delineating the spatial topography corresponding to gray matter
microstructural injury in the DLB spectrum group, our next aim was to
characterize the multivariate pathological pathways underlying the
observed pattern of gray matter neurite abnormalities. The SEMs revealed
an indirect chain of influences linking factors of age and APOE genotype to
increased amyloid-{, which was, in turn, associated with greater tau burden,
culminating in the neurite degeneration manifested by elevated MD,
reduced tNDI, and ODI. Interestingly, this pathogenic sequence is well
aligned with the “amyloid cascade hypothesis™’, such that APOE and
amyloid-p orchestrate downstream neurodegeneration in DLB through
mechanistic pathways comparable to those implicated in AD**. Within this
framework, APOE-related amyloid-B accumulation acts as the initiating
trigger that sets off a cascade of downstream events, with tau implicated as
the nexus connecting upstream amyloid-f accumulation to downstream
neurite degeneration®. While the precise cellular mechanisms relating tau to
NODDI parameters in DLB remain to be fully elucidated in the absence of
post-mortem studies, corroborating data from tau transgenic mice models
has demonstrated a significant loss of dendritic spines and synapses, likely
mediated by tau-induced microtubule destabilization, dendritic retraction,
and loss”.

Our SEM analyses revealed a distinct pattern for FWF compared to
other diffusion metrics, with amyloid showing direct effects on increased
FWF (B=0.445, p=0.027, R*=0.392) without the tau mediation that
characterized MD, tNDI, and ODI. This direct relationship between amy-
loid and increased FWF aligns with emerging evidence that free-water
imaging may be particularly sensitive to early amyloid-related changes. In
support of this, recent work has demonstrated that increased FWF distin-
guishes plasma amyloid-positive from amyloid-negative individuals, even
before demonstrable PET amyloid positivity”. Given that increased free
water reflects neuroinflammation in the extracellular space”, the direct
relationship between amyloid and FWF may reflect early amyloid-induced
neuroinflammatory responses”. Future studies incorporating a-synuclein
biomarkers will be crucial to determine whether elevated FWF might
represent a unique signature of a-synuclein-related pathology in DLB,
distinct from AD-related neurodegeneration captured by other diffusion
metrics”.

Complementary to the SEM findings, our regional analyses revealed
that temporal lobe tau burden predicted spatially specific patterns of neurite
changes in the temporal lobe, with peak effects localized within the middle
temporal gyrus. Previous studies have demonstrated the localized influence
of medial temporal lobe tau on spatially specific neurodegeneration across
the spectrum of cognitively unimpaired individuals* and those with MCI or
AD®. Our findings extend this concept by demonstrating the existence of a
similar phenomenon in the spectrum of DLB and showing that these effects
may occur on a more granular cellular scale of neurite changes, beyond the
macroscopic alterations in gray matter volume or cortical thickness. In
contrast to the significant associations observed between tau burden and
neurite changes, amyloid deposition did not exert independent influences
on any of the DTT or NODDI parameters. This finding is in keeping with the
lack of direct effects of amyloid on neurite microstructure in the afore-
mentioned SEMs, suggesting that amyloid pathology may indirectly con-
tribute to neurodegeneration through its influence on tau accumulation®”.

While our SEM analyses demonstrate relationships supporting aspects
of the amyloid cascade hypothesis in DLB, it may only represent one of
several pathogenic pathways in DLB. Interestingly, when the group com-
parison maps (Fig. 1) were juxtaposed against the topography of tau-related
neurite injury (Fig. 3), it became evident that multiple regions exhibited
neurite abnormalities in DLB compared to controls that were not specifi-
cally associated with tau pathology. This observation dovetails with the

reported R2 values from our multivariate SEMs, which captured only a
moderate proportion of the variability in neurite abnormalities (20-37%),
indicating substantial contributions from pathogenic processes beyond the
amyloid cascade, the most likely candidate being a-synuclein, either inde-
pendently or through interactions with tau. Indeed, a-synuclein pathology
has been shown to lead to selective decreases in synaptic proteins, pro-
gressive impairments in neuronal excitability and connectivity, and neu-
ronal death®. Overexpression of a-synuclein in transgenic animal models
has also been associated with pronounced cortical dendritic spine
abnormalities, including reduced spine density and aberrant morphology®’.
Moreover, accumulating evidence suggests that the pathogenic effects of a-
synuclein may be exacerbated by its interactions with tau pathology through
a process of co-seeding, likely facilitated by the spatial co-localization of a-
synuclein and tau within Lewy bodies™. Specifically, in vitro studies have
demonstrated that a-synuclein fibrils can template the aggregation of tau
into insoluble filaments, while tau aggregates can reciprocally induce the
fibrillization of a-synuclein”, leading to a toxic pathological loop with
downstream effects on neuronal architecture’. Future studies incorporating
measures of a-synuclein pathology, such as CSF or PET biomarkers, may
help elucidate the relative contributions of a-synuclein and tau to neurite
degeneration in DLB and their potential interactions.

The relationship between WMH and microstructural measures was
generally limited and selective in our study. While WMH showed no
associations with MD, tNDI, or ODI in either our SEM analyses or regional
investigations, increased hippocampal FWF was specifically associated with
greater WMH burden. This lack of widespread associations between WMH
and most microstructural measures may reflect the complex and indirect
mechanisms by which cerebrovascular disease influences gray matter
structure” Furthermore, although our SEMs were predicated on the
assumption that WMHs exert an influence on gray matter microstructure,
the opposite scenario is that WMHs are a secondary phenomenon arising
from axonal degeneration due to neuronal injury (i.e., Wallerian degen-
eration), which remains a viable consideration”.

The relationships between microstructural measures and clinical fea-
tures in DLB revealed complex patterns. While MD, tNDI, and ODI showed
no significant associations with visual hallucinations, cognitive fluctuations,
or parkinsonism, we observed a weak but significant positive correlation
between FWF and UPDRS-III scores. This selective association between
FWEF and motor severity suggests that increased extracellular fluid may
reflect specific aspects of neurodegeneration related to parkinsonian
symptoms, potentially through increased oxidative stress”, neuroin-
flammatory mechanisms’® or tissue degradation in motor circuits. Notably,
unlike MD and tNDI which showed strong associations with tau pathology,
FWEF did not correlate with either tau or amyloid burden, pointing to a
distinct aspect of neurodegeneration more specific to Lewy body pathology.
This finding aligns with and extends previous research in PD that
demonstrated correlations between elevated free water levels and UPDRS-
I1I scores”, raising the hypothesis that extracellular fluid changes may be a
common mechanism underlying motor symptoms across the Lewy body
disease spectrum, though the precise biological mechanisms linking
increased extracellular fluid to motor symptoms require further
investigation.

Intriguingly, the DLB spectrum group with a clinical history of RBD
exhibited increased ODI, which initially seems contradictory to the
expected patterns of gray matter neurodegeneration. However, accu-
mulating evidence from multimodal neuroimaging studies points to a
more nuanced picture regarding RBD and imaging changes®. Para-
doxically, RBD has been associated with decreased WMH”' and
increased gray matter volumes™. Additionally, autopsy studies have
shown that DLB cases with RBD tend to have minimal AD
copathologies” or fewer NFTs and amyloid plaques, possibly leading to
better preservation of dendritic complexity®. Consistent with these
findings, our post-hoc supplemental analyses indicated significantly
lower tau burden in the RBD-positive group (Supplemental Table 1).
Given the cross-sectional design and limited data, especially in the RBD-
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negative group, these findings should be interpreted with caution and
viewed as exploratory in nature.

Our study has several limitations that merit avenues for future
research. Although we did not have autopsy confirmation in this study,
the uncertainty of antemortem diagnosis is mitigated by the high
autopsy confirmation rates of clinical diagnosis at our center (89%)”.
The predominant male composition of our cohort is another limitation
that may not fully represent the disease course in female patients with
DLB. Nevertheless, we have previously shown that sex differences in gray
matter network properties observed in healthy elderly individuals were
diminished in DLB patients®’. This suggests a disease-driven con-
vergence of neurodegenerative patterns in women and men with DLB.
However, we cannot exclude the possibility that important sex-specific
patterns in the early stages of the disease or in comparison to healthy
controls may have been missed. Moreover, the sex imbalance is unlikely
to have led to false positives since previous research has indicated that
women with DLB may have a more aggressive disease course, severity of
cognitive impairment, and higher rates of AD biomarker positivity'”.
Further studies with larger, more balanced cohorts are needed to char-
acterize sex-specific profiles of disease progression and treatment
response across the DLB spectrum. The interpretation of our findings
regarding increased ODI in the RBD-positive group warrants caution
due to several limitations too. Firstly, the small sample size, particularly
in the RBD-negative group, limits the robustness of our ODI compar-
isons between subgroups. Additionally, while our study included both
prodromal (n=14) and probable DLB (n=43) patients to examine
microstructural changes across the DLB severity spectrum, the relatively
small sample size of the prodromal group limited our ability to conduct
stratified analyses to evaluate potential stage-dependent differences in
GM microstructure. Future studies with larger, more balanced cohorts
are needed to specifically examine differences in diffusion metrics
between prodromal and probable DLB, which could provide valuable
insights into the progression of microstructural changes throughout the
disease course. Such studies should consider longitudinal designs to
track changes in diffusion metrics as individuals progress from pro-
dromal to probable DLB stages. Secondly, not all participants classified
as having RBD had polysomnography confirmation. Although the
structure of our SEMs (placement of variables) was designed with bio-
logical plausibility™, longitudinal studies are ultimately needed to
establish change rates of NODDI parameters across the DLB spectrum
and how they may relate to the progressive accumulation of tau'' and
amyloid-B over time*”. While our cross-sectional analyses suggest that
NODDI can detect microstructural abnormalities after controlling for
gray matter volumes, we acknowledge that our current study design does
not directly prove their superior sensitivity to subtle changes. Our
findings should, therefore, be interpreted as preliminary evidence war-
ranting further investigation. Future longitudinal studies specifically
designed to examine the temporal relationship between NODDI metrics
and cortical thinning in DLB would provide more definitive evidence to
determine whether NODDI metrics could detect microstructural
changes preceding macroscopic atrophy. Such studies comparing tNDI
and MD changes with macrostructural measures across different stages
of DLB are needed to definitively establish their relative sensitivity to
disease progression. These studies could stratify patients by disease
severity or use repeated measures over time to capture the earliest
detectable changes, ultimately establishing the potential of these
microstructural measures as early biomarkers of neurodegeneration in
DLB. Future studies following a cohort of MCI-LBs would be highly
anticipated to delineate the baseline cortical signatures of MD, tNDI,
and ODI that best predict the clinical transition to probable DLB. The
absence of correlations between NODDI metrics and clinical features in
our cross-sectional analysis does not necessarily negate the potential
value of NODDI too. Future planned longitudinal studies may reveal
that changes in NODDI metrics over time are predictive of future clinical
decline, even if these metrics do not correlate strongly with current

symptoms in a cross-sectional design. While current interpretations
suggest gray matter NDI and ODI metrics may serve as proxies of
synaptic density™ and dendritic arborization®", further studies are still
needed to establish the histological basis of NODDI in human gray
matter””. Our methodology of using an AD-characteristic meta-ROI to
quantify tau burden facilitates comparison with existing AD literature
and other tau PET imaging studies in DLB, focusing on clinically rele-
vant tau deposition in DLB*"*, However, this approach is not without
limitations. Firstly, it could potentially underestimate tau pathology in
regions more specific to DLB. Secondly, it may not fully capture the
topography of microstructural injury that is more intrinsic to DLB-
specific tau propagation, particularly in areas influenced by alpha-
synuclein spread independent of amyloid®. At present, there is a lack of
consensus on a DLB-specific meta-ROI for tau deposition, and the
development or validation of such a measure extends beyond the scope
of our current study. Furthermore, the inability to account for regional
a-synuclein pathology is a limitation of our study, precluding a com-
prehensive analysis of the inter-relationships between a-synuclein, AD
copathologies, microstructural injury, and downstream clinical mani-
festations. Future studies should incorporate emerging a-synuclein
biomarkers, such as PET imaging® or detection of CSF a-synuclein by
RT-QuICY, alongside AD biomarkers and NODDI within a multimodal
paradigm. This approach would allow for a more comprehensive
characterization of our SEMs and help understand how distinct
pathological processes may influence the clinical symptoms of DLB,
thereby disentangling additive versus synergistic pathways leading to
neurite alterations and clinical decline.

Our NODDI study revealed widespread regional gray matter micro-
structural abnormalities in DLB, with tau emerging as a critical nexus in the
amyloid cascade. Our findings, combined with recent evidence showing
mild clinical benefits of anti-amyloid therapies in AD, suggest that targeting
amyloid-p alone may be insufficient for improving clinical outcomes in
DLB. The complex interactions between amyloid-p, tau, and alpha-
synuclein pathologies on microstructural changes in the DLB spectrum
support that a multi-target therapeutic approach may yield the greatest
therapeutic potential.

Materials

Participants

We included consecutive patients with clinically probable DLB* with
dementia that ranged from mild to moderate severity (n = 43) and those
with prodromal DLB (n = 14) defined as MCI with Lewy bodies* to
comprise a group of people on the DLB spectrum (n =57) who were
enrolled at the Mayo Clinic Alzheimer’s Disease Research Center
(ADRC) between January 2018 and February 2023. Of the 57 partici-
pants in the DLB spectrum group, 50 underwent dopamine transporter
(DAT) imaging either at the time of the DTI visit or at an earlier visit.
Among these, 43 had abnormal DAT scans, and seven had normal DAT
scans. Clinical diagnosis was established by a consensus committee
including behavioral neurologists, neuropsychologists, and study
coordinators. Clinical evaluations included a neurologic examination
and standardized instruments for the assessment of cognitive perfor-
mance and activities of daily living. Clinical disease severity was mea-
sured with the clinical dementia rating, sum-of-box scores (CDR-SB),
and global cognitive performance was evaluated with the Mini-Mental
State Examination (MMSE)¥. We also assessed clinical features char-
acteristic of DLB: (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 fluctuations defined as a score of 3 or
4 on the Mayo Fluctuations Questionnaire™; and (4) probable REM sleep
behavior disorder (RBD) based on the minimal diagnostic criteria for
RBD diagnosis according to the International Classification of Sleep
Disorders-II""””. In addition, we included a CU group from the
population-based Mayo Clinic Study of Aging, an epidemiologic study

npj Parkinson’s Disease| (2025)11:124


www.nature.com/npjparkd

https://doi.org/10.1038/s41531-025-00944-x

Article

of aging in Olmsted County, MN”, matched 1:1 on age and sex with the
DLB group using an automated greedy match algorithm. Study parti-
cipants met specific inclusion criteria, including having undergone 3T
MRI, multi-shell diffusion-weighted imaging, amyloid, and tau PET
scans. Exclusion criteria for the DLB spectrum group were a history of
traumatic brain injury, hydrocephalus or intracranial mass, a history of
chemotherapy, head radiation therapy, or substance abuse, and having
neurologic or psychiatric disorders other than prodromal or probable
DLB. CU participants with any neurologic or psychiatric disease were
also excluded. The Mayo Clinic Institutional Review Board approved the
study. Informed consent for participation was obtained from partici-
pants or their legally authorized representative, according to the
Declaration of Helsinki.

MRI and PET acquisitions

All participants received the same brain MRI protocol on one of three
identical Siemens Prisma 3T scanners running VE11E software and
equipped with a 64-channel receiver head coil. The protocol included
T1, T2, and diffusion-weighted sequences. The T1-weighted magneti-
zation-prepared rapid gradient echo (MPRAGE) scan had isotropic
0.8 mm resolution, 2x phase acceleration, 2300 ms repetition time,
3.1 ms echo time, and flip angle 90. The T2-weighted acquisition used a
3D SPACE sequence with isotropic 0.8 mm resolution, 2x phase accel-
eration, 3200 ms repetition time, 564 ms echo time, and flip angle 120°.
The diffusion acquisition used 3x simultaneous multi-slice acceleration
with adaptive coil combination and 2.0 mm isotropic voxels. The dif-
fusion data consisted of 127 volumes, including 13 non-diffusion-
weighted images and 114 diffusion-encoding gradient directions. The
diffusion-weighted images were evenly spread using an electrostatic
repulsion model35 over entire spherical shells at b =0, 500, 1000, and
2000 s/mm” and were interspersed in time to minimize gradient heating.
The echo time and repetition time were 71 and 3400 ms, respectively.
PET imaging was performed on Siemens and General Electric PET/CT
scanners. The 11C-PiB scans were 20-minute static frames captured
from 40 to 60 min post-injection (average 596 MBq; range 292-729
MBq). For Flortaucipir PET scans, an intravenous bolus injection of an
average of 370 MBq (range 333-407 MBq) was administered, followed
by an 80-min uptake period and a 20-min static scan. Detailed infor-
mation on PET data preprocessing can be found in our previous
studies'"**™,

Preprocessing

We used an in-house pipeline to preprocess the diffusion datasets, which
were visually inspected for quality by trained analysts. An intracranial mask
was created for the diffusion MRI scan”, and the noise was estimated and
removed using random matrix theory”. Head motion and eddy current
distortion were corrected using FSL’s eddy_cuda”, followed by correction of
Gibbs ringing™ and Rician bias correction”. We addressed susceptibility-
induced geometric distortions through structural MRI-guided correction6,
where a T1-like contrast image was synthesized from the diffusion data and
warped to the undistorted T1-weighted image to minimize geometric
mismatch, allowing for correction of spatial misregistration between dif-
fusion and anatomical images. Diffusion tensors were fitted using a non-
linear least-squares fitting algorithm implemented in DIPY (https://dipy.
org/index.html) to generate MD images from the extracted b = 1000 data.
The NODDI model was fitted using the accelerated microstructure imaging
via convex optimization (AMICO, https://github.com/daducci/AMICO)
implementation in Python'”, producing voxelwise maps of ODI, NDI, and
FWPF. Consistent with our previous study”, tissue-weighted NDI (tNDI)
maps were generated by adjusting the original NDI maps with a scaling
factor (1-FWF), which accounts for the presence of free water, cerebrospinal
fluid, and other extracellular spaces. To generate regional measures of MD,
tNDI, ODI, and FWF for each gray matter region, we first registered the
Mayo Clinic Adult Lifespan Template (MCALT) atlas'”" to participant T1
MRI native space using advanced normalization tools—symmetric

normalization (https://stnava.github.io/ANTs/). Subsequently, we applied
the corresponding warps to their diffusion MRI native space'”. Regions in
the cerebellum were excluded a priori, resulting in a final set of 43 regions of
interest (ROIs) (Supplemental Table 1). Next, bilateral median values of
MD, tNDI, and ODI, FWF were computed and weighted by the size of
each ROL

PET images were analyzed using our fully automated in-house image
processing pipeline'”. Each tau PET image was rigidly registered to its
corresponding MPRAGE using SPM12'", and regional PET values were
extracted from automatically labeled ROIs propagated from the MCALT'"".
For each participant scan, we calculated a composite cortical amyloid-f
standardized uptake value ratio (SUVT) by taking the median uptake in six
ROIs: prefrontal, orbitofrontal, parietal, temporal, anterior cingulate, and
posterior cingulate/precuneus, and normalizing by the median amyloid-(
PET uptake in the cerebellar crus gray matter. Similarly, we computed a
composite Flortaucipir SUVr by taking the median tau PET uptake in six
ROIs: entorhinal, amygdala, parahippocampal, fusiform, inferior temporal,
and middle temporal, and normalizing by the median tau PET uptake in the
cerebellar crus gray matter for each participant. These composite SUVr
values provided cortical summary measures of amyloid-p and tau uptake
(Fig. 5), which were subsequently used as predictors in our SEMs to
investigate multivariate associations with gray matter MD, tNDI, and ODIL.

Tissue probabilities for each MPRAGE were estimated using the uni-
fied segmentation algorithm in SPM12 with Mayo Clinic Adult Lifespan
Template (MCALT) tissue priors and settings. The MCALT atlases were
propagated into each individual’s native space to estimate regional gray
matter volumes, expressed as a percentage of total intracranial volume
(TIV). The WMH volume was quantified from 3D FLAIR images using a
fully automated updated version of a method as previously described'®.

Statistical analyses

Demographic and clinical characteristics were reported using mean values
and standard deviations for continuous variables and counts and percen-
tages for categorical variables. WMH was normalized by total intracranial
volume and reported as a percentage. A log transformation was done to
improve the distribution of data and model fitting. Cortical Flortaucipir and
PiB SUVTr values were also analyzed with a log-transformation. We used
conditional logistic regression models to compare regional differences of
MD, tNDI, ODI, and FWF between the DLB spectrum and CU controls,
accounting for the 1:1 matching between subjects. To assess whether group
differences in MD, tNDI, ODI, and FWF were independent of gray matter
atrophy, we repeated the conditional logistic regressions and controlled for
regionally specific gray matter volumes (expressed as a percentage of TIV). P
values were adjusted with the false discovery rate (FDR) method for multiple
testing across the ROIs. An adjusted FDR g value <0.05 (two-tailed) was
considered significant. These results were used to derive composite ROIs
representing the spatial distribution of microstructural abnormalities in
gray matter within the DLB spectrum group. Subsequently, Dice coefficient
indices were computed between binarized maps representing the FDR-
corrected group differences. The formula for the Dice coefficient is as fol-
lows: Dice =2 x (ANB)/(A + B), where A and B are the two binarized
maps. To delineate the multivariate relationships among age, APOE gen-
otype, amyloid-p, tau, WMH, and composite ROIs, path analyses (SEMs
with only manifest variables) were employed using Mplus version 8.10. PiB
and Flortaucipir SUVR and WMH (as %TIV) were log-transformed,
age was in decades, and MD was divided by 100 in the SEMs. Age and
APOE genotype were included in the model as predictors of both AD
biomarkers and gray matter microstructural injury in the DLB spec-
trum. Backward elimination pruning was used to derive parsimonious
models, which considered direct effects (immediate relationships
between variables), indirect effects mediated through one or more
other variables, and total effects, representing the sum of direct and
indirect pathways. To obtain a measure of effect sizes, we also reported
R-squares for each of the outcome variables in the SEMs. Given that
our SEMs might only reveal AD associations in regions with group-
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Fig. 5 | Graphical overview of the study design and key analyses. The study design
involved fitting diffusion-weighted imaging datasets with DTI and NODDI models
to obtain whole-brain maps of MD, tNDI, ODI, and FWEF. Participants underwent
PET imaging of PiB and Flortaucipir to quantify amyloid-p and tau deposition,
respectively. Regional gray matter volumes were derived from structural MRI using
SPM12. WMHs were calculated from FLAIR using an automated segmentation
technique. The voxelwise MD, tNDI, ODI, and FWF parameter maps were par-
cellated using the MCALT atlas to derive bilateral median values reflecting regional
GM microstructural integrity. We employed conditional logistic models to compare
regional MD, tNDI, ODI, and FWF between the DLB spectrum and CU groups.
Subsequently, statistically significant ROIs from the group-wise comparisons were
used as composite outcome measures in SEMs to determine their multivariate
associations with age, WMH, APOE genotype, amyloid-f, and tau. In exploratory
analyses, partial Pearson’s correlations were used to determine the degree to which
composites of MD, tNDI, ODI, and FWF are related to disease severity and core

features in the DLB spectrum. Supplemental regression analyses were used to
explore the topographical associations of tau and amyloid PET meta-ROIs with
regionally specific MD, tNDI, ODI, and FWF, irrespective of group differences.
These models were adjusted for age, APOE genotype, gray matter volumes
(expressed as the % of TIV), and WMH (expressed as the % of TIV). AD Alzheimer’s
disease, APOE apolipoprotein E, CDR-SB clinical dementia rating-sum of boxes, CU
cognitively unimpaired, DLB dementia with Lewy bodies, DTT diffusion tensor
imaging, FDR false discovery rate, FLAIR fluid-attenuated inversion recovery, FWF
free water fraction, GM gray matter, TIV total intracranial volume, MCALT Mayo
clinic adult lifespan template, MD mean diffusivity, NODDI neurite orientation
dispersion and density imaging, ODI orientation dispersion index, PET positron
emission tomography, Amyloid- Pittsburgh compound B, RBD REM sleep beha-
vior disorder, ROIs regions of interest, SEM structural equation modeling, tNDI
tissue-weighted neurite density index, UPDRS unified Parkinson’s disease rating
scale, WMH white matter hyperintensity.

disorder. Additionally, we compared these composite ROIs between
DLB subgroups categorized by the presence or absence of core clinical
features with ANCOVA models adjusting for age.

Data availability
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