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ABSTRACT: Background and Objective: Patients with
dementia with Lewy bodies (DLB) may have overlapping
Alzheimer’s disease pathology. We investigated the longitu-
dinal rate of tau accumulation and its association with neu-
rodegeneration and clinical disease progression in DLB.
Methods: Consecutive patients with probable DLB
(n = 22) from the Mayo Clinic Alzheimer’s Disease
Research Center and age-matched and sex-matched
cognitively unimpaired controls (CU; n = 22) with serial
magnetic resonance imaging and flortaucipir positron
emission tomography scans within an average of
1.6 years were included. Regional annualized rates of
flortaucipir uptake standardized uptake value ratios
(SUVr) were calculated. Regional annualized rates of cor-
tical volume change were measured with the Tensor
Based Morphometry–Syn algorithm.
Results: The annual increase of flortaucipir SUVr was
greater in the middle and superior occipital, fusiform, and
inferior parietal cortices in DLB (mean: 0.017, 0.019,
0.019, and 0.015, respectively) compared with the CU
(mean: �0.006, �0.009, �0.003, and � 0.005,

respectively; P < 0.05). In patients with DLB (but not the
CU), a longitudinal increase in flortaucipir SUVr was
associated with longitudinal cortical atrophy rates in the
lateral occipital and inferior temporoparietal cortices, hip-
pocampus, and the temporal pole as well as a concur-
rent decline on Mini-Mental State Examination and
Clinical Dementia Rating–Sum of Boxes in the lateral
occipital and the fusiform cortices.
Conclusions: Tau accumulation was faster in DLB com-
pared with the CU, with increased accumulation rates in
the lateral occipital and temporoparietal cortices. These
increased rates of tau accumulation were associated with
neurodegeneration and faster disease progression in
DLB. Tau may be a potential treatment target in a subset
of patients with DLB. © 2022 The Authors. Movement
Disorders published by Wiley Periodicals LLC on behalf
of International Parkinson and Movement Disorder
Society
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Patients with probable dementia with Lewy bodies (DLB)
often have overlapping Alzheimer’s disease (AD) pathology
in addition to the α-synuclein pathology,1,2 such that more
than 50% of patients with DLB are amyloid-β positive and
approximately 20% are tau positive.2-4 Coexisting AD
pathology in patients with DLB has been related to more
severe clinical disease,1,2,5-10 atrophy,11-13 decreased overall
survival, and faster clinical progression,1,4,8,13-15 making
AD pathology a potential target for the treatment of
cognitive symptoms in individuals with DLB with
coexisting AD.
Flortaucipir positron emission tomography (PET) is

an in vivo quantitative biomarker of neurofibrillary tan-
gle (NFT) tau pathology16-18 that can longitudinally
track the spread of NFT tau in the cortex.19-22

Although flortaucipir uptake in DLB is substantially
lower than the flortaucipir uptake in patients with AD
dementia,10,23 there is a specific pattern of uptake in
the posterior temporoparietal and occipital cortex in
patients with DLB.9,10,24 Medial temporal lobe and cor-
tical atrophy on magnetic resonance imaging (MRI) has
been associated with NFT tau but not with α-synuclein
at autopsy,25,26 indicating that AD pathology may be a
significant driver of neurodegeneration in patients with
DLB with coexisting AD pathology.
Based on our previous reports on cross-sectional tau

accumulation in DLB,10 We hypothesized that longitudinal
accumulation of tau pathology would be greater in DLB
relative to cognitively unimpaired individuals and that
regional rates of tau accumulation would be associated
with rates of cortical atrophy as a biomarker of neu-
rodegeneration as well as clinical disease progression. We
used flortaucipir PET to investigate the longitudinal pattern
of tau accumulation in DLB compared with an age-
matched and sex-matched cognitively unimpaired control
(CU) group. We further explored the association between
rates of tau accumulation and rates of atrophy on MRI
and clinical progression to gain insights into the spatial
associations between tau accumulation, neurodegeneration,
and clinical progression.

Methods
Participants

We included consecutive patients with clinically proba-
ble DLB (n = 22) enrolled in the Mayo Clinic
Alzheimer’s Disease Research Center who were followed
approximately annually and underwent at least a pair of
flortaucipir PET and MRI scans ranging between 0.9 to
3.3 years apart from May 2015 until February 2020. All
participants completed a comprehensive clinical evalua-
tion at both time points. Baseline and follow-up evalua-
tions included a medical history interview, informant
interview, mental status examination, neurological exam-
ination by a neurologist, and neuropsychological

assessment. Patients with probable DLB also underwent
amyloid-β PET scans with the Pittsburgh compound-B
(PiB) ligand at baseline. An automated greedy match
algorithm was used to 1:1 age and sex match the CU
(n = 22) from the Mayo Clinic Study of Aging, which is
an epidemiologic study of aging in Olmsted County,
MN. Most of the matches were within 3 years for age
with one exception where the age difference was 7 years.
The sex was an exact match. The CU had two
flortaucipir PET and MRI examinations ranging between
1.1 to 2.9 years apart.
The clinical diagnosis of probable DLB was based on

the Fourth Consortium Criteria.27 Clinical disease
severity was measured with the Clinical Dementia
Rating–Sum of Boxes (CDR-SOB), and cognitive per-
formance was measured with the Mini-Mental State
Examination (MMSE) at both time points. Diagnosis of
parkinsonism was based on a neurologic examination,
and the severity of extrapyramidal motor impairment
was quantified using the Unified Parkinson’s Disease
Rating Scale Part III.28 Probable rapid eye movement
sleep behavior disorder (RBD) was defined using the
published criteria.29 The presence of visual hallucina-
tions was based on informant and patient reports, and
the fluctuations were considered to be present with the
Mayo Fluctuations Scale scores of 3 or 4.30

Ethics Statement
The study was approved by the Mayo Clinic Institu-

tional Review Board. Informed consent was obtained
from all participants and/or their proxies for participa-
tion in this study.

Flortaucipir PET and MRI Acquisitions
Structural MRI was performed at 3 Tesla during the

same visit cycle as PET. The MRI examination included
a three-dimensional, high-resolution, magnetization-
prepared rapid acquisition gradient echo (MPRAGE)
with approximately 1-mm cubic resolution for cross-
sectional and longitudinal measurements of gray matter
volume and for anatomical segmentation and labeling
of PET images. An average of 386 MBq (range, 347–
406 MBq) flortaucipir was injected, followed by an
80-minute uptake period. A 20-minute flortaucipir PET
scan consisting of four 5-minute frames was obtained.
An average of 596 MBq (range, 292–729 MBq) 11C
PiB was injected followed by a 40-minute uptake
period. A 20-minute PiB PET scan consisting of four
5-minute dynamic frames was obtained.

MRI Image Processing
T1-weighted MRI scans were segmented into tissue

classes and corrected for B0 inhomogeneities using Uni-
fied Segmentation31 in Statistical Parametric Mapping
version 12 SPM12; www.fil.ion.ucl.ac.uk/spm) with
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population-optimized templates and settings from the
Mayo Clinic Adult Lifespan Template (MCALT;
https://www.nitrc.org/projects/mcalt). A set of 38 corti-
cal region of interest (ROI) labels from the MCALT
122 atlas propagated using Advanced Normalization
Tools (ANTs) Symmetric Normalization.32,33 A fully
automated in-house developed image-processing pipe-
line, called tensor-based morphometry with symmetric
normalization (TBM-SyN), was used to compute the
annualized rates of cortical atrophy in each participant
as previously reported.34 The gray matter change was
calculated in set of 38 cortical ROIs that were divided
by the time between scans (in years) to get the annual-
ized rate of cortical atrophy in each participant with
right and left hemispheric values combined.

PET Image Processing
PET images were analyzed with our in-house fully

automated image processing pipeline as previously
described.3 Each tau PET image was rigidly registered
to its corresponding MPRAGE using SPM12,35 and
regional PET values were extracted from automatically
labeled 38 ROIs propagated from the MRI template
(MCALT)36 using SPM12 and ANTs.37 Standardized
uptake value ratio (SUVr) values were formed by nor-
malizing the median uptake value in each ROI to the
median uptake in the cerebellar crus gray matter.
Annual change in flortaucipir SUVr for each participant
and each ROI was calculated as the difference between
the two scans divided by time between scans (in years).
The global cortical PiB SUVr were classified as normal
(ie, negative) or abnormal (ie, positive) using a cut point
of 1.48 using previously defined ROIs and median cere-
bellar crus gray matter uptake as the reference.3

Flortaucipir and PiB SUVr were not partial volume
corrected.

Statistical Analysis
Baseline demographic, clinical, and cognitive charac-

teristics were described with means and standard devia-
tions (SDs) for continuous variables and counts and
proportions (percentages) for categorical variables.
Baseline characteristics were compared between
patients with probable DLB and CU using conditional
logistic regression models to account for the matching.
Because of convergence issues, an exact conditional
logistic regression was done for the CDR-SOB compari-
sons. Conditional logistic regressions account for the
matched design, where matched patients with DLB and
CU are not independent, and each pair potentially has
a different probability of risk. The conditional logistic
regression model includes stratum-specific intercepts
reflecting those potentially different probabilities. Dif-
ferences in annualized change in flortaucipir SUVr and
annualized change in cortical gray matter volume in

each ROI were compared between the DLB and CU
groups by using atlas-based ROI analysis with condi-
tional logistic regression accounting for the matching.
In a supplemental analysis, the differences in annualized
change in flortaucipir SUVr between amyloid-β positive
and negative DLB were tested using t tests.
In the DLB and the CU groups, Pearson correlations

were used to assess the associations between annualized
change in flortaucipir SUVr and annualized change in
cortical gray matter volume, and in the DLB group,
between annualized change in flortaucipir SUVr and
annualized change in clinical scales. Comparisons were
corrected using the false discovery rate (FDR) at the
ROI level. Both uncorrected P value and FDR q values
corrected results at P < 0.05 were reported as statisti-
cally significant findings. Statistical analyses were per-
formed using SAS statistical software version 9.4 (SAS
Institute, Cary, NC) and R statistical software version
3.6.2 (R Foundation for Statistical Computing, Vienna,
Austria).

Data Availability
Anonymized data not published within this article

will be made available by request from any qualified
investigator.

Results

Baseline demographic, clinical, and cognitive charac-
teristics of participants in the DLB and CU groups mat-
ched on age and sex are summarized in Table 1.
Because of matching, patients with DLB and CU groups
were similar in age and sex. Although 50% of the
patients with DLB and only 18% of the CU were apoli-
poprotein E ε4 carriers, this difference did not reach
statistical significance in this small sample (P = 0.067).
As expected, patients with DLB had worse cognitive
performance with a mean MMSE of 26 and abnormal
amyloid PiB of 68% compared with the CU mean
MMSE of 29 and amyloid PiB of 23%. Parkinsonism
and probable RBD were present in almost all of the
patients with DLB, followed by fluctuations (68%),
whereas visual hallucinations were less common (41%).
The average interval between the baseline and follow-
up visits was 1.6 years in both the DLB and CU
groups.

Group Differences in Longitudinal Flortaucipir
SUVr and Cortical Volume Changes

The tau PET ROIs were ranked according to statisti-
cal significance of the difference between patients with
probable DLB and the CU group for the annual change
in flortaucipir SUVr and cortical gray matter volume
(Fig. 1). The annual increase of flortaucipir SUVr was
greater in the DLB group compared with the CU group
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in the inferior parietal (mean 0.017 vs. �0.006;
P = 0.036), fusiform gyrus (0.019 vs. �0.003;
P = 0.042), and middle (0.017 vs. �0.006; P = 0.036)
and superior occipital cortices (0.019 vs. �0.005;
P = 0.047). Trajectory plots demonstrated the
flortaucipir SUVr at each time point for each partici-
pant for these four ROIs (Supplemental Fig. 1). Greater
rates of cortical atrophy were found in the similar
regions of superior (�0.210 vs.�0.033; P = 0.039) and
inferior temporal (�0.326 vs. �0.058; P = 0.044) cor-
tices and temporal pole superior (�0.132 vs. 0.0001;
P = 0.042), fusiform gyrus (�0.221 vs. �0.057;
P = 0.033), and inferior parietal cortices (�0.095
vs. �0.021; P = 0.042) in patients with probable DLB
compared with the CU group. None of the regions
remained statistically significant after FDR correction
for multiple comparisons. In the supplemental analysis,
we did not find any differences in the longitudinal
change in flortaucipir SUVr among the patients with
probable DLB who were amyloid-β positive or
negative.

Associations of Flortaucipir SUVr with Cortical
Gray Matter Atrophy

The longitudinal increase in flortaucipir SUVr was
associated with longitudinal cortical atrophy in a num-
ber of ROIs in patients with DLB, including the middle
(r = �0.506; P = 0.038) and inferior occipital
(r = �0.553; P = 0.021), inferior temporal

(r = �0.523; P = 0.038), and inferior parietal
(r = �0.549; P = 0.023) cortices; hippocampus
(r = �0.554; P = 0.021); and middle temporal pole
(r = �0.783; P < 0.001; Supplemental Fig. 2). After
applying FDR correction for multiple comparisons,
only the middle temporal pole remained statistically sig-
nificantly associated between longitudinal increase in
flortaucipir SUVr and the rates of cortical atrophy
(FDR P = 0.008). To topographically display these
results, we color coded the MCALT atlas regions by
grouping regions with differences on their magnitude
into the following three levels: nonsignificant, P < 0.05,
and FDR P < 0.05 (Fig. 2).
In the CU, the longitudinal increase in flortaucipir

SUVr was associated with longitudinal cortical atrophy
and in the medial superior frontal gyrus (r = �0.505;
P = 0.039), but the association did not reach statistical
significance after correcting for multiple comparisons
(FDR P < 0.05; Supplemental Fig. 3).

Association of Longitudinal Change in
Flortaucipir SUVr with Clinical Disease

Progression
In ROIs with higher rates of increase in flortaucipir

SUVr in patients with DLB compared with CU, we
investigated the correlations of longitudinal change in
flortaucipir SUVr with the longitudinal change in
MMSE and CDR-SOB. Among the patients with DLB,
a longitudinal increase in flortaucipir SUVr was

TABLE 1 Baseline characteristics of participants

Characteristic CU, n = 22 DLB, n = 22 P value*

Age, y, mean (SD) 71.3 (6.0) 70.7 (5.9) 0.25

Male, n (%) 20 (91) 20 (91) 1.00

APOE ε4 carrier, n (%) 4 (18) 11 (50) 0.067

Education, y, mean (SD) 15.5 (2.8) 15.6 (2.8) 0.96

Scan interval, y, mean (SD) 1.6 (0.5) 1.6 (0.7) 0.61

Abnormal PiB SUVr, n (%) 5 (23) 15 (68) 0.022

MMSE, mean (SD) 28.8 (0.9) 26.0 (2.5) 0.025

CDR-SOB, mean (SD) 0.1 (0.3) 3.2 (1.5) <0.001

UPDRS, mean (SD) – 15.3 (9.2)

Visual hallucinations, n (%) – 9 (41)

Fluctuations, n (%) – 15 (68)

Parkinsonism, n (%) – 22 (100)

RBD, n (%) --- 21 (95)

Data shown are the mean (SD) listed for the continuous variables and count (percentage) for the categorical variables.
*P values for differences between groups come from a conditional logistic model with the exception of the CDR-SOB, which used an exact conditional logistic model.
Abbreviations: CU, cognitive unimpaired controls; DLB, dementia with Lewy bodies; SD, standard deviation; APOE ε4, apolipoprotein E ε4; PiB, Pittsburgh compound-B;
SUVr, standardized uptake value ratio; MMSE, Mini-Mental State Examination; CDR-SOB, Clinical Dementia Rating Scale–Sum of Boxes; UPDRS, Unified Parkinson’s Dis-
ease Rating Scale; RBD, rapid eye movement sleep behavior disorder.
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correlated with a concurrent decline on MMSE in the
superior (r = �0.43; P = 0.047) and middle occipital
cortices (r = �0.45; P = 0.035) and fusiform gyrus
(r = �0.61; P = 0.002) as well as a concurrent increase
in CDR-SOB in the middle occipital cortex (r = 0.47;

P = 0.029) and the fusiform gyrus (r = 0.44;
P = 0.043; Fig. 3). In addition, we combined the fusi-
form gyrus and superior and middle occipital cortices
as meta-ROIs. The longitudinal increase in flortaucipir
SUVr in the meta-ROI also correlated with a

FIG. 1. Annual change of cortical GM volume (left) and flortaucipir standardized uptake value ratio (right) in individual regions of interest in patients with
probable dementia with Lewy bodies compared with controls. Median annual change of flortaucipir standardized uptake value ratio and cortical volume
from the atlas regions of interest and the interquartile ranges are presented with box plots between groups. Regions of interest are ordered according
to the level of statistical significance of the difference between patients with probable dementia with Lewy bodies and controls from conditional logistic
models (P < 0.05 in red). The false discovery rate q values were not listed because there were no significant findings. GM, gray matter; Inf, inferior; Mid,
middle; Sup, superior; Post, posterior; Oper, operculum; Orb, orbital; Tri, triangular; Ant, anterior.
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concurrent decline on the MMSE (r = �0.516;
P = 0.014) and a concurrent increase in CDR-SOB
(r = 0.432; P = 0.045).

Discussion

In this longitudinal study of flortaucipir PET, we
found that the annual increase of flortaucipir SUVr was
greater in the lateral occipital cortices, fusiform gyrus,
and inferior parietal cortex in patients with DLB com-
pared with CU. These increases flortaucipir SUVr were
modestly higher than controls and did not survive the
correction for multiple comparisons using FDR. In the
patients with DLB, the longitudinal increases in
flortaucipir SUVr were associated with greater cortical
atrophy in the inferior temporoparietal cortices, hippo-
campus, temporal pole, and the lateral occipital corti-
ces. These associations in the temporoparietal and
occipital cortices were not observed in the CU group.
Furthermore, among these regions, the longitudinal
increase in flortaucipir SUVr observed in both the fusi-
form gyrus and occipital cortices correlated with a con-
current worsening in MMSE and CDR-SOB in patients
with DLB.

We had previously published the pattern of higher
flortaucipir SUVr in the middle and superior occipital,
fusiform, and inferior parietal cortices in a subset of
participants of the current study, compared with con-
trols, consistent with cross-sectional flortaucipir PET
findings in DLB by others.9,10,23 In this longitudinal
study of flortaucipir PET, we found that the annual
increase of flortaucipir SUVr was greater in the lateral
occipital cortices, fusiform gyrus, and inferior parietal
cortex in patients with DLB compared with CU. These
increases in flortaucipir SUVr were modestly higher
than controls and did not survive the correction for
multiple comparisons using FDR. Hence, our ROI-
based results show that the pattern of longitudinal
increase in flortaucipir SUVr over and average of
1.6 years occurs in regions that are already involved
with the NFT tau pathology in DLB. This alignment
between the cross-sectional and longitudinal pattens of
tau accumulation in a short period of follow-up is con-
sistent with the longitudinal pattern of increase in
flortaucipir SUVr in AD, where flortaucipir SUVr
increases in regions that already have elevated
flortaucipir SUVr within 1 to 2 years.19,21 Annualized
rates of tau accumulation were not different between
patients who were amyloid-β positive and DLB

FIG. 2. Region-by-region correlations of annualized rates of cortical gray matter volume change with annualized rates of flortaucipir standard value
uptake unit ratio change in patients with probable DLB. Correlation coefficients, uncorrected P values, and the FDR q values after correction for multi-
ple comparisons are listed for each of the 38 regions of interest (left). Ranking was based on the correlation coefficient, and the red labels indicate sta-
tistically significant findings (P < 0.05). A three-dimensional projection of cortical regions of interest are grouped and thresholded at three levels of
statistical significance as shown in the color scale: gray for nonsignificant, yellow for P < 0.05, and orange for FDR P < 0.05 (right). DLB, dementia with
Lewy bodies; FDR, false discovery rate; Inf, inferior; Mid, middle; PET, positron emission tomography; Sup, superior; Orb, orbital; Tri, triangular; Oper,
operculum; Ant, anterior; Post, posterior.
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FIG. 3. Associations of annualized change in flortaucipir SUVr and concurrent change in the MMSE and CDR-SOB in the superior and middle occipital
cortices and the fusiform gyrus. Pearson correlation coefficients and P values are displayed for each of the correlation analyses. CDR, Clinical Demen-
tia Rating; CDR-SOB, Clinical Dementia Rating–Sum of Boxes; MMSE, Mini-Mental State Examination; SUVr, standard value uptake unit ratio.
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negative, likely because of the small subgroup size, and
this needs to be investigated in a larger cohort.
The longitudinal tau accumulation was associated

with the longitudinal cortical atrophy in a region-to-
region correlation analysis in patients with DLB.
Except for the superior medial frontal lobe region,
these correlations did not reach statistical significance
in the CU group, suggesting that this pattern of infe-
rior temporoparietal and occipital tau accumulation
and corresponding neurodegeneration is possibly a
feature of DLB with coexisting AD and does not
extend to those who are cognitively unimpaired.
Greater whole-brain11,38 and cortical38 atrophy rates
have been previously found in patients with mixed
AD and Lewy body pathology, but not in those with
pure Lewy body pathology compared with healthy
aging controls. Furthermore, atrophy on MRI has
been associated with NFT tau but not with
α-synuclein using digital histopathology techniques
both in the medial temporal lobe and the neocortex at
autopsy.25,26

Taken together with the findings of the current study,
NFT tau pathology appears to significantly contribute
to cortical neurodegeneration in patients with DLB with
coexisting AD. However, this relationship between the
rates of flortaucipir SUVr increase and atrophy was not
present in all of the ROIs with increased atrophy rates
in DLB in the current study. For example, we found
increased rates of atrophy in the insula, but not
increased rates of tau accumulation in that region, and
neither did we find a correlation between tau accumula-
tion and atrophy in the insula. The insula has been
shown to be one of the atrophic regions at the prodro-
mal stage in DLB.39,40 It is possible that insular atrophy
in DLB is specific to Lewy body pathology starting from
the prodromal stages. Both the18F fluorodeoxyglucose
PET and perfusion MRI studies indicate significant
reductions in glucose metabolism and perfusion in the
parietal and occipital regions in DLB,23,41 suggesting
that metabolic and perfusion changes related to Lewy
body disease may not be fully captured on structural
MRI. It is important to distinguish regions that undergo
neurodegeneration associated with NFT tau, α-syn-
uclein, or both to determine the regional measurements
that would be optimal biomarkers for clinical trials
targeting one or more of the protein deposits in DLB.
The rate of increase in flortaucipir SUVr in the fusi-

form gyrus and lateral occipital cortex were each asso-
ciated with greater rates of decline on the MMSE and
an increase in CDR-SOB scores. Coexisting NFT tau
pathology or biomarker-based tau positivity in patients
with DLB have been associated with more severe clini-
cal disease,1,2,5-10 lower MMSE scores,4,42-44 and
decreased overall survival and faster clinical progres-
sion.1,4,8,13-15 Our current data further support these
findings from cross-sectional studies by demonstrating

that accelerated tau accumulation is associated with
concurrent clinical progression.
A strength of this study is that we measured the longi-

tudinal rates of tau accumulation and concurrent rates of
cortical atrophy in DLB compared with an age-matched
and sex-matched CU group. We further investigated the
pattern of accelerated rates of tau accumulation in DLB
and its regional relationships with atrophy and clinical
progression in DLB. A limitation of our study is the rela-
tively small sample size and a relatively short average
follow-up period of 16 months, which may have limited
our observation of differences among the subgroups of
participants who were amyloid-β positive or negative.
Nonetheless, the rates of tau accumulation in DLB were
still faster than the CU within an average of 1.6 years. In
addition, there may be some off-target retention of
flortaucipir in the choroid plexus that may impact appar-
ent retention in the hippocampus in baseline PET analy-
sis, but it would have a minor impact on the longitudinal
results in the current study.
NFT tau accumulation is faster in patients with DLB

compared with CU, with increased accumulation rates
mainly in the temporoparietal and lateral occipital cor-
tices. Increased rates of NFT tau accumulation in DLB
are associated with topographically concurrent rates of
atrophy and clinical progression. Although it is not pos-
sible to fully attribute cortical atrophy in DLB to NFT
tau accumulation, NFT tau pathology seems to be an
important component of neurodegeneration and clinical
progression in DLB. Our results suggest that patients
with DLB may benefit from tau-directed therapies;
therefore, NFT tau can be a potential target for future
combination therapies in probable DLB.
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