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Highlights

o APOE4 is associated with increased risks of AD and LBD with B-amyloid deposition.

e APOF4 is not associated with the risk of pure LBD without B-amyloid deposition.

e Typical AD interacts with APOE4 to worsen memory dysfunction and left hippocampal atrophy.
e Typical LBD interacts with APOE4 to increase occipital B-amyloid deposition.
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Abstract

The role of apolipoprotein E4 (APOE4) in the risk of Alzheimer’s disease (AD) and Lewy body disease (LBD), and their relationship with -
amyloid deposition and cognitive dysfunction, remain unclear. Using amyloid and dopamine transporter imaging, we enrolled 126 controls
and 208 patients with typical AD (pure AD and Lewy body variant of AD), AD with dementia with Lewy bodies (DLB), or typical LBD
(DLB with amyloid deposition and pure LBD). APOE4 was associated with an increased risk of all disease subtypes except pure LBD.
APOE4 was associated with increased frontal B-amyloid burden, and typical LBD was associated with increased occipital B-amyloid levels
through its interaction with APOE4. APOE4 was associated with deteriorated general cognition and memory dysfunction via its interaction
with typical LBD and AD, respectively. In conclusion, the impact of APOE4 on disease risk depends on its effects on B-amyloid deposition,
and APOE4 is associated with -amyloid deposition regardless of the clinical diagnosis. However, it interacts with typical LBD to cause
occipital B-amyloid deposition.

Keywords
Apolipoprotein E; Alzheimer’s disease; f-amyloid; cognition; Lewy body disease; Mixed dementia

Abbreviations. AD, Alzheimer’s disease; ADCI, AD-related cognitive impairment; APOE4, apolipoprotein E4; CDR-SOB, Clinical Dementia

Rating Sum of Boxes; DLB, dementia with Lewy bodies; DLBA, DLB with amyloid deposition; FP-CIT, 18F-fluorinated N-3 fluoropropyl-2-
beta-carboxy-methoxy-3-beta-(4-iodophenyl) nortropane; ICV, intracranial volume; K-MMSE, Korean version of Mini-Mental State
Examination; LBCI, LBD-related cognitive impairment; LBD, Lewy body disease; LBVAD, LB variant of AD; MRI, magnetic resonance
imaging; NC, normal cognition; PDD, PD dementia; PET, positron emission tomography; PLBD, pure LBD; PWMH, Periventricular WMH;
SUVR, standardized uptake value ratios; UPDRS, Unified Parkinson’s Disease Rating Scale; WMH, white matter hyperintensity.
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1. Introduction

Alzheimer’s disease (AD) and Lewy body disease (LBD) are the two most common causes of dementia. Apolipoprotein E4 (APOE4) allele is
a genetic risk factor for AD (Corder et al., 1993; Farrer et al., 1997), which increases f-amyloid accumulation (Drzezga et al., 2009;
Polvikoski et al., 1995) or induces a non-amyloidogenic mechanism that contributes to neurodegeneration by interacting with tau (Therriault
et al., 2019). Furthermore, APOE4 is a genetic risk factor for LBD (Bras et al., 2014; Tsuang et al., 2013). Previous autopsy studies have
reported that APOE4 increases the pathologic a-synuclein burden (Davis et al., 2020; Ruffmann et al., 2016), while others have not (Colom-
Cadena et al., 2013; Vefring et al., 2010). Frequent AD and LBD co-occurrence in patients with cognitive impairment (Chung et al., 2015;
Hamilton, 2000) could be attributed to the association between APOE4 and L.BD risk (Prokopenko et al., 2019). Advances in amyloid and
dopamine transporter imaging have allowed in vivo diagnosis of AD (McKhann et al., 2011), LBD (McKeith et al., 2017), and their mixed
disease (Burke et al., 2011). However, the role of APOE4 in AD and LBD risk, considering their mixed diseases, remains unclear.

B-amyloid accumulation is a key phenomenon in patients with AD (Pascoal et al., 2017) and LBD (Gomperts et al., 2008). Given the
association of APOE4 with a-synuclein spreading (Davis et al., 2020; Zhao et al., 2020) and the interaction between a-synuclein and B-
amyloid (Gallardo et al., 2008), APOE4 could be involved in the relationship between a-synuclein and 3-amyloid deposition. Development of
amyloid positron emission tomography (PET) has allowed in vivo p-amyloid burden quantification (Sabri et al., 2015). However, there is no
reliable in vivo biomarker for a-synuclein quantification or LB pathology; nevertheless, sufficient LB pathology that causes cognitive
dysfunction can be detected based on the clinical diagnostic criteria and dopamine transporter imaging, which have high specificity for
detecting dementia with Lewy bodies (DLB) (McKeith et al., 2017). Amyloid PET outperforms autopsy evaluation with regard to thorough
topographical B-amyloid quantification without a priori evaluation for specific AD pathology sites. Therefore, we hypothesized that amyloid
PET could be used to determine the effects of LBD, APOE, and their interaction on regional f-amyloid deposition.

Tau, a-synuclein, and B-amyloid interact synergistically in cognitive decline (Clinton et al., 2010). AD and LBD independently
contribute to cognitive dysfunction (Kang et al., 2019); however, the role of APOE4 in cognitive dysfunction with AD and LBD considered
simultaneously remains unclear. We aimed to determine the effects of APOE4 on the risk of each disease subtype, as well as on cognitive
dysfunction, hippocampal volume, and 3-amyloid deposition after adjusting for AD and LBD. We hypothesized that the association between
disease risks and APOE4 is dependent on B-amyloid deposition and that APOE4 is associated with B-amyloid deposition regardless of the
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clinical diagnosis. Moreover, we hypothesized that APOE4 interacts with AD or LBD to increase -amyloid deposition, hippocampal atrophy,
and cognitive dysfunction.

2. Methods
2.1 Participants

We enrolled 126 participants with normal cognition (NC) and 208 patients with cognitive impairment. The NC participants lacked any
subjective cognitive impairment symptoms or a history of neurologic or psychiatric illnesses and underwent neurological and
neuropsychological examination, brain magnetic resonance imaging (MRI), and APOE genotyping. Their neurological and
neuropsychological findings were normal, and they lacked structural brain lesions. Eleven NC participants underwent ®F-Florbetaben (FBB)-
PET, and no significant B-amyloid deposition was noted.

Patients with AD and/or LBD underwent neurological examination, APOE genotyping, neuropsychological tests, 3T MRI, FDG
PET, and FBB PET scans at the dementia and movement clinics of 'Yonsei University Severance Hospital, Seoul, Korea, between April 2012
and May 2019. Using semi-structured questionnaires, caregivers evaluated clinical AD features, including slow-progressive memory
dysfunction, and those of LBD, including parkinsonism, rapid eye movement sleep behavior disorder, visual hallucinations, and cognitive
fluctuation. Parkinsonism severity was assessed using the Movement Disorder Society Unified Parkinson’s Disease Rating Scale (UPDRS)
motor score with a score > 16 being considered moderate. The exclusion criteria were pure vascular cognitive impairment; other degenerative
dementia causes, including frontotemporal dementia, corticobasal degeneration, and progressive supranuclear palsy; drug-induced cognitive
impairment; and other adequate cognitive impairment causes, including epilepsy, psychiatric disorder, normal-pressure hydrocephalus, and
structural brain lesions (e.g., tumor or hemorrhage).

All patients with AD.dementia met the probable AD dementia criteria with high levels of biomarker evidence (McKhann et al.,
2011), while all patients with mild cognitive impairment (MCI) due to AD met the high likelihood of MCI due to AD criteria based on the
National Institute on Aging-Alzheimer’s Association workgroups guidelines for AD (Albert et al., 2011). These patients were considered to
have “typical AD.” Specifically, all the patients with typical AD had progressive memory problems with insidious onset, biomarker evidence
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of neuronal injury based on FDG PET, and significant cerebral B-amyloid deposition confirmed by global FBB standardized uptake value
ratios (SUVR) > 1.478 (Sabri et al., 2015).

All patients with PD satisfied the United Kingdom PD Brain Bank diagnostic criteria (Gibb and Lees, 1988) and presented decreased
dopamine transporter uptake on *®F-fluorinated N-3 fluoropropyl-2-beta-carboxy-methoxy-3-beta-(4-iodophenyl) nortropane (FP-CIT) PET
scans. Patients with PD-MCI and PD dementia (PDD) met the Movement Disorder Society criteria for PD-MCI (Litvan et al., 2012) and
probable PDD (Emre et al., 2007), respectively. All the patients with DLB fulfilled the 2017 revised criteria for probable DLB (McKeith et
al., 2017) and showed decreased dopamine transporter uptake on FP-CIT PET scans. To ascertain early brain changes in patients with DLB,
we included patients with MCI (Petersen et al., 1999) who met all diagnostic criteria for probable DLB, except for dementia presence. These
patients with PD-MCI, PDD, DLB-MCI, and DLB were considered to have LBD-related cognitive impairment (LBCI).

Based on clinical features and biomarker evidence, patients with mixed disease were placed in the AD-dominant, LBD-dominant,
and equally dominant mixed disease subgroups (Figure 1). Patients with LBCI who presented 3-amyloid deposition but did not have memory
problems as their chief complaint and entorhinal hypometabolism were considered to have LBD-dominant mixed disease or DLB with
amyloid deposition. Conversely, patients with typical AD who showed moderate/severe Parkinsonism and abnormal FP-CIT PET scans but
lacked other LBD features, including cognitive fluctuation and visual hallucination, were considered to have AD-dominant mixed disease or
LB variant of AD (LBVAD) (Hansen et al., 1990). If patients with typical AD satisfied the diagnostic criteria for DLB based on cognitive
fluctuation or visual hallucination, they were regarded to have an equally dominant mixed disease or AD/DLB. Finally, there were 57, 32, 56,
21, and 42 patients with pure AD (PAD), LBVAD, pure LBD (PLBD), DLB with amyloid deposition (DLBA), and AD/DLB, respectively.
Patients with PAD and LBVAD were regarded to have typical AD; patients with PLBD and DLBA, typical LBD; and patients with AD/DLB,
both typical AD and typical LBD.

AD-related cognitive impairment (ADCI) was defined to include patients with PAD, LBVAD, AD/DLB, and LBDA. Given the
progressive AD nature (Dubois et al., 2016), we defined ADCI solely based on amyloid PET-positivity and differentiated it from typical AD
that corresponds to the symptomatic AD stage. Similarly, we defined LBCI for patients with LBVAD, AD/LBD, LBDA, and PLBD to
differentiate it from typical LBD corresponding to LBD-dominant disease.
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2.2 APOE genotyping

Genomic DNA was extracted from peripheral blood leukocytes using the DiaPlexQ™ ApoE Genotyping Kit following the manufacturer’s
instructions (SolGent co., Ltd.). Two single nucleotide polymorphisms (rs429358 for codon 112 and rs7412 for codon 158) in the APOE gene
were genotyped using a CFX 96 Real-time PCR system (Bio-Rad) per the manufacturer’s instructions.

2.3 MRI acquisition, regional white matter hyperintensity (WMH) measurement, and lacune counting

All MRI scans were acquired using the same 3T MRI scanner (Philips Achieva; Philips Medical System, Best, The Netherlands) with a
SENSE head coil (SENSE factor = 2). A visual rating scale of WMHs was modified from the Fazekas scale (Fazekas et al., 1987).
Periventricular WMH (PWMH) areas were classified as P1 (cap and band < 5 mim), P2 (5§ mm < cap or band < 10 mm), and P3 (10 mm < cap
or band), and deep WMH (DWMH) areas as D1 (maximum diameter of deep white matter lesion < 10 mm), D2 (10 mm < lesion < 25 mm),
and D3 (=25 mm). Supplementary Method S1 presents detailed methods for MRI acquisition and manual lacune counting.

2.4 Hippocampal segmentation and volume measurement

We used FMRIB’s integrated registration and segmentation tool to determine the hippocampal volume in mm?® (Patenaude et al., 2011). Each
intensity bias-corrected T1-weighted image was registered to the MNI standard space, and the hippocampal mesh structure was fitted to the
image. Boundary correction was applied for volumetric output. To account for individual brain size differences, we measured intracranial
volume (ICV), defined as the sum of gray matter, white matter, and cerebrospinal fluid volumes.

2.5 Acquisition and assessment of **F-FBB and ‘®F-FP-CIT PET imaging

PET scans were obtained using a Discovery 600 system (GE Healthcare, Milwaukee, WI). FP-CIT PET was interpreted through visual rating
as previously described (Lee et al., 2018). Regarding FBB PET, amyloid-positivity was identified through global FBB SUVR obtained via
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surface-based FBB PET analysis methods (Lee et al., 2018), where global FBB SUVR > 1.478 indicated amyloid-positivity (Sabri et al.,
2015). Supplementary Method S2 presents detailed methods for the acquisition and preprocessing of PET images.

2.6 Quality assurance for image processing

All MRI scans and processing results were visually inspected by three researchers blinded to participant information (J.H.J., S.J., and B.S.Y.)
for quality assurance.

2.7 Neuropsychological evaluation

All participants were assessed using the standardized Seoul Neuropsychological Screening Battery (Ahn et al., 2010). Supplementary Method
S3 presents details regarding the measurement of the Korean version of Mini-Mental State Examination (K-MMSE) scores; Clinical Dementia
Rating Sum of Boxes (CDR-SOB); and domain-specific scores for attention, language, visuospatial function, memory, and frontal/executive
function.

2.8 Statistical analysis

An analysis of variance and a 3 test were performed for cross-group comparisons of clinical features. Logistic regression analyses were
performed to evaluate the APOE4 (carrier vs. non-carrier) effect on disease risk. Covariates for logistic regression analyses and other analyses
included age, sex, education, hypertension, diabetes mellitus, hyperlipidemia, DWMH, PWMH, and the lacune number. Model 1 analyses
evaluated the APOEA4 effect on each disease’s risk (PAD, LBVAD, AD/LBD, DLBA, PLBD, ADCI, LBCI, typical AD or typical LBD) in a
combined NC and each disease group. Model 2 analyses evaluated the APOE4 effect on the ADCI or LBCI risk in all participants after
adjusting for LBCI or ADCI, respectively. Model 3 analyses evaluated the APOE4 effect on the typical AD or typical LBD risk in all study
participants after adjusting for typical LBD or typical AD, respectively.
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To determine the APOE4 effect on cognitive dysfunction, the effects of APOE4, typical AD, and typical LBD on composite
cognitive scores were evaluated with general linear models. Model 1 analyses evaluated the independent effects of APOEA4, typical AD, and
typical LBD. Given the significant interaction effects of AD and LBD on neuropsychological test scores, the interaction term of typical AD *
typical LBD was further included in Model 1 analyses (Kang et al., 2019). Model 2 analyses tested the significance of interaction terms,
including APOE4 * typical AD and APOE4 * typical LBD. Model 3 analyses were based on general linear models using APOE4, typical
LBD, typical AD, typical AD * typical LBD, and significant interaction terms from Madel 2 as predictors.

To assess the effects of APOE4, typical AD, and typical LBD on hippocampal volume, we performed general linear models for the
left, right, and mean hippocampal volume further including ICV as a covariate. As typical AD * typical LBD effect was significant on
hippocampal volume, APOE4, typical AD, typical LBD, and typical AD * typical LBD were included as predictors for Model 1. Model 2
tested the significance of the interaction terms (APOE4 * typical AD or APOE4 * typical LBD) by adding one of the two interaction terms as
a predictor to Model 1. Model 3 used APOEA4, typical AD, typical LBD, typical AD*typical LBD, and the significant interaction terms in
Model 2 as predictors. Ten NC participants were excluded from these analyses because 3D T1 images were unavailable. Hippocampal volume
could not be assessed because of issues with preprocessing quality in two, three, one, and two participants of the PAD, AD/DLB, PLBD, and
NC groups, respectively. Finally, 114, 55, 32, 39, 21, and 55 participants with NC, PAD, LBVAD, AD/DLB, DLBA, and PLBD, respectively,
were included.

To determine the APOE4 effect on -amyloid deposition, we used general linear models to investigate the independent and
interactive effects of APOE4, typical AD, and typical LBD on the global and mean FBB SUVR in the frontal, temporal, parietal, and occipital
cortices. Given the small sample size of the NC group that underwent FBB-PET (n = 11), these analyses were performed after excluding NC
participants. Model 1 analyses evaluated the independent effects of APOE4, typical AD, and typical LBD. Model 2 analyses tested the
significance of each pair of interaction terms, including APOE4 * typical AD and APOE4 * typical LBD. Model 3 analyses showed the results
of general linear models using APOE4, typical LBD, typical AD, and significant interaction terms from Model 2 as predictors. Statistical
analyses were performed using SPSS software (version 23.0; IBM Corp., Armonk, NY, USA) with significance set at p < 0.05.

MATLAB-based SurfStat toolbox was used for statistical analyses of vertex-wise FBB uptake (Worsley et al., 2009). To identify
regional B-amyloid deposition patterns associated with APOE4, the independent and interactive effects of APOE4, typical AD, and typical
LBD on the vertex-wise FBB SUVR were investigated using typical AD and typical LBD in general linear models after adjustment for similar
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covariates as global and lobar FBB SUVR. As with the analyses on the mean FBB SUVR, this analysis was performed after excluding 11 NC
participants. Given the significant interaction effects of APOE4 * typical LBD on the mean lobar FBB SUVR, it was included in the models.
As a sensitivity analysis, a further analysis including NC participants was performed (Supplementary Table 1 and Supplementary Figure 1).

3. Results
3.1 Demographic and clinical characteristics

Table 1 represents the demographic and clinical characteristics of participants. The AD/DLB, LBVAD, and PLBD groups were older than the
control group; however, there was no significant among-group age difference. Male patients were more common in the LBVAD and DLBA
groups than in the NC group. There was no significant among-group difference in education, hypertension, and hyperlipidemia; however,
diabetes mellitus was more common in the PLBD group than in the NC, PAD, and AD/DLB groups. The lacune number and DWMH severity
were comparable. Compared to the NC group, the AD/DLB group had more severe PWMH, which was similar across the remaining groups.
The proportion of patients with dementia was higher in the AD/DLB group than in the PAD, LBVAD, and PLBD groups. Moreover, it was
higher in the DLBA group than in the PAD group. Ali the disease groups showed worse K-MMSE and CDR-SOB scores than those of the NC
group. The AD/DLB group had worse K-MMSE scores than did the PAD, LBVAD, and PLBD groups. The AD/DLB and DLBA groups had
higher mean CDR-SOB scores than did the PAD and LBVAD groups; moreover, the PLBD group had a higher mean CDR-SOB score than
did the PAD group. Compared with the NC and PLBD groups, the PAD, LBVAD, AD/DLB, and DLBA groups showed higher global,
frontal, parietal, temporal, and occipital FBB SUVR. The APOE4 carrier proportion was highest in the pure AD group (73.7%), followed by
the AD with LBD (59.5%), LBVAD (53:1%), LBD with amyloid (47.6%), PLBD (19.6%), and NC (17.5%) groups. The PAD, LBVAD,
AD/DLB, and DLBA groups had a higher proportion of APOE4 carriers than did the NC and PLBD groups. However, the PLBD group had a
comparable proportion of APOEA4 carriers to that in the NC group. All 11 NC participants who underwent FBB-PET scans were amyloid-
negative according to the visual rating scale and had a global FBB SUVR < 1.478. Five of the 11 NC participants were APOE4 heterozygotes
and there were no APOE4 homozygotes.
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3.2 Effects of APOE genotypes on disease risk

Table 2 shows the associations between APOE genotype and each disease’s risk compared with that in the NC group (Model 1). APOE4 was
associated with increased PAD, LBVAD, AD/DLB, and DLBA risks but not PLBD risk. The odds ratio (OR) of each disease group
associated with APOE4 was highest for PAD (OR, 95% confidence interval [CI] = 14.71, 6.54-33.10), followed by AD/DLB (OR, 95% CI =
9.07, 3.52-23.37), LBVAD (OR, 95% CI = 7.73, 2.85-21.02), and DLBA (OR, 95% CI =5.52, 1.68-18.13). APOE4 was associated with an
increased risk of ADCI (OR, 95% CI = 8.90, 4.78-16.56), LBCI (OR, 95% CI = 4.06, 2.13-7.74), typical AD (9.39, 4.98-17.71), and typical
LBD (OR, 95% CI = 3.58, 1.80-7.10). APOE?2 effect on PAD risk was not evaluated since there were no APOE2 carriers in the PAD group.
Further, APOE2 was not associated with LBVAD, AD/DLB, DLBA, and PLBD risk. However, APOE2 was associated with a decreased risk
of ADCI (OR, 95% CI = 0.29, 0.11-0.73) and typical AD (OR, 95% CI = 0.24, 0.09-0.70). Sensitivity analysis involving the evaluation of the
association between APOE4 and LBCI after excluding patients with typical AD showed that APOE4 was associated with an increased LBCI
risk (OR, 95% CI = 2.30, 1.04-5.08). However, sensitivity analysis without patients with ADCI showed that APOE4 was not associated with
LBCI risk (OR, 95% CI = 1.37, 0.54-3.47).

The assessment of the APOE4 effect on ADCI and typical AD risk (Model 2 and Model 3) showed that APOE4 was associated with
an increased ADCI and typical AD risk after controlling for LBCI and typical LBD, respectively. Meanwhile, APOE4 was not associated with
LBCI nor typical LBD risk after controlling for ADCI and typical AD, respectively. APOE2 was associated with a lower ADCI and typical
AD risk after controlling for LBCI and typical LBD, respectively. However, APOE2 was not associated with LBCI or typical LBD risk after
controlling for ADCI and typical AD, respectively.

3.3 APOEA4, typical AD, and typical LBD on cognition

Model 1 analyses showed that typical AD and typical LBD were independently associated with worse cognitive scores in all
neuropsychological domains, as well as K-MMSE and CDR-SOB scores. Further, APOE4 was independently associated with worse CDR-
SOB scores (Table 3). Typical AD and typical LBD had significant interaction effects on all neuropsychological domains except for the
attention domain. However, the interaction direction implied that the cognitive dysfunction degree was comparable across the typical AD,
typical LBD, and typical AD/typical LBD groups. Model 2 analyses showed that APOE4 and typical AD were interactively associated with
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worse memory scores, while APOE4 and typical LBD were interactively associated with worse CDR-SOB scores. Model 3 showed similar
effects of typical AD and typical LBD, as well as the interaction effect of typical AD * typical LBD, to those in Model 1.

3.4 Effects of APOE4, typical AD, and typical LBD on hippocampal volume

Model 1 analyses showed that typical AD and typical LBD were independently associated with a lower mean, left, and right hippocampal
volumes (Table 4). Typical AD and typical LBD had significant interaction effects on hippocampal volumes in that the degree of hippocampal
atrophy was comparable across the typical AD, typical LBD, and typical AD/typical LBD groups. Although APOE4 had no significant
independent effect on hippocampal volume in Model 1, Models 2 and 3 showed that APOE4 and typical AD were interactively associated
with a low left hippocampal volume. There was no significant interaction effect between APOE4 and typical LBD on hippocampal volumes.

3.5 Effects of APOE4, AD, and LBD on global and regional FBB SUVR

The effects of APOE4, typical AD, and typical LBD on global and regional FBB SUVR were evaluated in patients with AD and/or LBD
(Table 5). Model 1 analyses revealed that typical AD was associated with global SUVR and mean lobar SUVR in all four lobar regions.
Typical LBD was not associated with FBB SUVR in any region, but APOE4 was associated with mean frontal SUVR. Model 2 analyses
showed that APOE4 and typical LBD were interactively associated with a high mean occipital SUVR. Model 3 analyses showed that typical
AD and APOE4 * typical LBD were independently associated with a higher mean occipital SUVR.

There was a significant interaction effect between typical LBD and APOE4 on occipital f-amyloid (Figure 2A). Typical AD had a
significant effect on whole-brain cortices (Figure 2B), while typical LBD and APOE4 independently did not have effects on vertex-wise FBB
SUVR. Sensitivity analyses including 11 NC subjects revealed similar results to the original results (Supplementary Table 1 and
Supplementary Figure 1).
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4, Discussion

We assessed the relationship between APOE4, AD, LBD, B-amyloid deposition, and cognition in patients with cognitive impairment and NC
participants who were diagnosed using careful clinical assessment and imaging biomarkers of FDG PET, amyloid PET, and dopamine
transporter PET. APOE4 increased the PAD, AD/DLB, LBVAD, and DLBA risks, but not the PLBD risk. The interaction of APOE4 with
typical LBD was associated with worse CDR-SOB, while that of APOE4 and typical AD was associated with more severe memory
dysfunction and left hippocampal atrophy. Furthermore, typical LBD was associated with increased occipital 3-amyloid burden through its
interaction with APOEA4. This suggests that the APOE4 effect on disease risk is dependent on -amyloid deposition; however, APOE4
interacts with typical LBD to worsen general cognition and increase occipital B-amyloid deposition. It also interacts with typical AD to
worsen memory dysfunction and left hippocampal atrophy.

It remains unclear whether APOE4 is associated with an increased risk of PLBD (Prokopenko et al., 2019; Tsuang et al., 2013). In
contrast to our study results, a previous autopsy study with a relatively large sample size (Tsuang et al., 2013) demonstrated APOE4-
associated increased risk of neuropathologically-identified DLB and PDD without AD pathology and suggested the APOE4-associated risk
for DLB might be unrelated to amyloid mechanisms. However, the autopsy study identified concomitant AD pathology based on the Braak
neurofibrillary tangle stage > III and the Consortium to Establish a Registry for Alzheimer’s Disease plaque score of C, which consider
diffuse plaque only B-amyloid deposition as a lack of AD pathology. As B-amyloid ligands bind to diffuse as well as neuritic plaques (Burack
et al., 2010; Kantarci et al., 2020; Sabri et al., 2015), patients with DLB with amyloid in our study could have been classified into pure LBD
group in the previous study. In a similar vein, antemortem amyloid PET scans of autopsy-confirmed pure LBD cases were found to be
amyloid-positive with a diffuse plaque being the primary contributor (Burack et al., 2010; Kantarci et al., 2020). This perspective is consistent
with our sensitivity analyses excluding patients with typical AD or ADCI. APOE4 was significantly associated with LBCI risk after excluding
patients with typical AD, but not after excluding patients with ADCI. Therefore, the APOE4 effect on disease risk across AD and LBD
depends on B-amyloid deposition.

APOE4 was associated with increased occipital f-amyloid deposition in the presence of typical LBD. Notably, the association was
independent of the presence of typical AD. Since APOE4 is also involved in the spread of a-synuclein or LB pathology (Davis et al., 2020;
Dickson et al., 2018; Emamzadeh et al., 2016; Zhao et al., 2020) and the co-existence of a-synuclein and f-amyloid pathologies (Chung et al.,
2015; Robinson et al., 2018), APOE4 could play a pivotal role in the interaction between a-synuclein and f-amyloid (Gallardo et al., 2008).
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The precise mechanism for the regional preference to occipital cortex in APOE4 interaction with LBD remains unclear but is consistent with
the fact that the occipital cortex is the converging region of various degenerative phenomena including hypoperfusion (Lobotesis et al., 2001),
gray matter reduction (Lee et al., 2010), and hypometabolism (McKeith et al., 2017) in LBD. Given that an autopsy study comparing
antemortem amyloid PET suggested LBD-associated occipital f-amyloid sparing (Kantarci et al., 2020), typical LBD with APOE4 can be a
distinct subtype of LBD showing accentuated occipital f-amyloid deposition. Additionally, the clinical classification considering the presence
of visual hallucination or cognitive fluctuation could account for the differences (Figure 1). In our study, the interaction of APOE4 with LBD
was associated with worse CDR-SOB scores. Notably, no specific cognitive domains were affected by the interaction effect. Since general
cognition in patients with LBD is affected by several factors, including visual hallucination, cognitive fluctuation, Parkinsonism severity, and
various psychiatric symptoms, there is a need for further studies to address the association between APOE4 and other LBD features.

The interaction of APOE4 with typical AD was associated with worsened memory dysfunction and decreased left hippocampal
volume. Although we could not perform tau imaging, all patients with typical AD presented typical clinical AD features and significant p-
amyloid deposition. Furthermore, FDG PET confirmed that they had AD-relevant neurodegeneration (Figure 1). Given the close correlation
of tau accumulation with clinical and neurodegenerative changes in AD (Ossenkoppele et al., 2016; Whitwell et al., 2018), typical AD in our
study could be considered to involve AD-specific tau accumulation. Therefore, our findings may represent indirect clinical evidence of the
interaction between APOE4 and tau pathology, which is consistent with previous reports of a direct interaction of APOE4 with tau
(Strittmatter et al., 1994) and tau phosphorylation (Brecht et al., 2004), as well as of a significant association between APOE4 and medial
temporal lobe tau independent of B-amyloid burden (Therriault et al., 2019). Our sensitivity analysis could support the possible amyloid
independent interaction between APOE4 and tau pathology in worsening memory scores. After further adjusting for global FBB-SUVR, the
interaction effect of APOE4 * typical AD on memory scores remained significant (8 [SE] = -0.59 [0.25], p = 0.019). Further studies are
warranted to confirm the interaction of APOE4 with quantified tau-burden on memory dysfunction. In our study, the APOE4 effect on
hippocampal volume was dependent on the presence of typical AD. However, a previous study showed that hippocampal volumes are smaller
with increasing APOE4 dosages, regardless of diagnosis within the AD/DLB spectrum (Saeed et al., 2018). This discrepancy might be
attributed to whether there is a consideration for the mixed disease of AD and LBD. As concomitant AD pathology is frequently observed in
LBD patients, the confounding effect of AD could explain the association between APOE4 and hippocampal atrophy in LBD.

This study had several limitations. First, we did not perform tau PET nor measure the LB pathology burden, thereby limiting the
establishment of a dose-dependent relationship of AD and LB pathologies with cognitive dysfunction and 3-amyloid burden. Second, since
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only 11 of 126 NC participants underwent FBB-PET, we could not include them in the models using global and regional FBB-SUVR as
outcomes. Third, a previous study showed that APOE4 influenced the association between WMH and cognitive performance in AD and DLB
(Mirza et al., 2019); however, in our data, there was no significant interaction between APOE4 and lacune number, DWMH, or PWMH on the
cognitive scores (data not shown). Different methods for WMH rating (semi-automated volume measurement vs. visual rating), different
demographic and ethnic backgrounds, and the inclusion of patients with mixed disease could be possible explanations for these differences.
This being said, further studies are warranted to evaluate the differential role of APOE4 with and without significant vascular burden. Fourth,
LBVAD under-diagnosis could have occurred since we did not perform dopamine transporter PET for patients with PAD without significant
parkinsonism (UPDRS motor scale score > 16). Moreover, dopamine transporter PET has suboptimal sensitivity for LBD detection (McKeith
etal., 2007), in particular if LB pathology does not involve the nigrostriatal dopaminergic system (Zaccai et al., 2008). Inconsistent with our
findings of the PAD group having the highest APOE4 prevalence, a previous autopsy study reported that the APOE4 prevalence was highest
in the AD with LB group, followed by the pure AD group (Chung et al., 2015). This inconsistency could be attributed to our possible LBVAD
underestimation.

Our findings suggest that the APOE4 effect on disease risk is dependent on its effects on B-amyloid deposition. However, APOE4
further interacts with typical LBD to induce worse general cognition and higher occipital f-amyloid deposition. This study highlights the
possible interaction of B-amyloid and LBD pathologies converging in the occipital cortex.
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Figure 1. Diagram representing participant classification

Abbreviations: AD, Alzheimer’s disease; LBD, Lewy body disease; LB, Lewy body; LB variant AD, Lewy body variant of Alzheimer’s
disease = AD + PD; DLB, dementia with Lewy bodies; PD, Parkinson’s disease; UPDRS, unified Parkinson’s disease rating scale; DAT,
dopamine transporter; PDRP, Parkinson's disease-related metabolic pattern; FDG, Fluorine-18-fluorodeoxyglucose.

Figure 2. Effects of APOE4, typical Alzheimer's disease, and typical Lewy body disease on regional amyloid deposition

Statistical map showing cortical regions with (A) a significant interaction effect between APOE4 and typical Lewy body disease and (B) a
significant independent effect of typical Alzheimer’s disease on cortical amyloid deposition. There was no region showing a significant
independent effect of APOEA4 or that of typical Lewy body disease. Results are based on a general linear model. Covariates include age, sex,
education, hypertension, diabetes mellitus type 2, dyslipidemia, number of lacunes, and deep and periventricular white matter
hyperintensities. This analysis was performed for all participants except normal controls.. The color scale represents t-values with areas
bounded by the white line showing statistically significant regions (corrected p < 0.05, false discovery rate).

Abbreviations: APOE4, apolipoprotein E4; LBD, Lewy body disease; FBB, *®F-Florbetaben; FDR, false discovery rate.
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Table 1. Demographic characteristics of the study participants

NC PAD LBVAD AD/DLB DLBA PLBD p’ p?

Number 126 57 32 42 21 56
Age (years) 68.5 + 8.3%% 71777 73.3+£81* 751472 7313+7.0 75.02+7.3 <0.001 0.114
Sex, female 91 (72.2)* 39 (68.4) 16 (50.0*  26(61.9) 8(38.1)° 33(58.9) 0.017  0.132
Education (years) 10.7+45 10.6+45 9.4+55 89+59 11.4+58  93z%51 0152  0.281
Vascular risk factors, n (%)

Hypertension 65 (51.6) 25 (43.9) 16 (50.0) 24 (57.1) 9 (42.9) 35 (62.5) 0.396  0.272

Diabetes mellitus 25 (19.8)° 10 (17.5)° 6(18.8) 7(16.7)f 6 (28.6) 22(39.3*¢  0.037  0.035

Dyslipidemia 48 (38.1) 26 (56.6) 14 (43.8) 13 (31.0) 7(33.3) 18 (32.1) 0.591  0.448
Cognitive status NA 0.009

Non-demented NA 38(66.7)*° 19 (59.4) 14 (334" 8(38.1)° 30 (55.4)°

Dementia NA 19 (33.3)"° 13 (40.6)" 28 (66.7)"°" 13 (61.9)° 25 (44.6)"
K-MMSE 277 £2.0°%" 23433  225+31% 108+4.8"" 215+61° 224+45° <0001 0.002

CDR-SOB Qbedef 25+ 15480 31427138 47 4+32%0¢ 52+3.7*°¢ 367+2.8*  <0.001 <0.001
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Vascular MRI markers

Number of lacunes 0.9+2.00 1.0+17 1.6+23 1.8+29 1.8+28 15+25 0.189  0.563
PWMH 1.4+06° 1.5+07 1.740.7 1.8+0.7° 1.5+07 1707 0.009  0.248
DWMH 1.3+06 14+07 14+06 15+06 1.3+05 1.3£05 0.713  0.681
FBB-PET?
Global FBB SUVR 1.2 £0.1°0¢ 1.9+0.2* 20+03*"  1.9+03" 1.9+04*  13+09"% <0001 <0.001
Frontal SUVR 1.2 +0.1°¢0% 2.0+0.3 20+04*"  20+03" 1.9+04*"  13+01°% <0001 <0.001
Parietal SUVR 1.2 £0.1°0¢ 1.9+0.2* 20203 1.9+03" 1.9+04*  13£01°% <0001 <0.001
Temporal SUVR 1.2 +0.1°¢0% 1.9+03*  19+03 1.9+03 1.9+03*  13+01"% <0001 <0.001
Occipital SUVR 1.3 +0.1°¢0% 1.7+0.2% 18403  1.8+0.3* 1.9+03*  1.4£01"% <0001 <0.001
Positivity on visual rating 0 (0) 55 (96.5) 32 (100) 41 (97.6) 19 (90.5) 7 (12.5)
Global SUVR > 1.478 0(0) 54 (100) 30 (100) 40 (100) 20 (100) 0(0)
APOE4 homozygote 0 (0)°¢ 4(7.0) 5 (15.6)* 1(2.4) 0(0) 1(1.8)° <0.001 0.056
APOE?2 carrier 22 (17.5)*¢ o' 4(12.5)"° 1(2.4)* 2(9.5) 9 (16.1)" 0.001  0.003

Abbreviations: APOE = apolipoprotein E; AD = Alzheimer’s disease; PAD = pure Alzheimer’s disease; AD/DLB = Alzheimer’s disease with dementia
with Lewy bodies; DLBA = dementia with Lewy bodies with amyloid deposition; PLBD = pure Lewy body disease; NC = normal cognition; FBB =
Florbetaben; PET = positron emission tomography; DWMH = deep white matter hyperintensity; PWMH = periventricular white matter hyperintensities;
K-MMSE = Korean version of the Mini-Mental State Examination; CDR-SOB = Clinical Dementia Rating Sum of Boxes; MRI = magnetic resonance
imaging; SUVR = standardized uptake value ratio.

! p values are results of comparisons among all six study groups.
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2p values are the results of comparisons among the five disease groups.

% A total of 11 of 126 (8.3%) NC participants and all patients with cognitive impairment underwent FBB-PET scans. Global FBB SUVR was not
calculated because of issues with imaging quality in three, two, two, one, and two patients with PAD, LBVAD, AD/DLB, DLBA, and PLBD,
respectively. In these patients, amyloid-positivity and -negativity was determined based on the visual rating scale.

#Significantly different compared to the NC group.

P Significantly different compared to the PAD group.

¢ Significantly different compared to the LBVAD group.
dSignificantly different compared to the AD/DLB group.
¢ Significantly different compared to the DLBA group.
fSignificantly different compared to the PLBD group.

Table 2. Effect of APOE on the risk of cognitive impairment in specific disease groups

APOE4 APOE2
OR (95% CI) pvalue OR (95% CI) p value
Model 1 (control + each disease group)
PAD 14.71 (6.54- <0.001 NA NA
33.10)
LBVAD 7.73 (2.85- <0.001 1.01 (0.28- 0.994
21.02) 3.57)

AD/DLB 9.07 (3.52- <0.001  0.21(0.26- 0.153
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23.37) 1.78)
DLBA 5.52 (1.68- 0.005 0.71 (0.14- 0.680
18.13) 3.67)
PLBD 1.37 (0.54-3.47) 0,511 1.15 (0.42- 0.786
3.16)
Model 1 (control + combined disease groups)
ADCI (PAD + LBVAD + AD/DLB + 8.90 (4.78- <0.001 0.29(0.11- 0.009
DLBA) 16.56) 0.73)
LBCI (LBVAD + AD/DLB + DLBA + 4.06 (2.13-7.74)  <0.001 - 0.69 (0.31- 0.359
PLBD) 1.52)
Typical AD (PAD + LBVAD + AD/DLB) 9.39 (4.98- <0.001  0.24 (0.09- 0.009
17.71) 0.70)
Typical LBD (AD/DLB + DLBA + PLBD)  3.58 (1.80-7.10)  <0.001  0.62 (0.26- 0.277
1.47)
Model 2 (all participants)
ADCI 8.41 (4.81- <0.001  0.20 (0.08- 0.001
14.71) 0.50)
LBCI 0.71(0.40-1.27)  0.251 1.75 (0.77- 0.180
3.98)

Model 3 (all participants)

Typical AD 7.01 (4.18- <0.001  0.21 (0.08- 0.002
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11.76) 0.56)
Typical LBD 1.34(0.76-2.34) 0310  0.86(0.38- 0.712
1.94)

Abbreviations: APOE = apolipoprotein E; AD = Alzheimer’s disease; LBD = Lewy body disease; ADCI = Alzheimer’s disease-related cognitive
impairment; LBCI = Lewy body disease-related cognitive impairment; PAD = pure Alzheimer’s disease; LBVAD = Lewy body variant of Alzheimer’s
disease; AD/DLB = Alzheimer’s disease with dementia with Lewy bodies; DLBA = dementia with Lewy bodies with amyloid deposition; PLBD = pure
Lewy body disease; OR = odds ratio; Cl = confidence interval; DWMH = deep white matter hyperintensities; PWMH = periventricular white matter
hyperintensities.

Model 1 involved logistic regression analyses for the presence of each disease performed using all of the study participants with APOE genotype as a
predictor. Model 2 involved logistic regression analyses for the presence of ADCI or LBCI while Model 3 involved logistic regression analyses for the
presence of typical AD or typical LBD in all study participants. Covariates included age, sex, education, hypertension, diabetes mellitus, dyslipidemia,
DWMH, PWMH, and the lacune number. Model 2 analyses for ADCI and LBCI were further controlled for LBCI and ADCI presence, respectively.
Model 3 analyses for typical AD and typical LBD were further controllied for the presence of typical LBD and typical AD, respectively.

Table 3. Effects of APOE4, typical Alzheimer’s disease, and typical Lewy body disease on neuropsychological test scores

Predictor APOE4 Typical AD Typical LBD Typical AD * Typical APOE4 * Typical LBD ~ APOE4 * Typical AD
LBD
Cognitive domain B (SE) pvalue B (SE) p value B (SE) p value B (SE) p value B (SE) p value B (SE) p value
Model 1
Attention 0.16 (0.15)  0.272 -0.57 (0.18)  0.002 -0.99 (0.18)  <0.001 0.47(0.28)  0.096
Language 001(0.16) 0938  -1.36(0.20) <0.001 -1.65 (0.20)  <0.001 122(0.31)  <0.001

Visuospatial  -0.06 (0.33) 0.856  -1.27(0.33) <0.001  -2.86(0.34) <0001  112(0.53) 0.035
Memory 014(05 0351  -1.71(013) <0001  -175(0.12) <0001  173(0.18)  <0.001

Executive 005(0.12) 0664 -1.16(012) <0001  -158(0.12) <0001  110(0.19) <0.001
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K-MMSE 1040(042) 0339 -410(052) <0001  -499(052) <0.001°  219(0.80) 0.007

CDR-SOB 0.89(0.26) 0001  176(0.32) <0001  346(032) <0001  -1.47(0.50) 0.003

Model 2
Attention 0.39(0.30)  0.200 -0.47 (0.30)  0.115
Language -0.28(0.33)  0.400 0.05(0.32)  0.870
Visuospatial 0.54 (0.53)  0.306 -0.72(0.52) 0.164
Memory 0.02(0.18) 0932 -0.52(0.18)  0.003
Executive -0.06 (0.19) 0.767 -0.25(0.18)  0.169
K-MMSE -0.97 (0.86)  0.262 -1.62(0.84)  0.055
CDR-SOB 1.46 (0.53) 0.006 0.48 (0.52) 0.359
Model 3
Memory 011(012) 0345  -1.71(0.13) <0.001 -1.76 (0.11)  <0.001 171(0.17)  <0.001 -0.52(0.18)  0.003
CDR-SOB 0.30(0.33)  0.363 2.04(0.33)  <0.001 3.12(0.34)  <0.001 -2.03(0.53) <0.001 146 (0.53)  0.006

Abbreviations: APOE4 = apolipoprotein E4; AD = Alzheimer’s disease; LBD = Lewy body disease; DWMH = deep white matter hyperintensities; PWMH
= periventricular white matter hyperintensities.

Data represent results of general linear models for neuropsychological test scores after controlling for age, sex, education, hypertension, diabetes mellitus
type 2, hyperlipidemia, DWMH, PWMH, and the lacune number. Model 1 used APOE4, typical LBD, typical AD, and typical AD * typical LBD as
predictors. Model 2 tested the significance of APOE4 * typical AD and APOE4 * typical LBD by adding one of the two interaction terms as a predictor to
Model 1. Model 3 used APOE4, typical LBD, typical AD, and the significant interaction terms from Model 2 as predictors.

Table 4. Effects of APOE4, Alzheimer’s disease, and Lewy body disease on hippocampal volume

Predictors Mean hippocampal volume Right hippocampal volume Left hippocampal volume
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B (SE) p value B (SE) p value B (SE) p value
Model 1
APOE4 -9.39 (46.99) 0.842 -0.44 (52.79) 0.993 -18.34 (47.63) 0.700
Typical AD -568.99 (57.47)  <0.001 -581.83 (64.56)  <0.001 -556.15 (58.25)  <0.001
Typical LBD -329.74 (57.08) <0.001  -365.47 (64.12) <0.001 = -294.01(57.85) <0.001
Typical AD * Typical 391.73(89.90)  <0.001  453.19 <0001 330.27(91.12)  <0.001
LBD (101.00)
Model 2
APOE4 * Typical AD -152.43 (94.25)  0.107 -112.04 0.292 -192.82 (95.29) 0.044
(106.15)
APOE4 * Typical LBD 114.68 (96.12) 0.234 139.85 0.196 89.50 (97.53) 0.359
(107.94)
Model 3
APOE4 -9.39 (46.99) 0.842 -0.44 (52.79) 0.993 71.10 (64.80)  0.273
Typical AD -568.99 (57.47)  <0.001 -581.83 (64.56)  <0.001 -473.87 (70.79)  <0.001
Typical LBD -329.74/(57.08) . <0.001 -365.47 (64.12)  <0.001 -303.20 (57.74)  <0.001
Typical AD * Typical 391.73(89.90) <0.001  453.19 <0.001  335.76(90.70)  <0.001
LBD (101.00)
APOE4 * Typical AD -192.82 (95.29)  0.044
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Abbreviations: APOE4 = apolipoprotein E4; AD = Alzheimer’s disease; LBD = Lewy body discase; FBB = '®F-Florbetaben; ICV = intracranial volume;
SUVR = standardized uptake value ratio; SE = standard error; DWMH = deep white matter hyperintensities; PWMH = periventricular white matter
hyperintensities.

Data represent results of general linear models for the mean, right, or left hippocampal volume after controlling for age, sex, education, hypertension,
diabetes mellitus type 2, dyslipidemia, DWMH, PWMH, lacune number, and ICV. Model 1 used APOE4, typical AD, typical LBD, and typical
AD*typical LBD as predictors. Model 2 tested the significance of the interaction terms (APOE4 * typical AD or APOE4 * typical LBD) by adding one of
the two interaction terms as a predictor to Model 1. Model 3 used APOE4, typical AD, typical LBD, typical AD * typical LBD and the significant
interaction terms in Model 2 as predictors. Ten participants in the healthy control group were excluded from this analysis because no 3D T1 image was
taken. Hippocampal volume could not be extracted because of issues with preprocessing quality in two, three, one, and two participants of PAD, AD/DLB,
PLBD, and healthy control groups, respectively. Finally, 114, 55, 32, 39, 21, and 55 participants with normal cognition, PAD, LBVAD, AD/DLB, DLBA,
and PLBD, respectively, were included.

Table 5. Effects of APOE4, Alzheimer’s disease, and Lewy body discase on the regional ®F-Florbetaben standardized uptake value ratio

Predictors Global SUVR Frontal SUVR Temporal SUVR Parietal SUVR Occipital SUVR
B (SE) Pvalue B (SE) Pvalue B (SE) Pvalue B (SE) Pvalue B (SE) P value
Model 1
APOE4 0.09 0.058 0.10 0.039 0.06 0.223 0.08 0.079 0.02 0.574
(0.05) (0.05) (0.05) (0.05) (0.04)
Typical AD 0.46 <0.001 047 <0.001 042 <0.001 045 <0.001 0.28 < 0.001
(0.06) (0.06) (0.06) (0.06) (0.06)
Typical LBD 0.00 0.987 -0.02 0.779 0.02 0.764 0.01 0.929 0.06 0.265
(0.06) (0.06) (0.60) (0.06) (0.06)

Model 2
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APOE4 * Typical AD -0.13 0.171 -0.10 0.318 -0.13 0.194 -0.16 0.096 -0.13 0.148
(0.10) (0.10) (0.10) (0.10) (0.09)
APOE4 * Typical LBD 0.13 0.171 0.11 0.278 0.12 0.207 0.14 0.133 0.25 0.004
(0.09) (0.10) (0.09) (0.09) (0.08)
Model 3
APOE4 0.09 0.058 0.10 0.039 0.06 0.223 0.08 0.079 -0.12 0.069
(0.05) (0.05) (0.05) (0.05) (0.06)
Typical AD 0.46 <0.001 047 <0.001 = 0.42 <0.001 045 <0.001 0.25 <0.001
(0.06) (0.06) (0.06) (0.06) (0.06)
Typical LBD 0.00 0.987 -0.02 0.779 0.02 0.764 0.01 0.929 -0.09 0.223
(0.06) (0.06) (0.60) (0.06) (0.08)
APOE4 * Typical LBD 0.25 0.004
(0.08)

Abbreviations: APOE4 = apolipoprotein E4; AD = Alzheimer’s disease; LBD = Lewy body disease; FBB = BF-Florbetaben; SUVR = standardized uptake
value ratio; SE = standard error; DWMH = deep white matter hyperintensities; PWMH = periventricular white matter hyperintensities.

Data represent results of general linear models for global or mean lobar FBB SUVR after controlling for age, sex, education, hypertension, diabetes
mellitus type 2, dyslipidemia, DWMH, PWMH, and the lacune number. This analysis was performed for all participants except normal controls. The result
of analysis performed for all participants including normal controls is provided in Supplementary Table 1. Model 1 used APOE4, typical LBD, and typical
AD as predictors. Model 2 tested the significance of the interaction terms (APOE4 * typical AD or APOE4 * typical LBD) by adding one of the two
interaction terms as a predictor to Model 1. Model 3 used APOE4, typical LBD, typical AD, and the significant interaction terms in Model 2 as predictors.



