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ABSTRACT 

 

We investigated whether cerebrovascular disease contributes to neurodegeneration and 

clinical phenotype in dementia with Lewy bodies (DLB). Regional cortical thickness 

and subcortical gray matter volumes were estimated from structural magnetic 

resonance imaging (MRI) in 165 DLB patients. Cortical and subcortical infarcts were 

recorded and white matter hyperintensities (WMHs) were assessed. Subcortical only 

infarcts were more frequent (13.3%) than cortical only infarcts (3.1%) or both 

subcortical and cortical infarcts (2.4%). Infarcts, irrespective of type, were associated 

with WMHs. A higher WMH volume was associated with thinner orbitofrontal, 

retrosplenial, and posterior cingulate cortices, smaller thalamus and pallidum, and 

larger caudate volume. A higher WMH volume was associated with the presence of 

visual hallucinations and lower global cognitive performance, and tended to be 

associated with the absence of probable rapid eye movement sleep behavior disorder. 

Presence of infarcts was associated with the absence of parkinsonism. We conclude that 

cerebrovascular disease is associated with gray matter neurodegeneration in patients 

with probable DLB, which may have implications for the multifactorial treatment of 

probable DLB. 
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1. INTRODUCTION 

 

Although Lewy bodies are the main pathological hallmark of dementia with Lewy 

bodies (DLB), recent neuropathological and magnetic resonance imaging (MRI) 

studies have recognized the potential role of cerebrovascular disease in DLB 

pathogenesis (Donaghy et al., 2020; Jellinger, 2018; Watson and Colloby, 2016). 

 

Two common MRI markers of cerebrovascular disease are white matter 

hyperintensities (WMHs) and infarcts (Wardlaw et al., 2013). Whereas several studies 

showed that the WMH burden is higher in patients with probable DLB than in healthy 

controls (Barber et al., 1999; Joki et al., 2018; Kim et al., 2015; Koikkalainen et al., 

2016; Sarro et al., 2017), no differences in WMH burden have also been reported 

(Burton et al., 2006; De Reuck et al., 2016; Oppedal et al., 2012). Further, it is unclear 

whether the WMH burden in DLB is due to primary vascular pathology or is secondary 

to neurodegeneration (Barber et al., 2000; Chimowitz et al., 1992; Fazekas et al., 1996). 

Two studies showed that WMH burden in DLB is associated with increased global 

brain atrophy and atrophy in the medial temporal lobes (Barber et al., 2000; Joki et al., 

2018). Moreover, investigations into the association between WMHs and cognitive 

functioning have also provided mixed results. No associations have been reported in 

several studies (Barber et al., 1999; Burton et al., 2006; Fukui et al., 2013; Oppedal et 

al., 2012), while other reports suggested that the association of WMHs with cognition 

may depend on the APOE genotype and/or the location of the lesions. For instance, 

Mirza et al. (2019) reported an association exclusively in APOE 4 carriers, and Park 

et al. (2015) showed that increased WMHs in cholinergic white matter pathways is 

associated with lower cognitive performance. Very few studies investigated the 
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association of WMHs with clinical features of DLB. Sarro et al. (2017) showed no 

associations with visual hallucinations, parkinsonism, or cognitive fluctuations. 

However, Barber et al. (1999) reported that although periventricular WMHs were not 

associated with visual hallucinations, occipital WMHs were associated with the 

absence of visual hallucinations; while Fukui et al. (2013) showed that periventricular 

WMHs were associated with the presence of visual hallucinations in DLB. Further, 

increased WMHs have been associated with a lower frequency of rapid eye movement 

sleep behavior disorder (RBD) (Sarro et al., 2017). Finally, the WMH burden may 

increase with age in probable DLB (Barber et al., 1999; Sarro et al., 2017), although 

some studies did not replicate that finding (Burton et al., 2006; Park et al., 2015), and 

the WMH burden may be higher in women but not in APOE 4 carriers (Sarro et al., 

2017). 

 

Even less is known about infarcts in DLB. Their frequency seems to be comparable to 

that in healthy controls (Kim et al., 2015; Koikkalainen et al., 2016; Sarro et al., 2017), 

and may be associated with older age, but not with APOE genotype, sex, or severity of 

dementia (Sarro et al., 2017). 

 

Therefore, the current knowledge on how cerebrovascular disease contributes to 

neurodegeneration and clinical phenotype in DLB is limited and inconclusive. This may 

be partially explained by the lack of longitudinal studies specifically designed to 

investigate associations between cerebrovascular disease and neurodegeneration and 

clinical phenotype in DLB. Further, methodological variability and the use of relatively 

small samples, has made replication and generalization of findings difficult. In the 

current multi-center study, we investigated WMHs and cortical and subcortical infarcts 
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in 165 patients with probable DLB, the largest cohort so far in an MRI study of 

cerebrovascular disease in DLB. We hypothesized that there would be a positive 

association between WMHs and infarcts, and that a higher burden of cerebrovascular 

disease would be associated with reduced cortical thickness and volume of subcortical 

gray matter structures, as MRI markers of neurodegeneration. We also hypothesized 

that a higher burden of cerebrovascular disease would be associated with a lower 

frequency of clinical features of DLB and a lower cognitive performance. 

 

2. METHODS 

 

2.1. Participants 

 

We used data from the European DLB consortium (E-DLB) (Oppedal et al., 2019) and 

the Mayo Clinic DLB cohort (Kantarci et al., 2017), from Rochester, Minnesota, the 

United States. 

 

The E-DLB consortium archives data from 40 centers across Europe (Kramberger et 

al., 2017), including patients with probable DLB, Parkinson’s disease with dementia, 

or AD. For the current study, we included patients with probable DLB from the E-DLB 

centers that had collected more than 20 DLB patients each and had high-resolution T1-

weigthed and fluid attenuation inversion recovery (FLAIR) MRI data (see below). 

Three E-DLB centers satisfied such criteria, including the Day Hospital of Geriatrics, 

Memory Resource and Research Centre (CMRR, Strasbourg, France, n = 34), the Motol 

University Hospital (Prague, Czech Republic, n = 29), and the VU University Medical 

Center (VUmc, Amsterdam, the Netherlands, n = 34). The diagnostic procedure and 
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clinical examinations are described elsewhere (Kramberger et al., 2017). Briefly, 

diagnosis was made according to the 2005 International Consensus Criteria for 

probable DLB (Mckeith et al., 2005), based on detailed history and clinical 

examinations including physical, neurological, and psychiatric examinations performed 

by a licensed neurologist. Exclusion criteria were patients with acute delirium, terminal 

illness, previous major stroke, psychotic or bipolar disorder, craniocerebral trauma, a 

major neurological illness other than dementia. 

 

The Mayo Clinic DLB cohort is a prospective study of consecutive cases assessed 

through the Mayo Clinic Alzheimer’s Disease Research Center and the Mayo Clinic 

Study of Aging. For the current study we included patients assessed between May 2007 

and September 2017 who had high-resolution T1-weigthed and FLAIR MRI data (see 

below). All patients underwent a medical history review, informant interview, 

neurologic examination, and neuropsychological assessment (Ferman et al., 2018). For 

the current study, patients with a diagnosis of probable DLB according to the 2005 

International Consensus Criteria (Mckeith et al., 2005) were included (n = 68). 

 

All centers recorded whether patients fulfilled criteria for parkinsonism, visual 

hallucinations (VH), fluctuating cognition, and a clinical history of probable rapid eye 

movement sleep behavior disorder (RBD). Presence/absence of clinical features was 

based on the 2005 International Consensus Criteria for probable DLB (Mckeith et al., 

2005), to allow harmonized diagnosis across the four centers because many of the 

patients were assessed prior to 2017 International Consensus Criteria (McKeith et al., 

2017). Polysomnogram confirmation was not required for RBD, and the International 

Classification of Sleep Disorders-II diagnostic criteria B was used for the diagnosis of 
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probable RBD (AASM, 2005). The Mini-Mental State Examination (MMSE) was 

selected as a measure of global cognition. 

 

An institutional ethics committee at each E-DLB center as well as the Mayo Clinic 

Institutional Review Board approved the study. Informed consent on participation was 

obtained from all of the patients or an appropriate surrogate according to the 

Declaration of Helsinki. 

 

2.2. Magnetic resonance imaging 

 

A high-resolution 3D T1-weigthed magnetization prepared rapid gradient echo 

(MPRAGE) sequence and a FLAIR sequence were acquired in all four of the centers 

included in this study. Supplementary Table 1 shows the scanning parameters by center. 

3T scanners were used in the Day Hospital of Geriatrics, Memory Resource and 

Research Centre (CMRR, Strasbourg, France), the Mayo Clinic (Rochester, US), and 

the VU University Medical Center (VUmc, Amsterdam, the Netherlands). A 1.5T 

scanner was used in the Motol University Hospital (Prague, Czech Republic).  

 

2.3. Infarcts and WMHs 

 

MRIs from the four centers contributing to this study were centralized at Mayo Clinic 

and graded by two neurologists (J.G-R. and Z.N.), both for infarcts and WMHs, 

according to established standards (Graff-Radford et al., 2020). Infarcts were graded 

on FLAIR images that were co-registered with T1-weighted MPRAGE images as 

previously described.  
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Infarcts were initially identified by trained image analysts and subsequently confirmed 

by a vascular neurologist (J.G-R.). The intra-rater reliability based on blinded reading 

of 50 possible infarcts on two separate occasions was excellent (kappa = 0.92) (Graff-

Radford et al., 2020). Cortical infarcts were defined as hyperintense lesions (gliosis) on 

the FLAIR sequence, which were located in the cortical gray matter and extending to 

the cortical edge with or without involvement of the adjacent white matter. A 

corresponding T1 hypointensity was required for confirmation. Subcortical infarcts 

were defined as hyperintense lesions with a dark center on FLAIR images, which were 

located in the white matter, infratentorial, and central gray-capsular regions. The dark 

center (tissue loss) was required to be greater than or equal to 3 mm in diameter as 

measured on the FLAIR or T1 sequences. As previously noted (Graff-Radford et al., 

2020), the dark center may not be seen on FLAIR images in infarcts located in the 

thalamus and caudate, giving fully hyperintense lesions, while having CSF intensity on 

T1-weighted images. For this reason, infarcts in the thalamus and caudate did not need 

to meet the 3-mm diameter criteria, central hypointensity, or surrounding rim of 

hyperintensity thresholds. Further, a subset of cerebellar infarcts with CSF intensity on 

the FLAIR and T1 sequences may have no hyperintense ring on FLAIR, but the infarcts 

still needed to meet the 3-mm criteria. 

 

WMH volume was visually assessed by a neurologist (Z.N.), centrally at Mayo Clinic 

and under the same technical conditions (i.e., monitor, lighting, contrast adjustments, 

etc.). WMH volume was assessed using a semi-quantitative scale of six volume 

categories. WMHs were defined as signal abnormalities of variable size in the white 

matter that present as hyperintensities on FLAIR images and are not associated with 
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infarcts identified on FLAIR images. WMH volume was estimated as in a previous 

study (Kantarci et al., 2008). Briefly, each subject’s FLAIR image was compared with 

a bank of ten FLAIR image templates with increasing WMH volume in patients with 

probable DLB (from 1 to 100 cm3), as determined by a semi-automated image 

segmentation algorithm (Raz et al., 2013). A continuous scale with a slider bar was 

used to estimate each subject’s WMH volume by matching to the WMH templates (Wu 

et al., 2002). The WMH volume estimation algorithm was previously validated against 

quantification using an automated image segmentation of the WMH volume. The 

concordance correlation coefficient was 0.88 (95% confidence interval (CI) = 0.83, 

0.94) (Kantarci et al., 2008). Intra-rater reliability for WMH assessments in the current 

study was excellent (weighted kappa = 0.96, 95% CI = 0.92, 0.99). Figure 1 shows 

representative cases with mild WMH, moderate WMH, and severe WMH burden 

(similar to Fazekas (Fazekas et al., 1987) scores of 1, 2, and 3, respectively), and their 

correspondence with the six volume categories of the WMH visual scale. In the current 

study, the measure used in most of the analyses was the six-level variable, representing 

WMH volume. When specified, the three WMH burden categories variable was used 

instead to facilitate clinical interpretability and comparability with similar WMH scales 

such as the Fazekas scale (Fazekas et al., 1987). 

 

Assessment of both WMHs and infarcts was blinded to clinical information. 

 

 

2.4. Cortical thickness and subcortical gray matter volume 
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Using ANTs (Avants et al., 2008), the Mayo Clinic Adult Lifespan Template (MCALT) 

(https://www.nitrc.org/projects/mcalt/) atlases were propagated to individuals’ native 

MPRAGE space and regional estimations of thickness across the cortical mantle and 

volume across subcortical gray matter structures were calculated. Tissue probabilities 

were determined for each MPRAGE using the unified segmentation algorithm in 

SPM12 (Welcome Trust Centre for Neuroimaging, London, UK), with MCALT tissue 

priors and settings (Schwarz et al., 2017), and cortical thickness was estimated from 

these probabilities using ANTs DiReCT (Das et al., 2009). Left and right regions of 

interest (ROIs) were combined, giving a total of 41 bilateral cortical ROIs and 6 

subcortical ROIs. The total intracranial volume was calculated from the tissue 

probabilities and included in statistical models involving subcortical gray matter 

volumes, to account for between-subject variability in head size.  

 

2.5. Statistical analysis 

 

Demographic and clinical characteristics were reported using means and standard 

deviations for continuous variables, and counts and percentages for categorical 

variables.  Distributions of infarcts and WMH were described using an exploded pie 

chart, histogram, and bar chart. Because automated quantification of cortical thickness 

and subcortical gray matter volumes is influenced by field strength (Guo et al., 2019), 

we restricted our statistical analyses on cortical thickness and subcortical gray matter 

volumes to the subsample including 3T scanners (n = 136). In contrast, visual 

assessment of infarcts and WMHs are less influenced by the variability in scanners and 

MRI protocols across centers, and were assessed centrally by the same two raters 

(J.G.R. and Z.N.). Hence, we used the entire cohort (N = 165) when analyzing infarcts 
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and WMHs. We ran linear mixed effects (continuous outcomes) or logistic mixed 

effects (binary outcomes) models that included the infarcts and WMHs as fixed effect 

variables and center as a random variable. All models were also adjusted for age and 

sex. When analyzing the subcortical gray matter volumes as the response variable there 

was an additional adjustment for total intracranial volume. Heterogeneity across centers 

was tested by comparing nested models: the above restricted model with MRI measures 

and centers, and a more general model with MRI measures within centers. The 

restricted model assumes a common association with the MRI measures across centers, 

and the more general model allows each center to have different associations with the 

MRI measures. A significant p-value would indicate heterogeneity in the associations 

with MRI measures by center, and that a common measure of association is not 

appropriate. Our results showed that the test for heterogeneity was not significant in 

any of the models. In addition, we used linear mixed or logistic mixed models to 

compare women and men, and APOE ε4 non-carriers and carriers (at least one ε4 

allele), as well as to test for age associations across demographic and clinical variables. 

A p-value 0.05 (two-tailed) was deemed significant in all these analyses. The False 

Discovery Rate (FDR) (Genovese CR, Lazar NA, 2002) was applied to deal with 

multiple testing in the analyses involving the cortical thickness and subcortical gray 

matter volume ROIs. 

 

 

 

3. RESULTS 
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Table 1 shows the main demographic and clinical characteristics of the whole cohort 

(N = 165) and the subsample with available 3T MRI data (n = 136). The 3T MRI 

subsample involved 82% of the whole cohort and was largely comparable in terms of 

demographic and clinical characteristics. 

 

3.1. Infarcts and WMHs 

 

Figure 2A shows that 81.2% of the patients had no infarcts while 18.8% of the patients 

had cortical or subcortical infarcts. The overall frequency of cortical infarcts was 5.5% 

and subcortical infarcts was 15.7%. In particular, only subcortical infarcts were present 

in 13.3% and only cortical infarcts were present in 3.1% of the patients, while cortical 

and subcortical infarcts were jointly present in 2.4% of the patients. Figure 2B shows 

that 49.1% of the patients had a mild WMH burden, 40.0% had a moderate WMH 

burden, and 10.9% had a high WMH burden. There was a significant association 

between having an infarct and WMH burden (p = 0.015). Figure 3 shows that a higher 

number of subcortical infarcts was associated with greater WMH burden, while a higher 

number of cortical infarcts tended to associate with severe WMH burden. We also 

tested for associations with age, sex, and APOE genotype. Older patients had more 

infarcts (p = 0.006) and a higher WMH volume (p<0.001), while no significant 

associations were found for sex. Further, APOE genotype was significantly associated 

with WMHs (p = 0.044) when entered in a model together with age (p<0.001) and sex 

(p = 0.77), indicating a higher WMH volume in APOE 4 non-carriers than in carriers. 

In contrast, there was no significant association between APOE genotype and the 

infarcts. 
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3.2. Clinical features and cognitive performance 

 

A higher WMH volume was significantly associated with the presence of visual 

hallucinations (odds ratio = 1.06; 95% confidence interval (CI) = 1.02, 1.09; p = 0.002) 

and with lower MMSE scores (estimate = -0.09; 95% CI = -0.16, -0.03; p = 0.008). We 

also observed a trend towards a significant association between a higher WMH volume 

and the absence of probable RBD (odds ratio = 0.96; 95% CI = 0.92, 1; p = 0.051). In 

addition, the presence of any infarct was significantly associated with the absence of 

parkinsonism (odds ratio = 0.21; 95% CI = 0.07, 0.64; p = 0.006) (Figure 4). 

 

3.3. Cortical thickness and subcortical volumes 

 

For these analyses, we excluded estimations of cortical thickness for ROIs displaying 

cortical infarcts (exclusively for those patients and ROIs that displayed a cortical 

infarct). 

 

Supplementary Figure 1 shows that after the FDR adjustment for multiple testing, a 

higher WMH volume was associated with a thinner cortex in three regions of the 

orbitofrontal cortex (gyrus rectus and superior and medial orbital regions), and a lower 

volume of the thalamus and pallidum. Furthermore, a higher WMH volume was 

associated with a higher volume of the caudate. Figure 5 shows the cluster of cortical 

regions with the highest estimates (strongest association between higher WMH volume 

and lower cortical thickness, fully detailed in Supplementary Figure 1). These regions 

included the middle and inferior orbitofrontal, retrosplenial, and anterior and posterior 

cingulate cortices, in addition to gyrus rectus and superior and medial orbital regions). 



 14 

No significant associations were observed between infarcts and cortical thickness or 

subcortical volumes. 

 

4. DISCUSION 

 

This multi-center study demonstrates that WMHs and infarcts are associated with each 

other in probable DLB. Moreover, we demonstrated that a higher WMH burden in DLB 

is associated with increased neurodegeneration, lower cognitive performance, the 

presence of visual hallucinations, and the absence of RBD. The presence of infarcts 

was associated with the absence of parkinsonism. 

 

We found that subcortical infarcts were more common than cortical infarcts, in line 

with previous reports in patients with probable DLB (Kim et al., 2015; Sarro et al., 

2017). We also found a positive association between infarcts and WMH burden. The 

frequency of subcortical infarcts increased with greater WMH burden, while cortical 

infarcts were observed almost exclusively in the presence of severe WMH burden. Only 

two MRI studies investigated infarcts and WMHs in DLB (Kim et al., 2015; Sarro et 

al., 2017). However, none of these previous studies investigated the association 

between infarcts and WMHs. Our current study may thus help to clarify the association 

between these two widely used MRI markers of cerebrovascular disease (Wardlaw et 

al., 2013). This significant association between infarcts and WMHs suggest common 

pathophysiological mechanisms underlying both infarcts and WMHs in probable DLB. 

Although the pathogenesis of these lesions is not well understood and could be 

multifactorial (Gouw et al., 2011), deep WMHs may be primarily related to ischemic 

damage (Ballard et al., 2000; Barber et al., 1999; Kenny et al., 2004), while cortical 
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infarcts and periventricular WMHs especially in posterior brain areas may be related to 

neurodegeneration and cerebral amyloid angiopathy (Barber et al., 2000, 1999; De 

Reuck et al., 2014; Ghebremedhin et al., 2010). Previous research has mostly focused 

on the association of infarcts or WMHs with vascular factors in probable DLB (Ballard 

et al., 2000; Barber et al., 2000; Kenny et al., 2004; Sarro et al., 2017). In our current 

study we sought to fill in the important gap in the DLB literature regarding the 

association of infarcts and WMHs with markers of neurodegeneration. Although we 

can not confirm whether the association between WMHs and infarcts in our current 

study is specific to probable DLB, previous reports showed that the WMH burden is 

higher in probable DLB patients than in healthy controls (Barber et al., 1999; Joki et 

al., 2018; Kim et al., 2015; Koikkalainen et al., 2016; Sarro et al., 2017). However, it 

should be noted that volume of WMHs and frequency of infarcts tend to cluster together 

as the age increases in non-demented individuals (Graff-Radford et al., 2020). Hence, 

our current association between WMHs and infarcts may not be entirely exclusive of 

DLB. 

 

The association between infarcts and neurodegeneration has not been investigated in 

DLB, and only two MRI studies reported data on the association between WMHs and 

neurodegeneration (Barber et al., 2000; Joki et al., 2018). Barber et al. (2000) showed 

that periventricular WMHs were associated with increased global brain atrophy, while 

no association was found for deep WMHs. Similarly, Joki et al. (2018) showed that 

periventricular WMHs were associated with increased atrophy in medial temporal 

lobes, while no association was found for deep WMHs. Our current study extends these 

previous reports by providing detailed data on the association of infarcts and WMHs 

with cortical thickness across the whole cortical mantle, as well as with the volume of 
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key subcortical gray matter structures. We found that a higher WMH volume was 

associated with increased neurodegeneration in the orbitofrontal cortex, thalamus, and 

pallidum. We also found that the cluster with the highest estimates (i.e., strongest 

association between higher WMH volume and lower cortical thickness) included the 

orbitofrontal, retrosplenial, and posterior cingulate cortices.  

 

The orbitofrontal, retrosplenial, and posterior cingulate cortices receive dense 

cholinergic input from the cholinergic cingulum pathway, which emerges from the 

anteromedial nucleus basalis of Meynert (Nemy et al., 2020; Selden et al., 1998). The 

thalamus also receives cholinergic input from cholinergic neurons located in the 

brainstem and possibly also from the nucleus basalis of Meynert (Mesulam, 2013). The 

pallidum is closely connected to the thalamus. Hence, our data suggest that these 

cortical and subcortical regions could be particularly vulnerable to cholinergic 

disruption due to cerebrovascular disease, an interpretation that is supported by the 

known interplay between cholinergic and vascular systems (Claassen and Jansen, 2006; 

Engelhardt et al., 2007; Liu et al., 2017). While it is not possible to determine a cause 

and effect relationship in this cross-sectional study, future prospective studies with 

longitudinal MRI may help determine the temporal relationships between 

cerebrovascular lesions and neurodegeneration. 

 

In addition, we found that a higher WMH volume was associated with a larger volume 

(less neurodegeneration) of the caudate. The caudate is possibly the subcortical region 

that receives the least cholinergic input (Mesulam, 2013). Instead, the caudate receives 

prominent dopaminergic innervation and is heavily targeted by Lewy body pathology 

affecting the nigrostriatal dopaminergic system (Jellinger, 2018). Early atrophy of the 
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caudate can be detected already in prodromal to moderate DLB patients and has been 

associated with impairment of attentional processing speed (Botzung et al., 2019). The 

lack of cholinergic input to the caudate could explain its larger volume in the context 

of high WMH burden. The dopaminergic system may be more spared in the context of 

a cholinergic system that is severely targeted by cerebrovascular disease, in mild to 

moderate DLB patients who are eligible for MRI studies like in our cohort. This 

interpretation is further supported by a dual finding in our study: (1) the presence of 

infarcts was associated with the absence of parkinsonism, a symptom that is closely 

related to dopaminergic deficits; (2) the trend towards a significant association (p = 

0.051) between a higher WMH volume and the absence of probable RBD, a feature that 

is highly specific to Lewy body pathology (McKeith et al., 2017). Other studies also 

reported an inverse association between Lewy body pathology and cerebrovascular 

disease (Fukui et al., 2013; Ghebremedhin et al., 2010). 

 

While brain atrophy is not prominent in DLB (Yousaf et al., 2019), a large multi-center 

study recently identified the signature pattern of atrophy in probable DLB, involving 

atrophy in the posterior cortex and preservation of the medial temporal lobes (Oppedal 

& Ferreira et al., 2018). This pattern also involves several subcortical gray matter 

structures, including the thalamus, caudate, putamen, and pallidum (Watson and 

Colloby, 2016). An important observation is that this pattern of atrophy overlaps 

spatially with the hypometabolic pattern characteristic of DLB (McKeith et al., 2017), 

as well as with the spatial pattern of white matter abnormalities in diffusion MRI 

(Nedelska et al., 2015b; Watson et al., 2012), the distribution of reduced blood 

perfusion (Nedelska et al., 2018), and the pattern of tau binding in positron emission 

tomography (PET) (Kantarci et al., 2017). In a recent study, we further demonstrated 
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that atrophy in the posterior cortex is increased in probable DLB patients with positive 

amyloid and tau biomarkers (Abdelnour et al., 2020). Further, all the cortical regions 

reported in our current study spatially overlap with brain areas that show increased 

longitudinal atrophy in DLB patients with concomitant Alzheimer’s disease pathology 

(Nedelska et al., 2015a). Hence, our current results together with these previous reports 

suggest that there seems to be a spatial correspondence between two common 

pathologies in DLB (i.e., tau neurofibrillary tangles (NFT) and cerebrovascular 

disease), potentially contributing to the neurodegeneration and cognitive impairment in 

part through involvement of the cholinergic system. The potential synergistic 

interaction between Lewy body pathology, tau NFT, and cerebrovascular disease is a 

topic of utmost interest that cannot be investigated in-vivo at present due to the lack of 

reliable biomarkers for alpha-synuclein. 

 

Very few studies have investigated the association of infarcts and WMHs with clinical 

features of DLB. We found that a higher WMH volume was significantly associated 

with the presence of visual hallucinations, and we already discussed above the trend 

towards a significant association between a higher WMH volume and the absence of 

probable RBD. Further, we found that the presence of infarcts was associated with the 

absence of parkinsonism. Our current study is in agreement with Sarro et al. (2017). 

Using a different method for WMHs, we also did not find an association between WMH 

volume and parkinsonism and cognitive fluctuations. However, in contrast to Sarro et 

al. (2017), we found that an increased WMH volume was associated with visual 

hallucinations in our larger and more heterogeneous cohort of DLB patients in the 

current study. Although 24% of the patients from the current study are shared with the 

sample used in Sarro et al. (2017), only 8% include MRI scans from the same time 
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frame. The positive association between WMHs and visual hallucinations has also been 

reported by Fukui et al. (2013), but the opposite result was reported when combining 

DLB patients with other dementias in Barber et al. (1999), i.e., WMHs in occipital areas 

were associated with the absence of visual hallucinations (Barber et al., 1999). The 

authors suggested that perhaps an occipital lobe spared of pathology is necessary to 

develop visual hallucinations, and that the disruption of neural circuits involving visual 

association areas might prevent hallucinations (Barber et al., 1999). This hypothesis 

remains to be tested. Previous studies have reported a higher frequency of visual 

hallucinations in DLB patients with Alzheimer’s disease co-pathology (Lemstra et al., 

2017). Hence, visual hallucinations in DLB seem to be more frequent in the context of 

co-pathologies, whether cerebrovascular disease or Alzheimer’s disease. 

 

Previous studies including small samples did not find any association between WMHs 

and cognition (Barber et al., 1999; Burton et al., 2006; Fukui et al., 2013; Oppedal et 

al., 2012). Our relatively large multi-center cohort of probable DLB patients could thus 

have helped to capture the heterogeneity within probable DLB better and reveal the 

association between increased WMHs and lower cognitive performance. This 

interpretation is supported by two studies that further reduced part of that heterogeneity 

by stratifying DLB patients based on APOE genotype or focused on cholinergic white 

matter pathways (Mirza et al., 2019; Park et al., 2015). Mirza et al. (2019) reported an 

association exclusively in APOE 4 carriers, and Park et al. (2015) showed that when 

WMHs are located in cholinergic white matter pathways they seem to have an impact 

on cognitive performance. We did not investigate the location of WMHs but, as 

discussed above, we observed that they were associated with neurodegeneration of gray 

matter areas that receive dense cholinergic input. 
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Both infarcts and WMHs increase with age in non-demented individuals (Graff-radford 

et al., 2020). Since we applied an age correction in our statistical models, our current 

findings cannot be explained by the effect of aging. Further, our current results do not 

spatially overlap with the effect of age on cortical thickness and subcortical gray matter 

volumes commonly seen in healthy individuals (Machado et al., 2018). This suggests 

that our current results go beyond the association of age with WMHs and 

neurodegeneration, and are likely specific to DLB. Nonetheless, whether WMHs are 

due to Lewy-induced cerebrovascular disease or are due to vascular risk factors cannot 

be answered at present in-vivo, due to the lack of reliable biomarkers for alpha-

synuclein. In addition to age, our findings were independent of the effects of sex, APOE 

genotype, and center.  

 

Two previous studies showed that WMHs and infarcts are associated with older age 

and female sex, but they do not seem to have an association with APOE genotype in 

probable DLB (Barber et al., 1999; Sarro et al., 2017). We found that older patients had 

more infarcts and WMHs, but we did not find any association with sex. Further, APOE 

genotype was not significantly associated with the infarcts, but it was associated with 

WMHs after adjusting for age, indicating a higher WMH volume in APOE 4 non-

carriers. This finding has also been reported in Alzheimer’s disease, with APOE 4 non-

carriers (in particular, APOE 2 carriers) having a higher WMH volume than APOE 4 

carriers (Groot et al., 2018). The suggested mechanism was the reduced integrity of 

amyloid-affected cerebral vasculature, increasing the risk of cerebral amyloid 

angiopathy, but amyloid-independent pathways might also be possible (Groot et al., 

2018). Importantly, our statistical tests for heterogeneity did not show any significant 
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results. This means that there was no evidence that our results differed across centers, 

highlighting the generalizability of the reported associations in probable DLB patients 

across four centers in Europe and the US. Our relatively large multi-center data may 

thus help to clarify some of the contradictory results from previous studies using 

smaller samples from a single center. 

 

Our current study has some limitations. A semi-quantitative assessment of WMHs was 

the preferred method due to the multi-center nature of our study, which included some 

variability in MRI scanners and scanning parameters (Oppedal et al., 2018). Hence, we 

were unable to obtain separate estimations of periventricular and deep WMHs, which 

may differ in their underlying pathophysiology (Barber et al., 1999). Vascular risk 

factors have previously been associated with increased cerebrovascular disease in DLB 

(Sarro et al., 2017; Donaghy et al., 2020), so that they might partially explain some of 

our current findings. However, vascular risk factors were not consistently recorded 

across the four centers included in this study, which prevented us to consider them in 

our statistical analysis. Cerebrovascular disease may be one of the factors contributing 

to neurodegeneration in probable DLB. The spatial concordance between the pattern of 

tau PET binding and the neurodegeneration identified in our current study claims in 

favor of future studies investigating the association between tau PET, WMHs, and 

cortical thickness. Because the data was collected through a consortium on DLB, a 

matching control group was not available at each site. While this is a limitation of our 

cohort future studies that compare DLB patients to controls can determine the 

differences between DLB and normal aging. Finally, the diagnosis of probable DLB 

was based on clinical grounds, without autopsy confirmation, which has known 

limitations (Rizzo et al., 2018). However, it is reassuring from previous studies that 
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most of the patients in the E-DLB cohort who had a dopamine transporter SPECT scan 

available were positive (Oppedal et al., 2018), and that the Mayo patients showed a 

high rate of Lewy body disease at autopsy (Sarro et al., 2017). 

 

In conclusion, this multi-center study demonstrates an association between WMHs and 

the neurodegeneration of brain areas that receive dense cholinergic input, and that 

WMHs and infarcts have an impact on several clinical features and cognitive 

performance in probable DLB. This suggests a synergistic interaction between 

cerebrovascular disease and Lewy body pathology, which possibly extends to other 

highly concomitant pathologies in probable DLB, including amyloid-beta and tau NFT 

tangles (Ferreira et al., 2020). Hence, prevention and therapy of cerebrovascular disease 

should be considered for the multifactorial treatment of probable DLB. 
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8. FIGURE CAPTIONS 

 

Figure 1. Visual examples of mild, moderate, and severe WMH burden 

 

The mild WMH burden category includes the two lower volume categories 

corresponding to WMHs 1 to 7 cm3 large (first volume category), and WMHs 8 to 17 

cm3 large (second volume category). The moderate WMH burden category includes 

the two intermediate volume categories corresponding to WMHs 18 to 23 cm3 large 

(third volume category), and WMHs 24 to 35 cm3 large (fourth volume category). The 

severe WMH burden category includes the two higher volume categories 
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corresponding to WMHs 36 to 47 cm3 large (fifth volume category), and WMHs 48 

cm3 or larger (sixth volume category). Abbreviations: WMH = white matter 

hyperintensities. 

 

Figure 2. Infarcts and WMHs 

 

 

(A) Pie chart displaying percentage of DLB patients with only cortical infarcts (in red), 

only subcortical infarcts (in green), or both cortical and subcortical infarcts (in blue). 

(B) Histogram displaying the distribution of the six WMH volume categories (bars) 

colored by WMH burden (mild, moderate, and severe), as follows: WMHs 1 to 7 cm3 

large (first volume category), 8 to 17 cm3 large (second volume category), 18 to 23 

cm3 large (third volume category), 24 to 35 cm3 large (fourth volume category), 36 to 

47 cm3 large (fifth volume category), and 48 cm3 or larger (sixth volume category) 

(please see also Figure 1). Abbreviations: WMHs = white matter hyperintensities. 

Figure 3. Infarcts within mild, moderate, and severe WMH burden 

 

The association between infarcts and WMH burden. Abbreviations: WMH = white 

matter hyperintensities. 

 

Figure 4. The association of infarcts and WMHs with clinical features 

 

Odds-Ratios and p-values for infarcts and WMHs from a linear mixed model with 

center as a blocking variable included as a random effect in the models, and age and 

sex adjustment. Significant p-values (0.05) are displayed in red. Abbreviations: RBD 
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= rapid eye movement sleep behavior disorder; WMHs = white matter hyperintensities 

volume; OR = odds-ratios. 

 

Figure 5. The association of WMHs with cortical thickness and subcortical gray 

matter volumes 

 

(A) Red areas represent combined results from two models: the cluster of cortical 

regions with the highest estimates from a linear mixed effects model with WMHs as a 

fixed effect variable and center as a random variable, adjusted for age and sex; plus all 

the significant regions from a linear mixed effects model for subcortical volume ROIs 

with WMHs as a fixed effect variable and center as a random variable, adjusted for age, 

sex, and total intracranial volume (please see Supplementary Figure 1 for forest plot 

results including estimates, confidence intervals, and both uncorrected and FDR-

adjusted p-values). (B) A schematic representation of the cholinergic system. 

Abbreviations: A = anterior; FDR = False Discovery Rate; GM = gray matter; L = left; 

P = posterior; R = right; WMHs = white matter hyperintensities. 
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9. TABLES 

 

Table 1. Demographic and clinical characteristics 

 

 
 Whole sample  

(N = 165) 

 3T MRI subsample  

(n = 136) 

 N Mean (SD) /  

count (%) 

 N Mean (SD) /  

count (%) 

Age, years 

        min - max 

165 69.1 (8.6) 

45 - 88 

 136 68.0 (8.3) 

45- 88 

Sex, men 165 119 (72%)  136 105 (77%) 

Education, years 165 13.6 (3.9)  136 13.3 (4.0) 

APOE, 4 carriers 159 69 (43%)  131 59 (45%) 

MMSE, total score 164 22.9 (5.2)  135 23.1 (5.4) 

Visual hallucinations, presence 162 89 (55%)  133 75 (56%) 

Cognitive fluctuations, presence 157 131 (83%)  128 112 (88%) 
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Parkinsonism, presence 163 142 (87%)  134 118 (88%) 

Probable RBD, presence 150 117 (78%)  124 101 (81%) 

Center 165   136  

     CMRR, n  34 (21%)   34 (25%) 

     Mayo Clinic, n  68 (41%)   68 (50%) 

     Motol University Hospital, n  29 (17%)   - 

     VUmc, n  34 (21%)   34 (25%) 

 

 

Mean (standard deviation, SD) is listed for the continuous variables and count (%) for 

categorical variables. Abbreviations: 3T MRI = 3 tesla magnetic resonance imaging; 

APOE = Apolipoprotein E; MMSE = mini-mental state examination; RBD = rapid eye 

movement sleep behavior disorder; CMRR = Day Hospital of Geriatrics, Memory 

Resource and Research Centre (Strasbourg, France); VUmc = VU University Medical 

Center (Amsterdam, the Netherlands). 

 

 

 

 

 

Figure 1. Visual examples of mild, moderate, and severe WMH burden 
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Figure 2. Infarcts and WMHs 
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Figure 3. Infarcts within mild, moderate, and severe WMH burden 
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Figure 4. The association of infarcts and WMHs with clinical features 
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SUPPLEMENTARY MATERIAL 
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Supplementary Table 1. Scanning parameters by center 

 

 CMRR  

(n = 34) 

Mayo Clinic  

(n = 68) 

Motol University 

Hospital 

(n = 29) 

VUmc 

(n = 34) 

Vendor Siemens General Electric Siemens General Electric 

Scanner model Verio Discovery 750, 

Signa 

Avanto Discovery 750, 

Signa 

Field strength, T 3 3 1.5 3 

T1-weighted 

     Type 3D 3D 3D 3D 

     TR, ms. 1900  2300 2000 8 

     TE, ms. 2.53 3 3.08 3 

     TI, ms. 900 900 1100 450 

     FA, ° 9 8 15 12 

     Voxel size, mm 1 x 1 x 1 1 x 1 x 1.2 0.98 x 0.98 x 1 0.98 x 0.98 x 1 

FLAIR 

     Type 3D 2D 2D 3D 

     TR, ms. 6000 11000 8000 – 12210 8000 

     TE, ms. 368 147 92 – 138 117 – 133 

     TI, ms. 2100 2250 2200 – 2500 1986 – 2351 

     Voxel size, mm 1 x 1 x 1 0.86 x 0.86 x 3.6 0.94 x 0.94 x 6 0.98 x 0.98 x 1.2 

 

 

Abbreviations: CMRR = Day Hospital of Geriatrics, Memory Resource and Research 

Centre (Strasbourg, France); VUmc = VU University Medical Center (Amsterdam, the 

Netherlands); T = tesla; 3D = three-dimensional; 2D = two-dimensional; TR = 

repetition time; TE = echo time; TI = inversion time; FA = flip angle; ms. = 

milliseconds; ° = degrees. 

 

 

 

 

 

 

Supplementary Figure 1. Forest plots for the association between WMHs and 

cortical thickness and subcortical gray matter volumes 
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(A) Forest plot for thickness across cortical ROIs; (B) Forest plot for volume across 

subcortical gray matter ROIs. We ran separate linear mixed effects models for cortical 

thickness and subcortical volume ROIs with WMHs as a fixed effect variable and center 

as a random variable, adjusted for age and sex (the model for subcortical volume ROIs 

had an additional adjustment for total intracranial volume). Significant p-values (0.05) 

after FDR adjustment are displayed in red. Abbreviations: FDR = False Discovery Rate; 

Cluster	of	cor cal	regions	with	the	
highest	es mates	(es mate	values	
larger	than	-0.05)	
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Mid = middle; Sup = superior; Inf = inferior; Supp = supplementary; Oper = 

operculum/opercularis; Tri = triangularis; Ant = anterior; Orb = orbital.  

 

 


