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ABSTRACT: Background: Corticobasal syndrome is
associated with cerebral protein aggregates composed
of 4-repeat (�50% of cases) or mixed 3-repeat/4-repeat
tau isoforms (�25% of cases) or nontauopathies (�25%
of cases).
Objectives: The aim of this single-center study was to
investigate the diagnostic value of the tau PET-ligand
[18F]PI-2620 in patients with corticobasal syndrome.
Methods: Forty-five patients (71.5 � 7.6 years) with cor-
ticobasal syndrome and 14 age-matched healthy con-
trols underwent [18F]PI-2620-PET. Beta-amyloid status
was determined by cerebral β-amyloid PET and/or CSF
analysis. Subcortical and cortical [18F]PI-2620 binding
was quantitatively and visually compared between
β-amyloid-positive and -negative patients and controls.
Regional [18F]PI-2620 binding was correlated with clinical
and demographic data.
Results: Twenty-four percent (11 of 45) were β-amyloid-
positive. Significantly elevated [18F]PI-2620 distribution
volume ratios were observed in both β-amyloid-positive
and β-amyloid-negative patients versus controls in the
dorsolateral prefrontal cortex and basal ganglia. Cortical

[18F]PI-2620 PET positivity was distinctly higher in
β-amyloid-positive compared with β-amyloid-negative
patients with pronounced involvement of the dorsolateral
prefrontal cortex. Semiquantitative analysis of [18F]PI-
2620 PET revealed a sensitivity of 91% for β-amyloid-
positive and of 65% for β-amyloid-negative cases, which
is in excellent agreement with prior clinicopathological
data. Regardless of β-amyloid status, hemispheric later-
alization of [18F]PI-2620 signal reflected contralateral pre-
dominance of clinical disease severity.
Conclusions: Our data indicate a value of [18F]PI-2620
for evaluating corticobasal syndrome, providing quantita-
tively and regionally distinct signals in β-amyloid-positive
as well as β-amyloid-negative corticobasal syndrome. In
corticobasal syndrome, [18F]PI-2620 may potentially
serve for a differential diagnosis and for monitoring dis-
ease progression. © 2021 The Authors. Movement Disor-
ders published by Wiley Periodicals LLC on behalf of
International Parkinson and Movement Disorder Society

Key Words: tau; PET; corticobasal syndrome; four-
repeat tauopathies; Alzheimer’s disease

Corticobasal syndrome (CBS) is a rare adult-onset
disorder characterized by a combination of cortical
signs and movement disorder signs. Clinically, CBS can
be diagnosed using the Movement Disorder Society
(MDS) criteria for progressive supranuclear palsy
(PSP)1 or the corticobasal degeneration (CBD) criteria.2

The pathology of CBS is characterized by 4-repeat
(4R) tau aggregation in CBD and PSP (approximately
50% of patients) or by mixed 3-repeat/4-repeat
(3R/4R) tau aggregation in Alzheimer’s disease
(AD) pathology (about 25%).1-4 The 4R tauopathies
are characterized by intracellular aggregates of tau
isoforms with 4 repeats in the microtubule-binding
domain in neurons, astrocytes, and oligodendrocytes.
There are proposals to classify CBD and PSP as closely
related variants within a coherent disease spectrum,
that is, 4R tauopathies.1,5 In rare cases, CBS with rapid
decline and early death after diagnosis can occur in
prion disease6 or C9orf72 mutation carriers.7 Antemor-
tem misdiagnosis of CBS and the underlying patholo-
gies is very common8,9 because of a lack of reliable
biomarkers and overlapping phenotypes of the different
neuropathologies.4,10 Diagnostic biomarkers are only
available for CBS with underlying AD pathology,
including β-amyloid (Aβ) PET and quantification of Aβ,
total, and phosphorylated tau concentrations in cere-
brospinal fluid (CSF).11-13 The definite diagnosis of the
different neuropathological entities underlying CBS
relies on postmortem examination. The precise ante-
mortem diagnosis of the molecular pathologies in

individual CBS patients, however, becomes more
important, as molecularly targeted therapies for the
underlying proteinopathies are being developed.4,10

Multiple radioligands for PET are currently investi-
gated for their potential to detect tau deposits in vivo.
In the first generation of tau-targeting tracers, off-target
binding, for example, to monoamine-oxidase B,14,15

limited the specific visualization of tau burden
in vivo.16-19 The newer tau PET ligand [18F]PI-262020

showed less off-target binding to monoamine oxidases,
high affinity to 3R/4R tau in AD and recently also rev-
ealed binding in the 4R tauopathy PSP.21

Therefore, we investigated the utility of [18F]PI-2620
as an in vivo biomarker for CBS and its heterogeneous
underlying molecular entities.

Material and Methods
Participants and Clinical Evaluation

The study cohort is embedded in Activity of Cerebral
Networks, Amyloid and Microglia in Aging and
Alzheimer’s Disease (ActiGliA), a prospective cohort
study at Ludwig-Maximilians-University (LMU),
approved by the local ethics committee (project number
17-755; see File S1 for details; human PET analyses
project numbers 17-569 and 19-022). Written informed
consent was obtained from all participants in accor-
dance with the Declaration of Helsinki.
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Clinical diagnosis of CBS was made as defined in the
MDS-PSP criteria.1 All enrolled patients also fulfilled
the Armstrong criteria of probable or possible CBD-
CBS.2 Only patients with negative family history for
Parkinson’s disease and AD were included.
Disease duration was defined as the time between

symptom onset and clinical assessment. For clinical rat-
ing, we used the PSP rating scale (PSPRS)22 and the PSP
clinical deficits scale (PSP-CDS).23 Functional indepen-
dence was measured using the Schwab and England
Activities of Daily Living (SEADL) scale.24 Cognitive
state was assessed with the Montreal Cognitive Assess-
ment (MoCA) scale.25 The Dementia Apraxia Test
(DATE)26 was used for assessment of buccofacial and
upper limb apraxia. Verbal fluency was tested using the
lexical fluency task from the Frontal Assessment
Battery.27

Aβ concentration and Aβ ratio in CSF and [18F]
flutemetamol PET served for assessment of the Aβ sta-
tus (see Methods section, below). In healthy controls,
[18F]florbetaben PET within 12 months prior to study
inclusion was also accepted. In case of β-amyloid posi-
tivity in CSF or PET, patients were classified as CBS
with underlying AD pathology (Aβ-positive CBS; Aβ[+]
CBS).12 In case of β-amyloid negativity (Aβ-negative
CBS; Aβ[�]CBS), patients were subclassified as CBS
with either “suggestive” or “probable” underlying 4R
tauopathy.28,29

The [18F]PI-2620 PET was performed in 45 CBS
patients (see Methods section, below). Distribution of
[18F]PI-2620 tracer binding of 8 patients included in
the current report has already been reported
previously.21

Results were compared with 14 age-matched cogni-
tively healthy individuals without motor or cognitive
signs or symptoms (CTRL). Four were scanned in
Munich, and 10 were scanned in New Haven or Mel-
bourne.21 There were no statistically significant differ-
ences in binding characteristics of [18F]PI-2620 between
external and inhouse controls (Table S1 in File S1).
The regional [18F]PI-2620 distribution of Aβ(+)CBS

and Aβ(�)CBS patients in the central region for pattern
analysis was compared with 12 patients with typical
AD dementia or mild cognitive impairment (MCI)
according to the diagnostic criteria of the National
Institute on Aging and Alzheimer’s Association12 from
the ActiGliA cohort. The AD cohort has partially been
published previously.21

PET Imaging
Tau-PET Acquisition and Analysis

The [18F]PI-2620 acquisition, reconstruction, and
harmonization across scanners at the Department of
Nuclear Medicine at LMU were performed as described

previously21 (see File S1 for details). The subcortical
target regions (putamen, globus pallidus externus,
globus pallidus internus, subthalamic nucleus, sub-
stantia nigra, dentate nucleus, midbrain), the dorsolat-
eral prefrontal cortex (DLPFC), and the medial
prefrontal cortex were identical to the earlier analysis
in PSP. Motor cortex, temporal mesial, temporal lat-
eral, parietal, anterior cingulate gyrus, and postcentral
cortical target regions of the Hammers atlas30 were
introduced as additional target regions. The maximum
distribution volume ratio (DVR) of bilateral regions
was used for group comparisons with account for
asymmetric tracer distribution in CBS. All images of
clinically left-dominant CBS patients were flipped for
image visualization. Voxels with a DVR ≥ mean value
(MV) + 2 standard deviations (SDs) of the controls
were defined as positive and the percentage of positivity
was calculated in Aβ(+)CBS, Aβ(�)CBS, and typical
AD. The comparison was performed qualitatively. To
address potential differences in tracer affinity to 4R-
and 3R/4R tau,20 we generated binarized voxel-based
maps of [18F]PI-2620 positivity for all patients and
compared the percentage of voxel positivity between
Aβ(+)CBS and Aβ(�)CBS. The 12 Aβ-positive patients
with typical AD were processed the same way and com-
pared with CBS patients.

Assessment of Aβ Status
[18F]Flutemetamol, or [18F]Florbetaben, PET in some

controls, was primarily used to detect Aβ deposition,
indicating underlying AD pathophysiology. Eighty-four
percent of CBS patients (38 of 45) and 100% of control
subjects underwent Aβ-PET imaging as described previ-
ously31,32 (see details in theFile S1). CSF Aβ was
assessed in 87% of patients (39 of 45) and in all
patients without Aβ-PET. Threshold for Aβ ratio (Aβ
[1–42]/Aβ [1–40]) was set to <5.5% according to stan-
dardized laboratory diagnostics at LMU.

Statistical Analyses
SPSS (V25; IBM, Ehningen, Germany) was used for

statistical testing. Statistical significance was set at
P < 0.05. Age, PSPRS, PSP-CDS, DATE, SEADL, verbal
fluency test, disease duration, and MoCA were com-
pared between the different study groups (Aβ[+]CBS,
Aβ[�]CBS, controls) by a 1-way analysis of variance,
whereas sex was subject to a chi-square test. [18F]PI-
2620 DVRs of predefined target regions (maximum
value of bilateral regions) were compared between the
study groups by multivariate analysis of variance
including age and sex as covariates as well as false dis-
covery rate correction33 for multiple brain regions. A
region-based classification was performed by a semi-
quantitative analysis, defining regional DV R ≥ MV
+ 2 SD of the controls as positive. One positive target
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region classified the subject as positive (dichotomous)
for the [18F]PI-2620 scan.
Partial correlations (Pearson’s coefficient of correla-

tion [R]) were calculated for [18F]PI-2620 DVR in
predefined regions (maximum value of bilateral regions)
with PSPRS, PSP-CDS, SEADL, DATE, disease dura-
tion, verbal fluency test, and MoCA, controlled for age
and sex. The analysis was performed separately for Aβ
(+)CBS and Aβ(�)CBS.
Asymmetry of [18F]PI-2620 PET scans was judged

visually and semiquantitatively. An expert reader rated
the presence of asymmetric tracer distribution of the
whole scan taking cortical and subcortical regions into
account (none, left, right). The asymmetry index for
[18F]PI-2620-binding asymmetry was calculated using a
subcortical volume of interest composed of the putamen
and the globus pallidus because the topology of asym-
metry in cortical regions was too heterogeneous for a
standardized quantification. Clinical symptoms were
graded for asymmetry as 0 (both sides equally affected),
1 (mild clinical asymmetry), 2 (moderate clinical asym-
metry), or 3 (strong clinical asymmetry) for left and
right hemispheres based on a movement disorder spe-
cialist’s neurological examination and clinical score
findings in the PSPRS and DATE. Agreement of visual
[18F]PI-2620-PET asymmetry and the presence of con-
tralateral clinical symptom asymmetry (≥1, asymmetric)
was assessed by Fleiss-Kappa. For semiquantitative

analysis, Spearman’s coefficient of correlation (rs) was
calculated between the asymmetry index of [18F]PI-
2620 PET and clinical asymmetry.

Results
Demographics and Amyloid Status

Performance of [18F]PI-2620 PET occurred in
45 patients (71.5 � 7.6 years) and 14 age-matched con-
trols without clinical evidence of neurodegenerative dis-
eases (67.4 � 9.5 years). Detailed demographic and
clinical data of the study sample are provided in
Table 1. Single patient data are provided in File S1
(Table S2 in File S1).
As positive controls for the Aβ PET and CSF ana-

lyses, we used data from 12 patients with typical AD
(8 women, 4 men; 67.0 � 8.1 years; 6 with dementia,
6 with MCI), reported in detail elsewhere.21 In all AD
cases, the Aβ status was positive in both CSF and PET.
In the sample of the current study, all 14 controls

were amyloid negative (Aβ[�]) in Aβ PET. In all
34 CBS patients with both Aβ PET and CSF available,
the Aβ status was consistent for both biomarkers (8 Aβ[
+]/26 Aβ[ �]).
Twenty-four percent of the CBS cohort (11 of 45)

were amyloid positive, indicating AD pathology with
atypical, nonamnestic clinical manifestations. Seventy-

TABLE 1 Demographics at group level

Demographics All CBS Aβ(+) CBS Aβ(�) CBS CTRL

n 45 11 34 14

Sex 18 ♂/27 ♀ 3 ♂/8 ♀ 15 ♂/19 ♀ 5 ♂/9 ♀

Age at examination (y) 71.5 � 7.6 76.2 � 4.6b,c 69.9 � 7.7c 67.4 � 9.5

Age at disease onset (y) 68.7 � 7.7 73.5 � 4.6c 67.1 � 7.9 c n.a.

Disease duration (mo) 32.7 � 19.7 32.0 � 20.1 32.8 � 19.3 n.a.

PSPRS 25.7 � 12.0 23.3 � 5.6 26.5 � 13.3 n.a.

PSP-CDS 2.1 � 1.0 2.2 � 1.0 1.9 � 0.6 n.a.

SEADL 64.8 � 17.8 66.7 � 8.2 64.2 � 19.8 n.a.

Verbal fluency test 1.7 � 1.1 1.4 � 1.1 1.8 � 1.1 n.a.

MoCA 21.3 � 6.1 16.9 � 7.3b,c 22.6 � 5.2a,c 28.8 � 1.6

DATE 41.3 � 13.2 32.6 � 12.6c 43.9 � 12.4c n.a.

Aβ-positive PET ([18F]flutemetamol or [18F]
florbetaben)

9/38 9/9 0/29 0/14

Aβ-positive CSF (Aβ ratio < 5.5%) 10/41 10/10 0/31 0/4

Diagnostic allocation 11 atypical AD with
CBS

17 probable CBD-CBS,
17 possible CBD-CBS2,

24 probable 4R
tauopathy,

10 s.o. PSP-CBS1

n.a.

Data are presented as mean � standard deviation, unless indicated otherwise. Demographics were statistically tested by ANOVA or chi-square test.
aP < 0.05; bP < 0.01 of group differences between study population and controls; cP < 0.05 of group differences between Aβ-positive and Aβ-negative CBS patients.
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FIG. 1. Voxel-based differences in [18F]PI-2620 binding in predefined tauopathy target regions. (A) Average [18F]PI-2620 distribution volume ratio (DVR) bind-
ing maps presented as axial overlays on a standard MRI template for all study groups (Aβ[+]CBS, n = 11; Aβ[�]CBS, n = 34; and controls (CTRL), n = 14).
Extracerebral voxels were masked. Images from patients with left-dominant symptoms were flipped. (B, C) [18F]PI-2620 DVR comparison between Aβ(+)
CBS, Aβ(�) CBS, and CTRL for 14 evaluated subcortical (B) and cortical (C) target regions. Statistics derive from multivariate analysis of variance including
age and sex as covariates and false discovery rate correction for multiple brain regions. Error bars indicate standard error. *P < 0.05; **P < 0.01; ***P < 0.001
indicate significant [18F]PI-2620-DVR group differences of Aβ(+)CBS and Aβ(�)CBS versus CTRL. [Color figure can be viewed at wileyonlinelibrary.com]

2108 Movement Disorders, Vol. 36, No. 9, 2021

P A L L E I S E T A L

 15318257, 2021, 9, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.28624 by D
eutsches Z

entrum
 Für N

eurodeg, W
iley O

nline L
ibrary on [21/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


six percent (34 of 45) were amyloid negative (Aβ[�]
CBS), of which 10 qualified for “suggestive of PSP with
CBS phenotype” and 24 for “probable 4R tauopathy”1;
17 cases each fulfilled the diagnosis of CBS with “possi-
ble CBD” or “probable CBD,” respectively.2
Age at examination of Aβ(+)CBS patients (76.2 �

4.6 years) was significantly higher compared with both

Aβ(�)CBS (69.9 � 7.7 years, P = 0.0156) and controls
(67.4 � 9.5 years, P = 0.0097). The 2 groups did not
significantly differ with regard to disease duration/
severity, activities of daily living, and verbal fluency
(Table 1).
MoCA was significantly reduced versus controls

(28.8 � 1.6) in both Aβ(+)CBS (16.9 � 7.3, P = 0.004)

TABLE 2 [18F]PI-2620-PET results at group level

[18F]PI-2620 distribution volume ratio Cohen’s d

Subcortical
target
regions Aβ(�)CBS, n = 34 Aβ(+)CBS, n = 11 CTRL, n = 14

Aβ(�)
CBS/
CTRL

Aβ(+)
CBS/
CTRL

Globus
pallidus
externus

1.143 � 0.104 (1.107–1.179)b 1.144 � 0.083 (1.088–1.200)a 1.037 � 0.063 (1.000–1.073) 1.242 1.453

Globus
pallidus
internus

1.154 � 0.098 (1.120–1.189)b 1.146 � 0.065 (1.102–1.189) 1.053 � 0.089 (1.002–1.105) 1.082 1.190

Putamen 1.171 � 0.094 (1.139–1.204)c 1.174 � 0.088 (1.115–1.232)a 1.028 � 0.061 (0.992–1.063) 1.813 1.926

Subthalamic
nucleus

1.192 � 0.079 (1.165–1.220)b 1.148 � 0.085 (1.091–1.205) 1.085 � 0.103 (1.025–1.144) 1.173 0.672

Substantia
nigra

1.171 � 0.067 (1.147–1.194) 1.121 � 0.077 (1.069–1.172) 1.118 � 0.070 (1.077–1.158) 0.769 0.037

Dentate
nucleus

1.135 � 0.065 (1.112–1.158) 1.117 � 0.043 (1.088–1.146) 1.103 � 0.031 (1.085–1.121) 0.630 0.385

Midbrain 0.999 � 0.070 (0.975–1.024) 0.962 � 0.078 (0.909–1.014) 0.975 � 0.071 (0.935–1.016) 0.337 �0.184

Cortical
target
regions Aβ(�)CBS, n = 34 Aβ(+)CBS, n = 11 CTRL, n = 14

Aβ(�)
CBS/
CTRL

Aβ(+)
CBS/
CTRL

MPFC 0.942 � 0.073 (0.916–0.967) 1.043 � 0.149 (0.943–1.143)a 0.910 � 0.062 (0.874–0.947) 0.455 1.156

DLPFC 0.979 � 0.061 (0.957–1.000)a 1.093 � 0.195 (0.962–1.224)a 0.925 � 0.045 (0.899–0.951) 1.000 1.186

Motor
cortex

0.893 � 0.105 (0.856–0.930) 1.064 � 0.257 (0.891–1.237)a 0.861 � 0.099 (0.804–0.919) 0.307 1.040

Anterior
cingulate
gyrus

0.849 � 0.059 (0.828–0.870) 0.902 � 0.138 (0.809–0.995) 0.874 � 0.088 (0.823–0.925) �0.332 0.243

Postcentral
gyrus

0.891 � 0.071 (0.866–0.916) 1.021 � 0.244 (0.857–1.184)a 0.879 � 0.071 (0.838–0.920) 0.173 0.788

Parietal
lobe

0.942 � 0.065 (0.919–0.965) 1.080 � 0.277 (0.894–1.266)a 0.928 � 0.073 (0.885–0.970) 0.207 0.753

Temporal
mesial
lobe

0.963 � 0.047 (0.946–0.979) 1.049 � 0.087 (0.991–1.107) 0.965 � 0.057 (0.932–0.998) �0.039 1.147

Temporal
lateral
lobe

0.955 � 0.045 (0.939–0.970) 1.073 � 0.142 (0.977–1.168)a 0.958 � 0.051 (0.929–0.988) �0.079 1.072

Values represent regional group means of [18F]PI-2620 distribution volume ratios as determined by PET imaging, the standard error, and their 95% confidence interval in
predefined subcortical and cortical brain areas and the effect size Cohen’s d. Single subject values are illustrated in Figure 1. Significance levels are indicated by aP < 0.05,
bP < 0.01, cP < 0.001. P values were derived from multivariate analysis of variance with age and sex as covariates and false discovery rate correction for multiple brain regions.
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and Aβ(�)CBS (22.6 � 5.2, P = 0.0124), with Aβ(+)
CBS patients significantly more affected by cognitive
impairment than Aβ(�)CBS patients (P = 0.0126).
The DATE yielded significantly lower scores (indicat-

ing more prominent apraxia) in Aβ(+)CBS patients
(32.6 � 12.6) compared with Aβ(�)CBS patients (43.9 �
12.4, P = 0.0294).

Distribution of [18F]PI-2620 Binding
Predefined subcortical regions of interest had signifi-

cantly elevated [18F]PI-2620 DVRs in both CBS groups
versus controls, with the strongest differences in puta-
men (Fig. 1A,B; Table 2). Aβ(+)CBS displayed higher
[18F]PI-2620 DVRs compared with controls in several
cortical target regions (Fig. 1A,C; Table 2). Aβ(�)CBS

patients showed higher [18F]PI-2620 DVRs compared
with controls in the DLPFC (Fig. 1A,C; Table 2).
In both CBS groups, regional subcortical [18F]PI-

2620 positivity (threshold > MV + 2 SD of controls)
was of similar magnitude (Fig. 2A,B). Aβ(+)CBS
patients yielded regional [18F]PI-2620 positivity com-
pared with Aβ(�)CBS in cortical areas, most pro-
nounced in the central region and prefrontal cortex
(Fig. 2A,B). Only Aβ(+)CBS patients also showed
regional [18F]PI-2620 positivity versus controls in pre-
and postcentral gyri, which were spared in Aβ(+) typi-
cal AD patients with amnestic syndromes,21 used as a
positive control data set (Fig. 2B,C).
A multiregion classifier for [18F]PI-2620 using a DVR

threshold (>MV + 2 SD of controls) was calculated to

FIG. 2. Regional [18F]PI-2620 PET positivity. (A) Aβ(�)CBS, n = 34; (B) Aβ(+)CBS, n = 11; (C) typical AD, n = 12. (A–C) [18F]PI-2620 PET percentage
positivity of single voxels was calculated in a 2-step approach. First, binarized maps of [18F]PI-2620 PET positivity were calculated for each patient
against controls (MV + 2 SD control threshold). Second, the percentage positivity within the groups of Aβ(+)CBS, Aβ(�)CBS, and Aβ(+)-typical AD was
calculated and illustrated. Arrows highlight the pre- and postcentral gyri that are spared from tracer deposition in Aβ(+) typical AD but rich in tracer
deposition in Aβ(+)CBS. (D) For a multiregion classifier for diagnosis of CBS by [18F]PI-2620 PET, semiquantitative classification (red, positive;
green, negative) of CBS target regions was performed by applying a threshold of mean + 2 standard deviations as obtained from the controls without
objectified memory impairment and with intact motor function. One positive region defined the scan as global positive (Global). Aβ(�)CBS patients are
arranged according to the MDS-PSP criteria.1 [Color figure can be viewed at wileyonlinelibrary.com]
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identify CBS patients based on PET data (Fig. 2D). This
approach yielded a sensitivity of 71% for the total
cohort (32 of 45), of 91% for Aβ(+)CBS, and of 65%
for Aβ(�)CBS.

Cortical [18F]PI-2620 binding in predefined target
regions was positive in 47% of all patients (21 of 45),
in 82% of Aβ(+)CBS patients (9 of 11), and in 35% of
Aβ(�)CBS patients (12 of 34); see Figure 2D. The

FIG. 3. Correlations between clinical symptoms and [18F]PI-2620 PET in CBS. (A) Correlation matrix between [18F]PI-2620 DVR in all evaluated target
regions and clinical parameters. Color coding illustrates partial correlations (Pearson’s coefficient of correlation, red, positive; purple, negative) with cor-
rection for age and sex. The analysis was performed separately for Aβ-positive and Aβ-negative CBS patients. Only associations with a significance of
P < 0.05 are illustrated. (B–E) Key associations between parameters of disease duration/progression and [18F]PI-2620-DVR data. R/P values derive
from partial correlation, controlled for age and sex. (F) Asymmetric clinical presentation (asymmetry grading between left- and right-dominant symp-
toms) as a function of the [18F]PI-2620 PET asymmetry index in n = 41 CBS patients. The degree of association was calculated by Spearman’s correla-
tion coefficient. (G) Exemplary subcortical [18F]PI-2620-DVR binding in a clinically right-dominant patient (upper row) and a clinically left-dominant
patient (lower row). [Color figure can be viewed at wileyonlinelibrary.com]
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DLPFC was the most frequently involved cortical target
region compared with controls (Aβ(+)CBS, 73%; Aβ
(�)CBS, 32%).

Associations of [18F]PI-2620 Binding With
Clinical Symptoms

To assess the potential of [18F]PI-2620 as a bio-
marker of disease severity, a correlation analysis of
[18F]PI-2620 DVR in predefined target regions and clin-
ical parameters was performed.
Figure 3A shows a correlation matrix between all tar-

get regions and clinical parameters. In general, clinical
scales correlated well with each other in Aβ(�)CBS, but
less so in Aβ(+)CBS patients. Also [18F]PI-2620 DVRs
in subcortical regions correlated well with each other in
Aβ(�)CBS patients, but less so in Aβ(+)CBS patients.
Inversely, [18F]PI-2620 DVRs in cortical regions corre-
lated well with each other in Aβ(+)CBS patients, but
less so in Aβ(�)CBS patients.
Key associations between [18F]PI-2620-DVR data

and clinical parameters corrected for age, sex, and mul-
tiple comparisons are displayed in Figure 3B–E.
In Aβ(�)CBS, but not Aβ(+)CBS, disease duration

was positively correlated with [18F]PI-2620 DVRs in
the DLPFC (R = 0.405, P = 0.029; Fig. 3A,B). Also,
PSP-CDS scores were positively correlated with [18F]PI-
2620 DVRs in cortical regions (Fig. 3A), most pro-
nounced in the postcentral gyrus (R = 0.492,
P = 0.009; Fig. 3C) in Aβ(�)CBS, but not Aβ(+) CBS.
In Aβ(�)CBS patients, [18F]PI-2620 DVR in subcortical
target regions did not correlate significantly with clini-
cal parameters.
In contrast, in Aβ(+)CBS patients, PSP-CDS scores

were positively correlated with [18F]PI-2620 DVRs in
subcortical regions (Fig. 3A), most pronounced in the
substantia nigra (R = 0.881, P = 0.009; Fig. 3D). Also,
PSPRS scores were positively correlated with [18F]PI-
2620 DVR in the subthalamic nucleus (R = 0.910,
P = 0.004; Fig. 3A,E) in Aβ(+)CBS, but not Aβ(�)CBS.
Verbal fluency positively correlated with [18F]PI-2620
DVR in several cortical areas (Fig. 3A) only in Aβ(+)
CBS patients. Tracer binding did not significantly corre-
late with MoCA, DATE, or SEADL.
With regard to asymmetry of phenotype manifestations,

asymmetric presentation of subcortical and cortical symp-
toms coincided on the same side of the body in all
patients (see File S1 for details). An observer-blinded
visual read of the asymmetry of [18F]PI-2620 tracer
uptake matched the contralateral clinical dominance in
75% of cases (see Table S3 in File S1). A semiquantitative
analysis of asymmetry indicated that lateralization of the
[18F]PI-2620 signal reflected asymmetry of clinical symp-
toms in CBS to the hemisphere contralateral of the clinical
phenotype (rs = �0.536, P < 0.001; Fig. 3F). Figure 3G
shows an exemplary subcortical [18F]PI-2620-DVR

binding in a clinically left-dominant patient and right-
dominant patient.

Discussion

We present the first study applying the novel tau PET
tracer [18F]PI-2620 in a cohort of CBS patients with
underlying probable 3R/4R- or 4R tauopathy. Our data
indicate elevated tracer retention in cortical and subcor-
tical brain areas of Aβ(+)CBS and Aβ(�)CBS patients
when compared with cognitively healthy controls with-
out motor symptoms. Strongest binding differences
between CBS patients and controls were seen in the
putamen and in the globus pallidus. Cortical binding
was higher and more frequent in Aβ(+)CBS compared
with Aβ(�)CBS patients, with DLPFC being the most
frequently positive cortical area in both subgroups. In
additional, Aβ(+)CBS patients showed an elevated [18F]
PI-2620 binding in pre- and postcentral gyri in contrast
to amnestic AD patients. A positive [18F]PI-2620 PET
was observed in 91% of Aβ(+)CBS patients and in
65% of all Aβ(�)CBS patients, which is in excellent
agreement with prior clinicopathological data. Aβ sta-
tus in amyloid PET and CSF was coherent in all CBS
patients, with Aβ positivity in 24%. Asymmetry of
[18F]PI-2620-PET binding corresponded to the contra-
lateral dominance of the clinical phenotype.
The main question still remained: if the next-

generation tau-PET ligands have the ability to capture
4R tau in vivo. Subcortical brain areas are subject to
several relevant off-target sources such as
neuromelanin, iron, or microhemorrhage,34 but partic-
ularly cortical binding in 4R-tauopathy patients could
substantiate the claim to image 4R tau in vivo. Our pre-
vious [18F]PI-2620 investigation revealed blockable
tracer binding in cortical autoradiography of deceased
PSP patients, but we were not able to show an elevated
cortical signal of PSP patients against controls at the
group level by PET in vivo.21 In the current study, we
found a significantly elevated binding in the DLPFC of
Aβ(�)CBS patients compared with controls, which was
still present after correction for multiple comparisons.
Our observation fitted topologically to the cortical pre-
dilection sites of CBD, involving the motor cortices,
which are also characterized by the strongest neuronal
injury.35 Thus, although we acknowledge missing
autopsy validation in CBS patients, our data provide
the first promising data suggesting in vivo 4R-tau detec-
tion in an Aβ(�)CBS cohort by a next-generation tau
tracer with limited off-target binding.20 As a potential
caveat, we note that the tracer binding observed in our
study could still derive from a neuropathological pro-
cess very closely paralleling tau pathology. Claims of
4R-tau binding in vivo indeed need to be interpreted
with caution because a quantitative correlation between
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[18F]AV-1451 PET and 4R-tau burden in autopsy has
been reported36 despite the low or absent autoradiogra-
phy binding of this tracer.34,37 Earlier studies with the
2-arylquinoline [18F]THK5351 suggested to detect tau
in CBS in vivo,38 but the majority of the signal was
afterward reported to depend on monoamine oxidase
binding.39 However, a very recent study of [18F]PM-
PBB3 also showed tracer binding to 4R tau in vitro and
pathology controlled in vivo retention was observed in
the motor cortex of few CBS patients.40 There have
been previous studies evaluating [18F]AV-1451 PET in
CBS, showing an increase in tracer uptake in the motor
cortex and basal ganglia contralateral to the clinical
phenotype,41-43 but these studies investigated substan-
tially smaller CBS cohorts and only 1 study compared 2
Aβ(+)CBS and 6 Aβ(�)CBS with each other.43

Together with our study, this suggests that PET imag-
ing of tau pathology is potentially feasible in CBS with
fluorinated next-generation tracers with less off-target
binding. Barring head-to-head-comparison studies, it is
not possible to ascertain which tau-PET tracer performs
better than the other.
Importantly, the cortical [18F]PI-2620 signal of Aβ(+)

cases was stronger and more widespread compared
with that of Aβ(�)CBS cases. This fits to the lower
affinity of the compound reported for 4R-tau binding
compared with 3R/4R tau,20 which was also reflected
by different kinetic profiles in vivo.21 Thus, affinity dif-
ferences need to be taken into account when comparing
[18F]PI-2620-PET data quantitatively. To circumvent
this issue, we calculated the percentage of patient posi-
tivity per voxel in subgroups of Aβ(+)CBS and Aβ(�)
CBS, which is less sensitive to differences in the binding
magnitude. This approach showed that Aβ(+) and Aβ
(�) cases had a similar frequency of [18F]PI-2620 posi-
tivity in the basal ganglia but Aβ(+)CBS patients had
more frequent [18F]PI-2620-positive voxels in the cor-
tex compared with Aβ(�)CBS patients. The putamen
and the external part of the globus pallidus showed the
highest discrimination rate in the whole CBS cohort
against controls. Noteworthily, our data in PSP with
Richardson syndrome patients indicated the best dis-
crimination between patients and controls for the inter-
nal part of the globus pallidus and also had more
frequent elevation in the subthalamic nucleus and the
substantia nigra.21 Thus, patterns of [18F]PI-2620 bind-
ing differed in CBS compared with PSP, indicating a
shift in [18F]PI-2620 binding toward brain areas with
higher brain function when compared with our clinical
PSP series, composed predominantly of Richardson
syndrome patients.
Interestingly, cognition was more impaired in Aβ(+)

CBS than in Aβ(�)CBS patients, whereas motor symp-
toms did not differ between the 2 groups. This fits with
the high frequency of [18F]PI-2620 positivity in the sup-
plemental motor areas of both groups, whereas

parietotemporal areas were only affected in the Aβ(+)
CBS group. In addition, we noted a correlation of the
[18F]PI-2620 DVRs in cortical regions in Aβ(+)CBS,
whereas Aβ(�)CBS [18F]PI-2620 DVRs in subcortical
regions correlated with each other.
In contrast to our Aβ(+)CBS cohort, the pre- and

postcentral gyri in amnestic AD patients are usually
spared of tracer deposition,21 which may serve as an
important diagnostic clue for AD patients with different
phenotypes.
Even though [18F]PI-2620 binding was higher in cor-

tical regions in patients with atypical AD with the CBS
phenotype, there was no significant correlation between
cognition and tracer retention. Relatively low correla-
tions between [18F]PI-2620 binding and the clinical
phenotype (cognition, apraxia, verbal fluency) may
stem from variable or nonlinear sensitivity of clinical
rating scales for the assessment of CBS, especially for
Aβ(+) patients. Surprisingly, different CBS-relevant
clinical rating scales correlated weakly or not with each
other in our cohort of Aβ(+)CBS patients, whereas the
same scales correlated well with each other in the Aβ
(�)CBS group.
Importantly, we found a positive association between

disease duration and [18F]PI-2620 binding in the
DLPFC in Aβ(�)CBS, which indicates that neuropa-
thology potentially increases during the disease course
in this area. In previous studies, the relation of disease
duration or disease severity and early tau-tracer binding
has been shown to be inconsistent when 4R tauopathies
were assessed.14,15,44,45 A limitation of the correlation
analysis between tracer uptake and disease duration
may also be caused by a discrepancy between subjective
symptom onset and clinical assessment of cognitive and
motor dysfunction, as disease duration is defined as the
time between subjective symptom onset and PET imag-
ing. Also, it has to be taken into account that our anal-
ysis of comparisons between clinical data and [18F]PI-
2620 binding DVRs, was corrected for age and sex, but
not for multiple comparisons. Nonetheless, the correla-
tion matrix may already give an impression of potential
correlations in larger cohorts.
Longitudinal studies will need to address if an

increase over time can be monitored by [18F]PI-2620
PET in CBS.
Amyloid PET and CSF assessments were used to

detect the β-amyloid status and were fully matched in
all patients, indicating for the first time in CBS patients
that both methods serve as a reliable biomarker to pre-
dict AD pathology. Either examination may be used for
clinical decision taking in CBS patients.
The observed proportion of 24% of the cohort being

Aβ positive fits well with the expected distribution of
AD neuropathology in CBS3 and indicates a coherence
of postmortem pathology and antemortem biomarker–
based classification for Aβ(+)CBS. Proportions of cases
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with negative Aβ PET and negative [18F]PI-2620 PET
(35%, 12 of 34) are similar to non–4R tauopathy
autopsy results of 31% in clinical CBS cases.3 How-
ever, we note a limited sensitivity of the tracer, espe-
cially for diagnosis of suggestive of PSP-CBS.
Our more general rating of asymmetry of clinical

symptoms corresponded very well with contralateral
dominance of [18F]PI-2620 binding, suggesting that
neuropathology is detected where it causes brain
dysfunction.
Given the nature of a rare disease, the relatively small

number of 45 CBS patients, of whom 11 patients were
Aβ positive, needs to be considered as a limitation of
our study. Furthermore, as all observed patients are still
alive, so far there is no autopsy validation available of
the studied clinically diagnosed cases. Taken together,
longitudinal PET studies and autopsy validation are
needed for further exploration of in vivo tau PET as a
diagnostic and progression biomarker in CBS.46 The
current Aβ(+) and Aβ(�)CBS study population will be
followed clinically and by serial tau PET to address
these questions.

Conclusion

Our results show that [18F]PI-2620-PET imaging is a
useful biomarker for evaluation of CBS, facilitating
detection of heterogeneous neuropathology with differ-
ences in tracer binding between probable 3R/4R
tauopathy Aβ(+)CBS and Aβ(�)CBS cases. [18F]PI-
2620 is a sensitive marker to detect tau binding in Aβ
(+)CBS with underlying AD pathology. Elevated corti-
cal tracer binding in the DLPFC was found in both
probable 3R/4R and Aβ(�)CBS cases. Hence, [18F]PI-
2620 PET may serve as a molecular diagnostic marker,
detecting tau pathology in various cortical and subcor-
tical sites. Thus, the combination of [18F]PI-2620 with
Aβ status (PET or CSF) in CBS may allow the identifi-
cation of CBS patients for tau-targeting therapeutic
trials.
Future work with autopsy validation and longitudi-

nal imaging and clinical assessment in CBS patients will
have to investigate sensitivity to change, that is, the use-
fulness of [18F]PI-2620 as a progression biomarker and
as possible target-engagement marker for therapeutic
studies.
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Tauopathies (GII4T)
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