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A B S T R A C T   

Purpose: Alpha-synuclein often co-occurs with Alzheimer’s disease (AD) pathology in Dementia with Lewy Bodies 
(DLB). From a dynamic [18F]flortaucipir PET scan we derived measures of both tau binding and relative cerebral 
blood flow (rCBF). We tested whether regional tau binding or rCBF differed between DLB patients and AD pa-
tients and controls and examined their association with clinical characteristics of DLB. 
Methods: Eighteen patients with probable DLB, 65 AD patients and 50 controls underwent a dynamic 130-minute 
[18F]flortaucipir PET scan. DLB patients with positive biomarkers for AD based on cerebrospinal fluid or amyloid 
PET were considered as DLB with AD pathology (DLB-AD+). Receptor parametric mapping (cerebellar gray 
matter reference region) was used to extract regional binding potential (BPND) and R1, reflecting (AD-specific) 
tau pathology and rCBF, respectively. First, we performed regional comparisons of [18F]flortaucipir BPND and R1 
between diagnostic groups. In DLB patients only, we performed regression analyses between regional [18F] 
flortaucipir BPND, R1 and performance on ten neuropsychological tests. 
Results: Regional [18F]flortaucipir BPND in DLB was comparable with tau binding in controls (p > 0.05). Subtle 
higher tau binding was observed in DLB-AD+ compared to DLB-AD- in the medial temporal and parietal lobe 
(both p < 0.05). Occipital and lateral parietal R1 was lower in DLB compared to AD and controls (all p < 0.01). 
Lower frontal R1 was associated with impaired performance on digit span forward (standardized beta, stβ = 0.72) 
and category fluency (stβ = 0.69) tests. Lower parietal R1 was related to lower delayed (stβ = 0.50) and im-
mediate (stβ = 0.48) recall, VOSP number location (stβ = 0.70) and fragmented letters (stβ = 0.59) scores. Lower 
occipital R1 was associated to worse performance on VOSP fragmented letters (stβ = 0.61), all p < 0.05. 
Conclusion: The amount of tau binding in DLB was minimal and did not differ from controls. However, there were 
DLB-specific occipital and lateral parietal relative cerebral blood flow reductions compared to both controls and 
AD patients. Regional rCBF, but not tau binding, was related to cognitive impairment. This indicates that 
assessment of rCBF may give more insight into disease mechanisms in DLB than tau PET.   

1. Introduction 

Dementia with Lewy Bodies (DLB) is clinically characterized by 
cognitive decline, visual hallucinations, parkinsonism, fluctuating 
cognition/ alertness and rapid eye movement (REM) sleep behavior 
disorder (RBD) (McKeith et al., 2017). The pathological hallmark of DLB 

is the presence of cortical Lewy Bodies, which are neuronal inclusions of 
alpha-synuclein proteins (Kosaka, 1978). Concomitant Alzheimer’s 
disease (AD) pathology, i.e. amyloid plaques and neurofibrillary tangles 
(NFT), are present in more than 70% of the autopsied DLB-cases (Dugger 
et al., 2014; Howlett et al., 2015; Irwin et al., 2017). AD pathology in 
patients with DLB is associated with faster disease progression and 
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higher burden of alpha-synuclein pathology (Howlett et al., 2015; Irwin 
et al., 2017, 2018; Lemstra et al., 2017). Therefore, in-vivo identification 
of coinciding AD pathology may be important in a clinical setting. 

The tau PET tracer [18F]flortaucipir may serve as an in-vivo marker 
for AD specific tau pathology in DLB. [18F]flortaucipir binds with high 
affinity to paired helical filaments of AD tau, exhibits low affinity to tau 
in non-AD tauopathies (Marquie et al., 2017) and does not bind to alpha- 
synuclein protein depositions (Lowe et al., 2016; Marquie et al., 2015). 
Previous [18F]flortaucipir PET studies in DLB have shown inconsistent 
spatial patterns of cortical uptake, but in general lower retention levels 
than in AD (Gomperts et al., 2016; Kantarci et al., 2017; Lee et al., 2018; 
Mak et al., 2019; Nedelska et al., 2019; Ossenkoppele et al., 2018; Smith 
et al., 2018a). Furthermore, some studies showed a relationship between 
AD tau pathology and cognitive functioning or disease severity (Gom-
perts et al., 2016; Smith et al., 2018b), while others have not (Kantarci 
et al., 2017; Lee et al., 2018). 

Thus, the contribution of AD tau pathology to the symptomatology of 
DLB is currently unclear, likely reflecting a dependency on other addi-
tional pathologies. Since there are no validated alpha-synuclein PET 
tracers available (Kotzbauer et al., 2017), the contribution of alpha- 
synuclein cannot be assessed directly. Therefore, more general imag-
ing measurements such as changes in cerebral blood flow, which can 
serve as a surrogate marker for neuronal activity, may be of additional 
value in DLB. DLB is characterized by occipital hypoperfusion, which 
has been demonstrated with arterial spin labeling brain magnetic reso-
nance imaging (MRI) (Binnewijzend et al., 2014; Fong et al., 2011; 
Nedelska et al., 2018; Taylor et al., 2012), single photon emission 
computerized tomography (SPECT) (Colloby et al., 2002; Goto et al., 
2010; Hanyu et al., 2006; Ishii et al., 1999; Lobotesis et al., 2001; Pas-
quier et al., 2002) and PET (Rodell et al., 2016). 

A dynamic [18F]flortaucipir PET allows for exact quantification of 
tau binding, but also the measurement of the relative cerebral blood 
flow (rCBF), which is expressed by R1. R1 represents the ratio between 
K1 (the rate constant for the exchange of the tracer from blood to tissue) 
in the target tissue and the reference region. R1 and 2-[18F]-fluoro-2- 
doxy-D-glucose (FDG) PET metabolism are closely related (Ottoy et al., 
2019; Peretti et al., 2019; Rodriguez-Vieitez et al., 2016) and clinical 
characteristics have been associated with hypometabolism in DLB 
(Morbelli et al., 2019). We hypothesize that R1 as a marker of rCBF is 
also related to the clinical core features and cognitive impairment in 
DLB. 

Therefore, our first objective was to determine the regional patterns 
of tau PET and rCBF in DLB compared to AD and controls using a single 
dynamic [18F]flortaucipir PET scan. Secondly, we explored the influence 
of AD pathology, measured in cerebrospinal fluid (CSF) or with amyloid 
PET, on the amount of [18F]flortaucipir PET binding in DLB. Finally, we 
assessed the relationship between tau binding and rCBF with the clinical 
core criteria of DLB and cognitive impairment. 

2. Methods 

2.1. Recruitment of participants 

We included 133 subjects from the Amsterdam Dementia Cohort 
(van der Flier and Scheltens, 2018) of whom 18 were diagnosed with 
dementia with Lewy bodies (DLB, n = 11) or mild cognitive impairment 
with Lewy Bodies (MCI-LB, n = 7). As reference group, we included 65 
amyloid positive symptomatic AD patients (MCI-AD (n = 13), AD (n =
52)) and 50 controls with subjective cognitive decline (SCD). 

All subjects underwent a standardized dementia screening, including 
medical history, extensive neuropsychological assessment, physical and 
neurological examination, lumbar puncture, blood tests, electroen-
cephalography and MRI. Diagnosis was established by consensus in a 
multidisciplinary meeting (van der Flier and Scheltens, 2018). 

2.1.1. DLB 
DLB patients met clinical diagnostic consensus criteria for probable 

DLB (DEM-LB) (McKeith et al., 2017) or MCI-LB (i.e. two or more core 
clinical features, with only one impaired cognitive domain and no 
interference in activities in daily living) (McKeith et al., 2020; van de 
Beek et al., 2020). The diagnosis of DLB was supported by [123I]FP-CIT 
SPECT (DAT-SPECT) findings showing presynaptic dopaminergic defi-
cits (available for 13 individuals). DLB patients with positive CSF bio-
markers for AD (i.e. total tau (t-tau)/Aβ42 fraction > 0.52 (Duits et al., 
2014), and/or a positive amyloid ([11C] Pittsburgh compound B or [18F] 
florbetaben) PET scan by visual assessment (de Wilde et al., 2017; Zwan 
et al., 2014) were considered as DLB with AD pathology (DLB-AD+). CSF 
biomarkers were available for 15 DLB patients and amyloid ([11C]PiB n 
= 1 and [18F]florbetaben n = 6) PET scans were available for 7 DLB 
patients. In total, 6 DLB patients were DLB-AD+ and 12 were DLB-AD-. 

2.1.2. AD 
The diagnosis of MCI-AD and AD met core clinical criteria (Albert 

et al., 2011; McKhann et al., 2011) according to the National Institute on 
Aging and Alzheimer’s Association (NIA-AA) and all had positive CSF 
biomarkers (i.e. t-tau/Aβ42 fraction > 0.52 (Duits et al., 2014) and/or a 
positive Aß ([11C]PiB or [18F]florbetaben) PET scan by visual assessment 
(de Wilde et al., 2017; Zwan et al., 2014). We excluded distinct clinical 
variants of AD such as posterior cortical atrophy (Crutch et al., 2012), 
logopenic variant primary progressive aphasia (Gorno-Tempini et al., 
2011), cortical basal syndrome (Armstrong et al., 2013) and behav-
ioural/ dysexecutive variants (Ossenkoppele et al., 2015), since these 
clinical variants show typically a different tau PET uptake pattern than 
the typical AD cases (Ossenkoppele et al., 2016). 

2.1.3. Controls 
We included controls with SCD from the SCIENCe project (Slot et al., 

2018). SCD is defined as self-reported cognitive complaints, but without 
any objective impairment in performance on cognitive or neurological 
tasks or brain damage as evidenced by MRI. Controls with evidence of 
substantial amyloid pathology after visual reading of SUVR50-70 of [18F] 
florbetapir amyloid PET scans (Golla et al., 2018a) and/ or positive CSF 
biomarkers (i.e. t-tau/Aβ42 fraction > 0.52 (Duits et al., 2014)), were 
classified as amyloid positive subjects. We included all controls (irre-
spective of their amyloid status) for the primary analysis and as a sec-
ondary analysis we only included amyloid negative controls. 

Exclusion criteria for all participants were (1) significant cerebro-
vascular disease on MRI (e.g. territorial infarct), (2) major traumatic 
brain injury, (3) major psychiatric or neurological disorders other than 
AD and DLB (4) current substance abuse. The study protocol was 
approved by the Medical Ethics Review Committee of the Amsterdam 
UMC, location VU Medical center. 

All procedures were in accordance with the ethical standards Med-
ical Ethics Review Committee of the Amsterdam UMC and with the 1964 
Helsinki declaration and its later amendments or comparable ethical 
standards. Informed consent was obtained from all individual partici-
pants included in the study. 

2.2. Imaging acquisition 

All participants underwent a single dynamic 130 min [18F]flortau-
cipir PET scan on a Philips Ingenuity TF-64 PET/CT scanner. The 
scanning protocol consisted of two dynamic PET acquisitions of 60 and 
50 min respectively, with a 20-minute break in between (Golla et al., 
2017; Wolters et al., 2018). The first 60 min dynamic acquisition started 
simultaneously with a bolus injection 237 ± 13 MBq [18F]flortaucipir 
(injected mass 1.13 ± 0.82 µg). The second PET acquisition was co- 
registered to the first dynamic PET scan using (Volume Imaging in 
Neurological Imaging) Vinci software (Vollmar et al., 2002). PET list 
mode data were rebinned into a total of 29 frames (1 × 15, 3 × 5, 3 × 10, 
4 × 60, 2 × 150, 2 × 300, 4 × 600 and 10 × 300 seconds). 
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Ten DLB patients additionally underwent a static [18F]FDG PET scan 
on the same scanner as the [18F]flortaucipir PET scan (Philips Ingenuity 
TF-64 PET/CT scanner). Scans were performed under standard resting 
conditions with eyes closed. The [18F]FDG PET scan was performed 
within 4 months of the [18F]flortaucipir PET scan (median: 22 days, 
range 8–113 days). All subjects fasted at least four hours before tracer 
injection, and plasma glucose levels were measured before the scan. 
Following a low-dose CT scan, a 15-min static emission scan was ac-
quired from 45 min after injection of [18F]FDG. PET list mode data were 
rebinned into a total of 3 frames (3 × 300 seconds). 

All subjects underwent 3D-T1 weighted and FLAIR scans on a 3.0 
Tesla MR scanner (Ingenuity TF PET/MR, Philips Medical Systems, Best, 
The Netherlands). 

2.3. Imaging processing 

Data from all PET scans were reconstructed using 3D RAMLA with a 
matrix size of 128 × 128 × 90 and a final voxel size of 2 × 2 × 2 mm3, 
including standard corrections for dead time, decay, attenuation, ran-
doms and scatter. The 3D-T1 MR images were co-registered to the 
averaged images (frame 8 – 29 ([18F]flortaucipir); frame 1–3 ([18F]FDG 
PET)) of the PET scan using Vinci software (Vollmar et al., 2002) in 
native space. Cortical gray matter regions of interest (ROIs, Hammers 
template (Hammers et al., 2003)) were subsequently delineated on the 
MR images and superimposed on the PET scan using PVElab (Svarer 
et al., 2005). [18F]flortaucipir binding potential (BPND) and R1 images, 
reflecting AD tau pathology and rCBF respectively, were generated using 
receptor parametric mapping (RPM) (Golla et al., 2018b). We used 
cerebellar gray matter as a reference region, which we previously vali-
dated for both BPND and R1 using RPM (Golla et al., 2018b, 2017). [18F] 
FDG SUVr images were generated by normalizing the uptake to the 
mean value of the cerebellum (grey matter). 

The following bilateral ROIs were created a priori (Visser et al., 2020) 
based on the Hammers atlas (Hammers et al., 2003): medial temporal 
(hippocampus, parahippocampal and ambient gyri, medial anterior 
temporal lobe), lateral temporal (superior temporal gyrus, middle and 
inferior temporal gyri), medial parietal (posterior cingulate), lateral 
parietal (inferolateral parietal lobe, superior parietal gyrus), occipital 
(cuneus, lingual gyrus, lateral occipital lobe) and frontal (middle frontal 
gyrus, orbitofrontal gyri, superior frontal gyrus) regions. 

For voxel-wise analyses, using Statistical Parametric Mapping (SPM) 
version 12 software (Wellcome Trust Center for Neuroimaging, Uni-
versity College London, UK), we warped all native space parametric 
BPND and R1 images to Montreal Neurological Institute (MNI) space, by 
using the transformation matrixes derived from warping the co- 
registered T1-weighted MRI scans to MNI space. Warped images were 
visually checked for transformation errors. 

2.4. Cognition 

The Mini-Mental State Examination (MMSE) was used as a measure 
of global cognitive status (Folstein et al., 1975) across diagnostic groups. 

2.5. Education 

Education was rated using the Dutch Verhage scoring system. This 
system uses a 7-point scale, ranging from ‘primary education not 
finished’ (1), to ‘master’s degree’ (7), applied on the Dutch education 
system (Verhage, 1964). 

2.6. Clinical characteristics of DLB 

2.6.1. Cognition 
We additionally used the following cognitive tests for DLB patients: 

Dutch version of the Rey Auditory Verbal Learning Test (RAVLT) im-
mediate recall and delayed recall, Digit span Forward, Trial Making Test 

[TMT] version A, Digit span Backward, TMT version B, letter fluency test 
(D-A-T), category fluency version animals and two tests of visual object 
and space perception (VOSP) battery: number location and fragmented 
letters. TMT were inverted so that lower scores indicated worse per-
formance. All individual cognitive tests were transformed into Z scores, 
using the mean and SD of the equivalent test from an independent 
cognitively normal reference group (n = 553, 60 ± 10 years, 54% fe-
male, MMSE = 29 ± 1) (Groot et al., 2018). 

2.6.2. Core clinical features 
The core clinical features of DLB were assessed using standardized 

methods. Parkinsonism was assessed by a trained medical doctor, using 
the motor subscale of the Unified Parkinson’s disease rating scale 
(UPDRS, range 0–108) (Goetz et al., 2008). Visual hallucinations were 
determined with the Questionnaire on Psychotic Experiences (Rossell 
et al., 2019). We rated visual hallucinations as present when patients 
experienced visual hallucinations in the past month. Fluctuating 
cognition was assessed using the Clinical Assessment of Fluctuations 
(CAF) (Walker et al., 2000). We rated fluctuations as present when one 
of the two screening questions was answered positively. REM sleep 
behavior disorder (RBD) was assessed with the screening question of the 
Mayo Sleep Questionnaire (Boeve et al., 2011). We rated RBD as present 
if caregivers noticed enactment of dreams on three or more occasions. 

2.7. Statistical analyses 

2.7.1. Total group 
To assess group differences at baseline, univariate analysis of vari-

ance (ANOVA) and χ2 were performed where appropriate. First, we 
compared differences in regional BPND and R1 values across six ROIs 
between diagnostic groups using ANOVA and show uncorrected (*) and 
corrected for multiple comparisons (6 ROIs × 3 diagnostic groups) using 
Bonferroni (#). We report the differences between diagnostic groups 
with and without correction of age and sex. Second, voxel-wise com-
parisons for BPND and R1 between the diagnostic groups using SPM12 
were performed. Analyses were adjusted for age and sex; a p-value <
0.001 (uncorrected for multiple comparisons) was considered statisti-
cally significant. Third, we performed receiver operating characteristic 
(ROC) area-under-the-curve (AUC) analyses to investigate whether 
regional [18F]flortaucipir BPND or R1 could discriminate DLB from AD or 
controls. 

2.7.2. DLB 
First, to investigate whether amyloid PET or an AD-like CSF 

biomarker signature may have influenced [18F]flortaucipir BPND, we 
used an analysis of covariance (ANCOVA) model with age and sex as 
covariates and AD pathology as fixed factor (DLB-AD+ vs DLB-AD-). 
Second, to explore the influence of disease stage on the amount of 
[18F]flortaucipir BPND and R1, we used an ANCOVA model with age and 
sex as covariates and dementia stage (MCI-LB vs. DEM-LB) as fixed 
factor. Third, linear regression analyses, adjusted for age, sex and edu-
cation, were performed to investigate associations between [18F]flor-
taucipir BPND or R1 (independent variables) and individual cognitive test 
performances (dependent variables). We report the level of significance 
both with and without correction for multiple comparisons (six ROIs * 
ten cognitive tests) using Bonferroni. Fourth, for the associations be-
tween [18F]flortaucipir BPND or R1 (independent variables) with clinical 
core criteria of DLB, linear regression analyses (for continuous depen-
dent variables; UPDRS) and logistic regressions (for binary [i.e. yes/no] 
dependent variables; parkinsonism, fluctuations, hallucinations and 
RBD), adjusted for age and sex, were performed. We repeated this 
analysis by replacing [18F]flortaucipir BPND for [18F]flortaucipir SUVr 
and [18F]flortaucipir R1 for [18F]FDG SUVr. 

Although rCBF is tightly coupled to [18F]FDG hypometabolism, there 
are differences in spatial overlap (Ottoy et al., 2019; Peretti et al., 2019; 
Rodriguez-Vieitez et al., 2016). To further examine the relations 
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between rCBF and hypometabolism, we performed a (exploratory) 
linear regression analysis between [18F]flortaucipir R1 (independent 
variable) and [18F]FDG SUVr (dependent variable) within a subset with 
both modalities available (n = 10). 

A p value < 0.05 was considered statistically significant. Analyses 
were performed using R (version 3.5.3, R Development Core Team 
2019). 

For all linear regressions, standardized beta’s (sβ) were used as an 
outcome variable. By standardizing all variables in the equation, we 
obtain an easy interpretable outcome measure, which is comparable 
across regressions. The sβ is the change in the outcome variable for 1 
standard deviation in change of the predictor. All sβ’s are tested against 
the null hypothesis that a sβ of 0 yields no effect (Landis, 2005). 

3. Results 

3.1. Demographics 

Demographic and clinical characteristics of the total sample and per 
diagnostic group are presented in Table 1. Diagnostic groups did not 

differ in age, sex and education. As expected, MMSE score was lower for 
both DLB and AD patients compared to controls. Of the DLB patients, 
33% (n = 6) had evidence of AD pathology (measured with CSF / am-
yloid PET). 

3.2. [18F]flortaucipir BPND images 

Mean [18F]flortaucipir BPND images showed visually minimal tau 
binding in the inferior lateral temporal lobe in DLB, which was com-
parable to the uptake pattern observed in controls and substantially less 
pronounced than the widespread and intense pattern of tau binding in 
AD (Fig. 1). We explored the influence of AD pathology, measured with 
amyloid PET or an AD-like CSF, on the amount of [18F]flortaucipir BPND 
in DLB by examining regional differences in tau binding. Visually, subtle 
higher tau binding was observed in DLB-AD+ compared to DLB-AD- 
(supplementary Fig. 1) and regional analyses showed higher tau bind-
ing in the medial temporal (0.06 vs − 0.01) and medial parietal lobe 
(0.13 vs 0.06) for DLB-AD+ patients vs DLB-AD- (both p < 0.05, sup-
plementary Table 1). 

3.3. Regional differences in [18F]flortaucipir BPND and R1 across 
diagnostic groups 

Fig. 2 shows the regional [18F]flortaucipir BPND and R1 values across 
diagnostic groups. Uncorrected results showed that across all ROIs, [18F] 
flortaucipir BPND was lower in DLB (e.g. occipital BPND; 0.07 ± 0.04) 
compared to AD (0.37 ± 0.36, pBonferroni < 0.05) and comparable with 
controls (0.10 ± 0.07, p > 0.05) (Table 1 and Fig. 2). Occipital and 
lateral parietal R1 was lower in DLB (e.g. occipital R1; 0.90 ± 0.06) 
compared to both AD (0.98 ± 0.09) and controls (1.02 ± 0.05), all 
pBonferroni < 0.05 (Table 1 and Fig. 2). When age and sex were added as 
covariates, results remained essentially the same, with the exception of 
differences between DLB vs. AD for the lateral parietal R1 (supplemen-
tary Table 2). 

3.4. Voxel-wise differences in [18F]flortaucipir BPND and R1 across 
diagnostic groups 

Voxel-wise comparisons showed lower [18F]flortaucipir BPND in the 
temporoparietal and occipital lobe (supplementary Fig. 2) and lower 
occipital [18F]flortaucipir R1 in DLB compared to AD (Fig. 3). Compared 
to the regional analyses, a more widespread lower parietal-temporal- 
occipital [18F]flortaucipir R1 pattern was observed in DLB compared 
to controls (Fig. 3). There were no regions showing higher [18F]flor-
taucipir BPND or R1 in DLB compared to AD or controls. 

3.5. Discriminative accuracy of [18F]flortaucipir BPND and R1 across 
diagnostic groups 

ROC curves for [18F]flortaucipir BPND and R1 for distinguishing DLB 
from AD and controls are presented in Fig. 4. For DLB vs AD, discrimi-
native accuracy was higher for [18F]flortaucipir BPND than for R1 (Fig. 4, 
A, C). [18F]flortaucipir BPND could best discriminate DLB from AD in the 
medial (AUC = 0.88 [CI = 0.81 – 0.96]) and lateral (AUC = 0.88 [CI =
0.81 – 0.95]) temporal lobe (Fig. 4, A). In comparison, discriminative 
accuracy of [18F]flortaucipir R1 was highest the occipital lobe (AUC =
0.77 [CI = 0.65 – 0.88], Fig. 4, C). 

[18F]flortaucipir R1 better distinguished DLB from controls 
compared to BPND (Fig. 4, B, D). [18F]flortaucipir R1 showed highest 
discriminative accuracy in the lateral parietal (AUC=0.94 [CI = 0.88 – 
1]) and occipital lobe (AUC = 0.94 [CI = 0.88 – 0.99]) for DLB vs 
controls (Fig. 4, D). For BPND, the frontal lobe (AUC = 0.69[CI = 0.55 – 
0.83]) was the most discriminating region for DLB vs controls (Fig. 4, B). 

Table 1 
Overview of demographics, [18F]flortaucipir BPND and R1.   

DLB (n =
18) 

AD (n = 65) Controls (n =
50) 

Age (years) 69(6) 66(8) 66(8) 
Sex (female/male) 3/15 30/35 24/26 
No. Aβ positive subjects 6(33%) *¥ 65(100%) 

*†
20(40%) 

No. FP-CIT SPECT abnormal 100% (n =
13) 

– – 

Education (Dutch Verhage scale) 5[3–7] 6[3–7] 6[2–7] 
MMSE 25(4) *† 24(3) *† 29(1) 
Timelag (months) between MRI to 

[18F]flortaucipir 
0 (0 – 2) 0(-5 – 5) 0 (-14 – 12) 

[18F]flortaucipir BPND 

Medial temporal 
Lateral temporal 
Medial parietal 
Lateral parietal 
Occipital 
Frontal  

0.01(0.08) 
*#¥ 

0.09(0.06) 
*#¥ 

0.08(0.07) 
*#¥ 

0.04(0.05) 
*#¥ 

0.07(0.04) 
*#¥ 

0.02(0.05) 
*#¥  

0.23 
(0.17)*#†

0.43(0.31) 
*#†

0.48(0.39) 
*#†

0.46(0.42) 
*#†

0.37(0.36) 
*#†

0.23(0.30) 
*#†

− 0.01(0.11) 
0.07(0.09) 
0.09(0.09) 
0.07(0.09) 
0.10(0.07) 
− 0.01(0.06) 

[18F]flortaucipir R1 

Medial temporal 
Lateral temporal 
Medial parietal 
Lateral parietal 
Occipital 
Frontal  

0.69(0.04) 
*# †

0.84(0.06) 
*#†

0.99(0.08) 
0.81(0.06) 
*#¥ †

0.90(0.06) 
*#¥,†

0.88(0.05)  

0.68(0.06) 
*†

0.87(0.08) 
*†

0.97(0.11) 
*#†

0.87(0.10) 
*#†

0.98(0.09) 
*#†

0.89(0.07)  

0.66(0.03) 
0.90(0.05) 
1.04(0.07) 
0.94(0.06) 
1.02(0.05) 
0.88(0.05) 

Clinical core criteria DLB    
Visual hallucinations, No. (%) 5(30%)   
Fluctuations, No. (%) 15(83%)   
Parkinsonism, No. (%) 16(89%)   
RBD, present No. (%) 11(61%)   

Mean (SD) are reported for all variables, except sex (nfemale/nmale), and time 
lag education (median [minimum–maximum]). Differences in demographic, 
clinical characteristics between disease groups were assessed using ANOVA for 
continuous variables .and χ2 for dichotomous data. 
*Significantly different from controls†, AD subjects¥ at puncorrected < 0.05. 
# Significantly different from controls†, AD subjects¥ at pBonferroni < 0.05 (cor-
rected for 3 × 6 comparisons). 
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3.6. Associations of [18F]flortaucipir BPND and R1 with clinical 
characteristics in DLB 

We first explored the influence of disease stage on the amount of 
[18F]flortaucipir BPND and R1 within DLB. We found no significant dif-
ferences between BPND and/or R1 for MCI-LB vs. DEM-LB (supplemen-
tary Table 3). Next, we examined whether BPND and/ or R1 is associated 
with clinical characteristics of DLB, i.e. signs of Parkinsonism, fluctua-
tions, hallucinations and RBD, as well as cognitive decline measured 
with ten neuropsychological tests. 

Binary logistic regression models showed no associations between 
[18F]flortaucipir BPND or R1 and Parkinsonism, fluctuations, hallucina-
tions and RBD (all p > 0.05). There were no associations between [18F] 
flortaucipir BPND and any of the cognitive tests (all p > 0.05) within DLB. 
However, there were several associations between [18F]flortaucipir R1 
and cognitive test scores (Fig. 5). Lower frontal R1 was associated to 
worse performance on the digit span forward (stβ = 0.72, p = 0.01) and 
category fluency (stβ = 0.69, p < 0.01) tests. Lower medial parietal R1 
was related to lower scores on delayed recall (stβ = 0.50, p = 0.04) and 
VOSP number location (stβ = 0.70, p = 0.03). Lower lateral parietal R1 
was associated with lower immediate recall (stβ = 0.48, p = 0.03) and 
VOSP fragmented letters (stβ = 0.59, p = 0.03) scores. Lower occipital R1 
was associated to worse performance on VOSP fragmented letters (stβ =
0.61, p = 0.03). These associations did not survive Bonferroni correction 
for multiple comparisons (all p > 0.05). 

3.7. Associations of [18F]flortaucipir SUVr with clinical characteristics in 
DLB 

When we repeated our analysis and replaced [18F]flortaucipir BPND 
for [18F]flortaucipir SUVr, we found comparable results (supplementary 
Table 4), i.e. there were no associations between [18F]flortaucipir SUVr 
and Parkinsonism, fluctuations, hallucinations, RBD, UPDRS or cogni-
tive test scores (all p > 0.05) 

3.8. [18F]FDG SUVr 

Within a subset of DLB patients with both modalities available (n =
10), we explored whether [18F]flortaucipir R1 and [18F]FDG SUVr were 
spatially related. [18F]FDG SUVr and R1 parametric images had sub-
stantial overlap (Fig. 6, panel A). Lower [18F]flortaucipir R1 was 
strongly related to lower [18F]FDG SUVr in the lateral temporal (stβ =
0.89), lateral parietal (stβ = 0.92), occipital (stβ = 0.90) and frontal (stβ 
= 0.82, all p < 0.01) lobe, with exception of the medial temporal and 
medial parietal lobe, both p > 0.05 (Fig. 6, panel B). 

Next, we examined whether [18F]FDG SUVr is associated with clin-
ical characteristics of DLB. Binary logistic regression models showed no 
associations between [18F]FDG SUVr and Parkinsonism, fluctuations, 
hallucinations and RBD (all p > 0.05). However, there were several 
associations between regional [18F]FDG SUVr and cognitive test scores 
(MMSE, digit span forward /backward, immediate recall, category / 
letter fluency; supplementary Fig. 4). 

4. Discussion 

We used a single dynamic [18F]flortaucipir PET scan to simulta-
neously quantify tau PET and rCBF and examined regional differences in 
these measures between DLB patients and AD patients and controls. We 
found minimal tau binding, but region-specific rCBF reductions 
compared to AD and controls. We observed lower occipital rCBF in DLB, 
and rCBF values in this region accurately distinguished DLB from AD 
and controls. Tau PET was not related to clinical core features (parkin-
sonism, fluctuations, hallucinations and RBD) and cognitive impair-
ment, but lower parietal and frontal rCBF were associated with worse 
performance on a variety of cognitive tests. Taken together, these results 
indicate that in our sample AD tau pathology contributed only mini-
mally to the symptoms of DLB and that rCBF measurements may be more 
clinically meaningful than tau PET in DLB. 

One of our main results is that we found little tau binding in DLB 

Fig. 1. Mean [18F]flortaucipir parametric BPND images for Dementia with Lewy bodies (DLB), Alzheimer’s disease (AD) and controls.  
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patients, which was in the same range as the controls. This is largely in 
line with other results (Nedelska et al., 2019; Smith et al., 2018a), 
whereas some studies reported higher tau uptake (Gomperts et al., 2016; 
Kantarci et al., 2017; Lee et al., 2018; Mak et al., 2019; Ossenkoppele 
et al., 2018), mainly in the occipital lobe (Kantarci et al., 2017; Lee et al., 
2018; Mak et al., 2019). This discrepancy might be due to the difference 
in patient selection and disease severity as the DLB patients in the pre-
sent study were more mildly affected (mean MMSE: 25 vs. 20–24 
(Gomperts et al., 2016; Kantarci et al., 2017; Lee et al., 2018)). Addi-
tionally, in contrast to previous studies, we also included MCI-LB 
(Donaghy et al., 2015; van de Beek et al., 2020) which may have 
decreased the amount of tau observed. Similar to AD (Cho et al., 2019; 
Hanseeuw et al., 2019; Johnson et al., 2016a; Ossenkoppele et al., 2018; 
Sperling et al., 2019), the amount of [18F]flortaucipir in DLB likely de-
pends on clinical disease severity. Another explanation is that we 
studied a well-defined cohort of DLB patients, including DAT-SPECT as a 
supportive biomarker and we used extensive tests for characterizing the 
neuropsychological profile and clinical core features. We hereby mini-
mized the risk of misdiagnosing DLB for AD, which show in general 
higher [18F]flortaucipir retention levels than DLB patients (Kantarci 
et al., 2017; Lee et al., 2018; Ossenkoppele et al., 2018; Smith et al., 
2018a). In addition, the amount of tau pathology may differ per clinical 
subtype of DLB (Ferman et al., 2020). Hence, it is conceivable our 
sample consisted mainly of a low tau subtypes of DLB. 

Next, the amount of DLB-AD+ in our study was lower (mean = 33%) 
than in other studies (mean ~ 50%) which showed more tau uptake 

(Kantarci et al., 2017; Lee et al., 2018; Mak et al., 2019; Ossenkoppele 
et al., 2018). The presence of amyloid/ AD pathology may be related to 
increased [18F]flortaucipir uptake in DLB patients, as suggested by our 
study (supplementary Fig. 1 and supplementary Table 1) and as previ-
ously described (Kantarci et al., 2017; Lee et al., 2018). Nevertheless, 
some studies also observed high tau uptake in DLB patients without 
evidence of amyloid pathology (Gomperts et al., 2016). Longitudinal 
studies are necessary to determine whether the presence of amyloid 
pathology is necessary for tau to spread in DLB, similar to what has been 
suggested in AD (Hanseeuw et al., 2019; Jacobs et al., 2018; Mattsson- 
Carlgren et al., 2020). Finally, we compared our DLB patients to SCD 
subjects which we used as controls and in line with literature (Jansen 
et al., 2015) ~40% of the controls with SCD had evidence for AD pa-
thology. This may have influenced our results, however it was compa-
rable to DLB-AD+ (Aβ+ 40% vs. 33%) and when we repeated our 
regional [18F]flortaucipir BPND analysis and compared the BPND values 
of DLB patients to controls with SCD without AD pathology, we found 
comparable results (supplementary Table 5, supplementary Fig. 5). 
However, for the ROC curves (supplementary Fig. 5), both medial and 
lateral temporal [18F]flortaucipir BPND were best in distinguishing DLB 
from Aβ- controls (AUCs ≈ 0.8) compared to the frontal BPND (AUC 
≈0.7). for all controls (both Aβ+ and Aβ-). This difference is probably 
due to the age related tau deposition in Aβ+ controls (Johnson et al., 
2016b; Pontecorvo et al., 2017; Scholl et al., 2016; Tosun et al., 2017) 
and the presence of Aβ may even induce tau to spread outside of the MTL 
(Jacobs et al., 2018; Ziontz et al., 2019). Therefore there may be an 

Fig. 2. Regional [18F]flortaucipir BPND (left) and R1 (right) across dementia with Lewy bodies (DLB), Alzheimer’s disease (AD) and controls for medial and lateral 
temporal/ parietal, occipital and frontal ROIs. The dots indicate the individual mean values within the diagnostic groups. Open dots are Aβ- subjects and closed dots 
are Aβ+ subjects. The box ranges from the first to the third quartile and the whiskers indicate the range from the minimum to quartile 1 and from quartile 3 to the 
maximum, excluding outliers. * puncorrected < 0.05.# pBonferroni < 0.05. 
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increase in the diagnostic performance of [18F]flortaucipir BPND in DLB 
vs. Aβ- controls compared to both Aβ- and Aβ+ controls and this may 
explain the larger differences found between DLB patients and controls 
in other studies who used Aβ- controls (Gomperts et al., 2016; Lee et al., 
2018). 

We found lower parietal and occipital R1 in DLB vs AD or controls 
and these regional rCBF differences were best in discriminating DLB 
from AD and controls (Fig. 4C–D). The rCBF spatial pattern of the pre-
sent study is closely resembling [18F]FDG parieto-occipital hypo-
metabolism in DLB reported in previous studies (Albin et al., 1996; 
Higuchi et al., 2000; Imamura et al., 1997; Ishii et al., 1998; Kantarci 
et al., 2012; Klein et al., 2010; Liu et al., 2017; Minoshima et al., 1997) 
and the ability of occipital hypometabolism to distinguish DLB from AD 
(AUC = 0.80 – 0.86) (O’Brien et al., 2014). This was expected, since we 
and others observed a strong association between regional rCBF and 
[18F]FDG metabolism, supporting the use of rCBF as a proxy of neuronal 
activity (Ottoy et al., 2019; Peretti et al., 2019; Rodriguez-Vieitez et al., 
2016). However, we did not observe significant correlations between 
regional glucose metabolism and rCBF in the medial parietal (posterior 
cingulate) and temporal lobe. In DLB, metabolism in the medial 

temporal and posterior cingulate is relative spared (Morbelli et al., 
2019), which could explain the non-significant associations in the pre-
sent study. 

We furthermore investigated whether tau PET or changes in rCBF 
were related to clinical characteristics. First, we found that both tau 
pathology and rCBF were not related to the clinical core features of DLB, 
which is largely in line with previous studies (Kantarci et al., 2017; Lee 
et al., 2018; Lobotesis et al., 2001; Nedelska et al., 2018). Although rCBF 
and [18F]FDG metabolism are strongly related, a previous study in a 
large cohort of 171 DLB patients did find that hypometabolism was 
associated with worse clinical core features: fluctuations, hallucinations, 
parkinsonism and RBD (Morbelli et al., 2019). This discrepancy with our 
rCBF findings may be due to the larger sample size or difference in 
disease severity in that study, since hypometabolism patterns are highly 
affected by disease severity (Iizuka et al., 2017; Morbelli et al., 2019). 

Second, we observed that rCBF, but not tau PET was related to 
cognitive impairment. This suggests that in our sample AD tau pathology 
plays a minor role in cognitive impairment observed in DLB, consistent 
with the majority of the previous [18F]flortaucipir studies in DLB which 
did not find a relationship between tau PET and global cognition 

Fig. 3. Voxel-wise comparison of [18F]flortaucipir R1 images between dementia with Lewy body (DLB) versus Alzheimer’s disease (left) and controls (right, Pun-

corrected < 0.001). 
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(Kantarci et al., 2017; Lee et al., 2018; Smith et al., 2018a). However, 
others did show an association between parietal tau PET and tests for 
fluency, but included a limited sample size (Smith et al., 2018a). In 
addition, neuropathological studies show consistent evidence for an 
important role of AD tau pathology in explaining the clinical variability 
of DLB (Ferman et al., 2020; Howlett et al., 2015; Irwin et al., 2017, 
2018; Lemstra et al., 2017), however typically include more advanced 
DLB patients. The lack of relationships between tau pathology and 
clinical symptomatology may be explained by our sample consisting for 
a substantial part of MCI-LB. It is also possible that, contrary to AD, 
where the amount of tau is strongly associated to cognitive symptoms 
(Ossenkoppele et al., 2016, 2019), other pathologies, such as alpha- 
synuclein and neurotransmitter deficiencies, are more likely to be 
responsible for the majority of the cognitive symptoms in DLB. Indeed, 
rCBF, a surrogate marker for neuronal activity, was related to cognitive 
impairment in the present study. More specifically, in line with a pre-
vious [18F]FDG PET study (Iizuka and Kameyama, 2016), we found that 
lower parietal rCBF was associated to lower scores on both immediate 
and delayed recall. In comparison to AD, DLB is characterized by more 
severe deficits in visuoperceptual, attentional and executive functioning 
(Metzler-Baddeley, 2007). We found that lower parietal and occipital 
rCBF were related to lower scores on visuospatial tasks: number loca-
tions (medial parietal rCBF) and fragmented letters (both lateral parietal 
and occipital rCBF). Furthermore, frontal rCBF was positively associated 
with digit span forward, an attention task. These results suggest that 
lower rCBF may be reflecting functional neuronal damage which is 
responsible for the clinical presentation of DLB. We previously found 
that lower rCBF was, independently of tau uptake, related to worse 
cognitive impairment across multiple cognitive domains (Visser et al., 

2020), suggesting that rCBF may be of clinical importance in multiple 
neurodegenerative diseases. However, the associations between rCBF 
and cognition are subtle and did not survive correction for multiple 
comparison and therefore these results need to be replicated in larger 
cohorts and interpreted with caution. We found however, minimal 
additional value for the use a dynamic [18F]flortaucipir PET to extract 
both tau binding and rCBF, when compared to [18F]FDG PET alone. 

4.1. Strengths and limitations 

A strength of this study is that we used dynamic tau PET scans 
resulting in two measures: BPND (tau binding) and R1 (a proxy for rCBF). 
This enables us to derive a specific measurement of tau binding and a 
more general measurement related to hypometabolism at the same time. 
In this study we use BPND to measure tau binding, which is a more 
specific measurement for tau binding than SUVr, which may over-
estimate true tracer binding. However, we found comparable associa-
tions for DLB and clinical outcomes when we replaced BPND by SUVr and 
the mean SUVr80-100min image of DLB patients in the present study 
(supplementary Fig. 3) is comparable to previous studies (Smith et al., 
2018a). A third strength of our study is that we were able to explore the 
influence of clinical DLB stage on the amount of [18F]flortaucipir BPND 
and R1 within DLB (Supplementary Table 3). 

A limitation of this study is the relatively small sample size, which 
may have hampered the detection of associations between PET measures 
and clinical characteristics of DLB and has the potential to over-fit the 
obtained ROC curves. Further limitations of this study include the lack of 
evidence on the neuropathological correlations of ante and postmortem 
[18F]flortaucipir in DLB. Therefore, we cannot exclude that the 

Fig. 4. Receiver operating curves for medial and lateral temporal/ parietal, occipital and frontal [18F]flortaucipir BPND (A-B) and R1 (C-D) for distinguishing DLB 
from AD (A, C) and controls (B, D). 
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Fig. 5. Scatterplots of the observed relationship between frontal, medial / lateral parietal and occipital [18F]flortaucipir R1 and cognition in DLB. Each symbol 
represents one subject. Open circles are Aβ- subjects and closed circles are Aβ+ subjects Displayed are uncorrected p-values and additional # for Bonferroni 
correction for multiple comparison. 
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possibility that the signal we observe is from other targets than tau. 
Notwithstanding, previous studies did show that [18F]flortaucipir binds 
with high affinity to AD PHFs of tau, not to alpha-synuclein proteins and 
to a lesser extent to non– tau pathology (Lowe et al., 2016; Marquie 
et al., 2015). Third, we used a cross-sectional design and further studies 
with longitudinal tau PET data are required to explain the influence of 
AD tau pathology on the prognosis of DLB. Fourth, we did not include 
visual reads for the direct comparison between DLB patients and AD 
patients or controls. Although methods for the visual reads of AD are 
recently developed (Fleisher et al., 2020), there are currently no training 
programs for nuclear physicians and for this reason visual reading 
cannot be used as a clinical routine yet. Future research should focus on 
developing training programs for visual reads of [18F]flortaucipir PET. 
Furthermore, R1 is considered as relative flow distribution (relative to 
the cerebellar grey matter), but it has not been validated against the gold 
standard [15O]H2O. Notwithstanding, for other tracers such as [11C]PIB 
(Chen et al., 2015) and [18F]Florbetapir (Ottoy et al., 2019), R1 was 
significantly associated with [15O]H2O estimates (relative to the cere-
bellum). It is therefore reasonable to assume that R1 of [18F]flortaucipir 
may be used as surrogate for relative flow, but validation is warranted. 
Pending this validation, these results suggest that R1 may be used to 
represent relative flow distribution in an AD cohort with cerebellar grey 
matter as reference region. 

5. Conclusion 

In our sample, tau PET in patients with DLB did not differ from 
controls and was not related to clinical features of DLB. Tau binding was 
slightly higher in DLB-AD+ compared to DLB-AD- patients. Contrary to 
tau, there were DLB-specific occipital and lateral parietal relative cere-
bral blood flow reductions compared to both controls and AD patients 
and lower regional rCBF was related to cognitive impairment. This in-
dicates that assessment of rCBF may give more insight into disease 
mechanisms in DLB than tau PET. 
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Fig. 6. Panel A representative image of a [18F]FDG SUVr image (top row) and parametric [18F]flortaucipir R1 image (bottom row) and Panel B scatterplots of the 
observed relationship between [18F]FDG SUVr with [18F]flortaucipir R1 within the medial/ lateral temporal/ parietal, occipital and frontal lobe in a subselection of 
the DLB patients (n = 10). Each symbol represents one subject. **p < 0.01. 

E.E. Wolters et al.                                                                                                                                                                                                                               



NeuroImage: Clinical 28 (2020) 102504

11

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
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