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Tau aggregates represent a key pathologic feature of Alzheimer’s disease and other neurodegenerative diseases. Recently, PET

probes have been developed for in vivo detection of tau accumulation; however, they are limited because of off-target binding and

a reduced ability to detect tau in non-Alzheimer’s disease tauopathies. The novel tau PET tracer, [18F]PI-2620, has a high binding

affinity and specificity for aggregated tau; therefore, it was hypothesized to have desirable properties for the visualization of tau ac-

cumulation in Alzheimer’s disease and non-Alzheimer’s disease tauopathies. To assess the ability of [18F]PI-2620 to detect regional

tau burden in non-Alzheimer’s disease tauopathies compared with Alzheimer’s disease, patients with progressive supranuclear palsy

(n¼3), corticobasal syndrome (n¼ 2), corticobasal degeneration (n¼1) or Alzheimer’s disease (n¼8), and healthy controls

(n¼7) were recruited. All participants underwent MRI, amyloid b assessment and [18F]PI-2620 PET (Image acquisition at 60–

90 min post-injection). Cortical and subcortical tau accumulations were assessed by calculating standardized uptake value ratios

using [18F]PI-2620 PET. For pathologic validation, tau pathology was assessed using tau immunohistochemistry and compared

with [18F]PI-2620 retention in an autopsied case of corticobasal degeneration. In Alzheimer’s disease, focal retention of [18F]PI-

2620 was evident in the temporal and parietal lobes, precuneus, and cingulate cortex. Standardized uptake value ratio analyses

revealed that patients with non-Alzheimer’s disease tauopathies had elevated [18F]PI-2620 uptake only in the globus pallidus, as

compared to patients with Alzheimer’s disease, but not healthy controls. A head-to-head comparison of [18F]PI-2620 and [18F]PM-

PBB3, another tau PET probe for possibly visualizing the four-repeat tau pathogenesis in non-Alzheimer’s disease, revealed differ-

ent retention patterns in one subject with progressive supranuclear palsy. Imaging-pathology correlation analysis of the autopsied

patient with corticobasal degeneration revealed no significant correlation between [18F]PI-2620 retention in vivo. High [18F]PI-

2620 uptake at 60–90 min post-injection in the globus pallidus may be a sign of neurodegeneration in four-repeat tauopathy, but

not necessarily practical for diagnosis of non-Alzheimer’s disease tauopathies. Collectively, this tracer is a promising tool to detect

Alzheimer’s disease-tau aggregation. However, late acquisition PET images of [18F]PI-2620 may have limited utility for reliable de-

tection of four-repeat tauopathy because of lack of correlation between post-mortem tau pathology and different retention pattern

than the non-Alzheimer’s disease-detectable tau radiotracer, [18F]PM-PBB3. A recent study reported that [18F]PI-2620 tracer kinet-

ics curves in four-repeat tauopathies peak earlier (within 30 min) than Alzheimer’s disease; therefore, further studies are needed to

determine appropriate PET acquisition times that depend on the respective interest regions and diseases.
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Abbreviations: 4R ¼ four-repeat; ADAS-cog ¼ Alzheimer’s Disease Assessment Scale-cognitive subscale; AGD ¼ argyrophilic
grain dementia; CBD ¼ corticobasal degeneration; CBS ¼ corticobasal syndrome; DaTSCAN ¼ dopamine transporter imaging;
FBB ¼ Florbetaben; FTLD ¼ frontotemporal lobar degeneration; GM ¼ grey matter; GMP ¼ Good Manufacturing Practices; HCs
¼ healthy controls; MMSE ¼Mini-Mental State Examination; PHFs ¼ paired helical filaments; PSP ¼ progressive supranuclear
palsy; PSP-P ¼ PSP-parkinsonism; PSPRS-J ¼ PSP Rating Scale-Japan; PVC ¼ partial-volume correction; ROIs ¼ regions of interest;
SUVRs ¼ standardized uptake value ratios; UPDRS ¼ Unified Parkinson’s Disease Rating Scale; VOIs ¼ volume of interests; WM ¼
white matter

Introduction
PET ligands represent a potential innovative tool for the

diagnostic accuracy and in vivo quantification of path-

ology in Alzheimer’s disease and other tauopathies.1,2

Several second-generation tau PET tracers, which have

high selectivity and low affinity for ‘off-target’ factors,

such as MAO-B or MAO-A, have been developed that

enable high-contrast imaging of tau pathology in

Alzheimer’s disease, especially the three-repeat (3R) and

four-repeat (4R) tau isoforms that aggregate into paired

helical filaments (PHFs).3 Additionally, tau PET is poten-

tially useful for the in vivo assessment of non-Alzheimer’s

disease tauopathies, such as 4R tauopathy, progressive

supranuclear palsy (PSP), corticobasal degeneration

(CBD) and some variants of frontotemporal lobar degen-

eration (FTLD).2,4

With a pioneering tau tracer, [11C]PBB3, retention was

observed in regions expected to harbour tau pathology in

non-Alzheimer’s disease tauopathies, such as PSP, cortico-

basal syndrome (CBS), and severe traumatic brain injury

and chronic traumatic encephalopathy.2,5,6 Some studies

using [18F]AV1451 PET, which is the most widely

studied tracer to date, have shown elevated retention in

areas of frequent tau pathology in patients with PSP and

CBS.2,7,8 However, recent reports have failed to reveal

any correlation between in vivo retention of radioligands

and post-mortem tau measures in non-Alzheimer’s disease

tauopathies.9,10 Similarly, a few studies have reported

that the new tau tracer, [18F]PI-2620, binds to all types

(3R, 4R and 3R/4R) of tau deposits in vitro,11 but its

reliability and usefulness in vivo as a biomarker in non-

Alzheimer’s disease tauopathies remains debatable.11–17

This study sought to evaluate tau PET imaging using

[18F]PI-2620 in 4R tauopathies (patients with PSP, CBS

and CBD). We characterized [18F]PI-2620 by comparison

with [18F]PM-PBB3, another tau probe developed for tau

fibrils in both Alzheimer’s disease and non-Alzheimer’s

disease tauopathies, in the same PSP subject.4,18,19

Finally, we correlated antemortem regional standardized

uptake value ratios (SUVRs) of [18F]PI-2620 with post-

mortem tau pathology, following the autopsy of a con-

firmed CBD case.

Materials and methods

Participants and clinical
measurements

Patients with PSP (n¼ 3), CBS (n¼ 2), CBD (n¼ 1), and

Alzheimer’s disease (n¼ 8), and healthy controls (HCs)

(n¼ 7) were recruited at Keio University Hospital from

September 2018 to March 2020 (Table 1). We enrolled

participants with �12 years of education. All participants

underwent MRI scans. The diagnoses of Alzheimer’s dis-

ease, PSP and CBS were made according to diagnostic cri-

teria, as previously described.20–22 Three PSP cases fulfilled

the clinical criteria for probable PSP and their clinical pre-

dominance types were PSP with Richardson’s syndrome in

two cases and PSP–CBS in one case.21 The CBS cases

(#01, #17) had abnormal dopamine transporter imaging

Table 1 Participant characteristics and clinical test performance in vivo [18F]PI-2620 PET imaging

Disease Non-Alzheimer’s disease tauopathy (n 5 6) Alzheimer’s disease (n 5 8) Healthy control

(n 5 7)

Sex (male/female) 2/4 4/4 4/3

Age, years (mean, SD) 71.8 6 4.5 71.5 6 8.7 71.1 6 6.6

Education, years (mean, SD) 14.3 6 2.0 13.5 6 2.1 14.7 6 3.3

MMSE (mean, SD) 13.7 6 14.4 17.9 6 5.3 # 28.4 6 1.5

ADAS cog (mean, SD) 38.6 6 34.4* 24.4 6 8.4 # (1 N/A) 3.3 6 1.2

Amyloid b PET (þ/�) 2/3 (1 N/A) 8/0 0/7

UPDRS Part III (mean, SD) 64.5 6 26.3 – –

PSP Rating Scale (mean, SD) 66.8 6 25.1 – –

#Values reported reflect the mean 6 standard deviation. *P< 0.05 (non-Alzheimer’s disease tauopathy versus Healthy Control). P< 0.05 (Alzheimer’s disease versus Healthy

Control). Significant differences among groups for each value were assessed by a pairwise Wilcoxon test with a Bonferroni correction (n¼ 3).

ADAS, Alzheimer’s Disease Assessment Scale; MMSE, Mini-Mental State Examination; N/A, not available; N/S, not significant; PSPRS, Progressive Supranuclear Palsy Rating Scale; SD,

Standard Deviation; UPDRS, Unified Parkinson’s Rating Scale.
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(DaTSCAN) and asymmetric decreased cerebral blood

flow in the frontoparietal areas in single-photon emission

computed tomography. Phenotypically, they were classified

as probable CBS and fulfilled clinical research criteria for

probable sporadic CBD.22 The enrolment criteria for HC

and Alzheimer’s disease participants were as follows. HC

participants had Mini-Mental State Examination (MMSE)

scores 24 and over; however, patients with Alzheimer’s

disease had MMSE scores �23. The Clinical Dementia

Rating score for normal subjects was 0, while for patients

with Alzheimer’s disease 0.5 or 1. Delayed recall of one

paragraph from the Logical Memory II subscale in the

Wechsler Memory Scale–Revised was used to assess mem-

ory recall, with a cut-off score based on education: nor-

mal, �9 for 16 years of education, and �5 for 12–

15 years of education. For patients with Alzheimer’s dis-

ease, these scores were �8 for 16 years of education, and

�4 for 12–15 years of education. For normal participants,

the Geriatric Depression Scale score was <6. In addition,

we performed the Alzheimer’s disease Assessment Scale-

cognitive component-Japanese version (ADAS-J cog)23 and

trail making test24 in all participants; the Unified

Parkinson’s Disease Rating Scale (UPDRS) part III25 in

patients with PSP and CBD; and the PSP Rating Scale-

Japan (PSPRS-J)26 for patients with PSP.

Standard protocol approval,
registration and patient consent

The study design and protocol were approved by the

Ethics Committee for Human Research of the Keio

University School of Medicine, and informed consent

(#N20170237) was provided by all participants. The

[18F]PM-PBB3 study was approved by the Radiation

Drug Safety Committee and National Institutes for

Quantum and Radiological Science and Technology

Certified Review Board of Japan. The study was regis-

tered with UMIN Clinical Trials Registry (UMIN-CTR;

number 000032027 and 000030248).

[18F]PI-2620 synthesis and PET
acquisition

[18F]PI-2620 was manufactured according to good manu-

facturing practices (GMP) at our hospital using an auto-

mated synthesizer (Synthera V2; IBA, Louvain-la-Neuve,

Belgium). PET imaging was performed 60 min after intra-

venous administration of 185 MBq 6 10% [18F]PI-2620

using a PET/CT system (Siemens Biograph mCT or

Siemens Biograph mCT flow, Munich, Germany; these

two pieces of equipment reflect the same level of compe-

tence because we did not use the ‘flow-motion’ setting

for the brain scan). PET images were acquired for 30 min

in a 3D list mode and serial image data (5-min, 10-min,

15-min and 20-min images) were reviewed to evaluate

suitability for image interpretation (i.e. presence of head

movement). For the visual [18F]PI-2620 imaging, PET

data were reconstructed by using the P-mod Neuro tool

(PMOD Technologies, Switzerland) to produce cerebellar

cortex references manually and to be anatomically fitted

to the MR images. We also applied ‘aparc þ aseg vol-

ume’ defined by FreeSurfer version 6.0 as regions of

interest (ROIs). By using FSL, we calculated the conver-

sion formula to anatomically fit MR T1-weighted images

to PET-CT images. The ‘aparc þ aseg volume’ was

placed on PET-CT images according to this conversion

formula. The SUVR in each ROI was calculated using

FSL. For the visual assessment of [18F]PI-2620 imaging,

the regional volumes of interest (VOIs) were set in the 8

regions identified in the National Institute of

Neurological Disorders and Stroke and the Society neuro-

pathological criteria for PSP, as having moderate to high

tau burden (caudate nucleus, globus pallidus, putamen,

thalamus, superiorfrontal gyrus, precentral gyrus, mid-

brain and pons). The brainstem ROIs were defined by

using the Bayesian segmentation algorithm, based on a

probabilistic atlas of the brainstem, available on

FreeSurfer.27 We calculated the SUVR to the cerebellar

cortex and pericalcarine area as an index of [18F]PI-2620

retention. Since the cerebellar cortex and pericalcarine

area has far fewer tau deposits than the other cerebral

cortex, even in non-Alzheimer’s disease tauopathy,28–33 it

is considered an appropriate reference region for nonspe-

cific binding. We performed a partial-volume correction

(PVC) analysis using a template volume of interests based

on individual masks derived from individual patient MR

images using PMOD software [PVC using Template VOIs

based on Individual Masks (pmod.com)]. We prepared

anatomical MR images which were employed for a better

individual adjustment for VOIs. The anatomical MRI of

the patient was segmented and the grey matter (GM) and

white matter (WM) masks were calculated. The MR image

was normalized to the Montreal Neurological Institute

MR template using the Brain Normalization method. The

VOI template was transformed to the MR space using the

inverse of the normalization transform. The transformed

VOI template was intersected with the GM mask to obtain

the GM VOIs in the MR space. The WM mask was con-

verted into a WM VOI. The PET images were rigidly

matched to the MR images. The GM and WM VOIs were

transformed to the PET space using the inverse rigid trans-

form. The contouring procedure was applied to get con-

tour definitions of all VOIs. The Geometric Transfer

Matrix PVC method was applied to the original PET ser-

ies using this set of template-based VOIs.

[18F] Florbetaben imaging

All subjects underwent [18F] Florbetaben (FBB) PET

scans, with the exception of one patient with CBD,

whose amyloid-b deposition was assessed by autopsy.

FBB was manufactured according to GMP in our hospital

using an automated synthesizer (Synthera V2; IBA,

Louvain-la-Neuve, Belgium). PET imaging was performed
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as previously described.34 The determination of amyloid

b (Ab) positivity or negativity was based on the assessment

of tracer uptake in the GM of the four following brain

regions: the lateral temporal lobes, frontal lobes, posterior

cingulate cortex/precuneus and parietal lobes, in line with

the NeuraCeqTM guidelines.35

[18F]PM-PBB3 PET acquisition in
PSP-CBS (#52)

One patient (#52) with PSP-CBS underwent PET scan

with [18F]PM-PBB3 at the National Institute of

Radiological Sciences. PET scan with [18F]PM-PBB3 was

performed as described elsewhere.4 Ninety minutes after

an intravenous rapid bolus injection of [18F]PM-PBB3,

three-dimensional images were acquired with a Biograph

mCT flow system (Siemens Healthcare) for 20 min, pro-

viding 109 sections with an axial field of view of

16.2 cm. Images were reconstructed using a filtered back

projection algorithm with a Hanning filter (4.0 mm full-

width at half-maximum). [18F]PM-PBB3 had one injected

dose of 184.4 MBq with a molar activity at the time of

injection of 88.9 GBq/lmol. Regional SUVR values with

the cerebellar cortex as a reference were calculated.

Quantitative assessment of tau
burden

Subject #18 died two weeks after the [18F]PI-2620 PET

scan due to aspiration pneumonia. For tissue-matched

ROI analyses, 17 brain regions were selected for histo-

logical analysis based on expected PSP/CBD neuropathol-

ogy. The brain was fixed by immersion in 20% formalin,

cut in bihemispheric coronal slices and small regional

samples, subsequently embedded in paraffin, and sec-

tioned. Immunohistochemistry with AT8 (AT8 antibody,

1:10 000 dilution; DAKO), anti-4R tau (RD4), anti-3R

tau (RD3, clone 8E6/C11), anti-a-synuclein (clone 42/a-

Synuclein, 1:2000 dilution) and Ab (clone 6F/3D, 1:200

dilution) antibodies was performed on 4-lm-thick tissue

sections and modified Gallyas-Braak silver stain was

applied to 6-lm–thick tissue sections. We used the patho-

logical diagnostic criteria for CBD from Dickson’s

paper.36 To assess tau burden, immunohistochemical

images were colour-replaced with Photoshop and con-

verted to 8-bit black-and-white images using ImageJ soft-

ware (National Institutes of Health, Bethesda, MD, USA).

A threshold to eliminate the background was determined

using the cerebellar cortex. The percentage stained area

was assessed using the Analyze %Area and Particle tool.

When tau deposits presented in aggregates larger than ap-

proximately 2mm, we defined these deposits as particles

in ImageJ. The ROIs of SUVRs in PET/MRI image were

manually determined to allow for alignment with the

pathological samples by using MRIcroGL v1.2 (http://

www.mccauslandcenter.sc.edu/mricrogl/). After repeated

discussions with the neuropathologist, ROIs were created

with cerebral cortex and nuclei used as landmarks so as

to be correctly matched to the pathology specimen, rang-

ing from about 4–17 mm � 4–18 mm with less than

900 mm thickness, which can be gauged as one voxel in

MRIcroGL v1.2.

Statistical analysis

We used SPSS 26 (IBM Corp.) for statistical analyses.

For group analysis of demographic data between groups,

we used a Fisher’s exact test (sex) and a pairwise

Wilcoxon test with a Bonferroni correction (n¼ 3) (rest

of the data). For analyses of [18F]PI-2620 SUVRs in

ROIs, a pairwise Wilcoxon test with a Bonferroni correc-

tion (n¼ 3) was used. To assess the correlations between

SUVRs and pathological values in autopsied and head-to-

head patients, we used a Spearman test.

Data availability

Data are available from the corresponding author upon

reasonable request.

Results

Participant characteristics and
cognitive test performance

The demographic and clinical features of patients with

non-Alzheimer’s disease tauopathies (PSP, CBS and CBD),

and those with Alzheimer’s disease and HC are shown in

Table 1. Their mean age at assessment was

71.8 6 4.5 years (mean 6 SD) in non-Alzheimer’s disease

tauopathies, 71.5 6 8.7 years (mean 6 SD) in Alzheimer’s

disease and 71.1 6 6.6 years (mean 6 SD) in HC.

Patients with Alzheimer’s disease were in a mild-to mod-

erate clinical disease stage, as indicated by MMSE (n¼ 8,

17.9 6 5.3), and ADAS-cog. (n¼ 7, 24.4 6 8.4). All

patients underwent [18F] FBB amyloid PET, with the ex-

ception of one patient with CBD (#18). [18F] FBB amyl-

oid PET was positive for all Alzheimer’s disease and two

CBS patients, whereas all HC and all PSP patients were

FBB-negative. In the autopsied patient with CBD (#18),

there were no Ab immunoreactive deposits in the cere-

brum, cerebellum or brainstem.

Clinical course in the autopsied
case with CBD (#18)

The patient was a 66-year-old female with a 5-year his-

tory of progressive limb rigidity, gait instability and levo-

dopa resistance. Subsequently, she developed dysphagia,

apathy/bradyphrenia, and limited vertical eye movements,

and suffered from multiple falls, thereby identifying the

clinical variant as PSP with Richardson’s syndrome or
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predominant frontal presentation.21 The patient also had

a 4-year history of recurrent aspiration pneumonia.

At the time of PET scan with [18F]PI-2620, she was se-

verely demented and bedridden (PSP RS-J 90/100, UPDRS

part III 92/132, MMSE 0). She died of pneumonia 14 days

after a follow-up tau PET. A neuropathological examin-

ation showed numerous RD-4 immunoreactive neurons,

threads, and astrocytic plaques in the cerebral cortex and

basal ganglia, consistent with pathological signs of

CBD.36,37 There were no Ab immunoreactive deposits in

the cerebrum, cerebellum or brainstem. No a-synuclein

immunoreactive deposits were present. There was no sig-

nificant vascular pathology and particular other patho-

logical findings. We diagnosed the subject (#18) as having

CBD.

Clinical course of PSP-CBS case
(#52)

The patient was a 74-year old male, with a 7-year his-

tory of right dominant tremor, limb rigidity, bradykinesia

and progressive gait disturbance. No specific finding was

detected on a brain MRI scan. DaTSCAN showed

reduced uptake in striatum, predominantly in the left

side. 123I-meta-iodobenzylguanidine (MIBG) myocardial

scintigraphy demonstrated normal myocardial uptake. His

symptoms showed gradual progression, with levodopa

treatment-resistance. He subsequently developed evident

postural instability and ideomotor apraxia in his right

hand. Although ocular motor dysfunction has not been

shown so far, he is suspected to be PSP-CBS (PSPRS-J

Figure 1 Representative images of [18F]PI-2620 tau PET images. Individual tau PET images for patients with PSP, CBS, CBD, Alzheimer’s

disease and HC. All images are based on the same color scale (SUVR values ranging from 1 to 2.5). Cerebellar grey matter is used as the

reference region for quantification. SUVRs, standardized uptake value ratios
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33/100, UPDRS part III 52/132, MMSE 30).21 After

[18F]PM-PBB3 PET, [18F]PI-2620-PET imaging has done

8 months later to compare the retention of two tau

radiotracers.

In vivo [18F]PI-2620-PET imaging

Figure 1 represents a selection of [18F]PI-2620 SUVR

images overlaid on native-space MRI. [18F]PI-2620 scans

in HC showed strong elevated retention in regions outside

the brain, including skin/scalp, retina, nasal cavity and

sinus veins (Fig. 1; Supplementary Fig. 1A and B).

Significant, but variable, tracer retention was also observed

as a high signal in the substantia nigra, and as a moderate

signal in the choroid plexus and basal ganglia. This pat-

tern indicated off-target binding in vessels, (neuro)melanin,

iron-associated regions, and calcifications, similar to previ-

ous reports with the [18F]AV-1451 tau tracer.37

In patients with Alzheimer’s disease, [18F]PI-2620 reten-

tion was evident in the temporal lobe, parietal lobe and

cingulate cortex, consistent with the neuropathology of

Alzheimer’s disease. Notably, PET scans of the majority

of clinical phenotypes of 4R tauopathies (PSP, CBS and

CBD) revealed elevated retention in the globus pallidus,

possibly reflecting neurodegeneration. Considering partial

volume effects due to atrophy, PVC views also show

similar findings (Supplementary Fig. 2). However, it could

be challenging to visually identify 4R tauopathies because

of varying levels of globus pallidus retention in HC and

Alzheimer’s disease (Fig. 1, Supplementary Fig. 1).

Differences in [18F]PI-2620 uptake
patterns in patients with
Alzheimer’s disease, and non-
Alzheimer’s disease tauopathies

We assessed [18F]PI-2620 uptake in 8 subsets of ROIs for

patients with 4R tauopathies, Alzheimer’s disease and HC

(Fig. 2). As shown in Fig. 2, patients with PSP, CBS and

CBD had significant increases in [18F]PI-2620 uptake in

the globus pallidus when compared to Alzheimer’s disease

patients (P¼ 0.0024); however, uptake was also apparent

in HC, possibly due to high off-target binding in this re-

gion in HC. Unexpectedly, patients with PSP, CBS and

CBD did not show increased [18F]PI-2620 uptake in the

pons, superior frontal, and precentral cortices or caudate

nucleus where 4R-tau depositions were expected. Using the

pericalcarine area reference, which is known for its low

tau burden in non-Alzheimer’s disease,32,33 instead of a

cerebellar cortex reference for generating SUVR values

resulted in similar findings (Supplementary Fig. 3).

Although the reason is unknown, the caudate nucleus of

Alzheimer’s disease patients curiously shows significant low

retention compared to HC, only when using the pericalcar-

ine area reference (P¼ 0.0092) (Supplementary Fig. 3).

Collectively, we concluded that the [18F]PI-2620 SUVR

values in the globus pallidus could be helpful for identified

patients with PSP and CBS; however, retention does not re-

liably reflect 4R-tau distribution.

Correlation of [18F]PI-2620
retention with neuropathology in
CBD

We next compared in vivo [18F]PI-2620 retention to

histopathological analysis results to gauge its ability to

accurately reflect the abundance of tau depositions. In

subject #18, the quantification of tau burden in AT8-

immunostained sections revealed robust loads of tau

lesions in multiple ROIs (Fig. 3). As shown in Fig. 3,

in substantia nigra and globus pallidus, both tracer reten-

tion and tau burden are high. However, no significant

correlation on all regions could be detected between

[18F]PI-2620 PET retention and tau burden (Tau stage,

%Area and particles) in matching ROIs. Notably, SUVRs

were rather low in the middle frontal gyrus, hippocam-

pus, and midbrain tectum, while high tau accumulations

were detected. Taken together, these findings showed that

the [18F]PI-2620 PET signal did not accurately reflect tau

pathology.

Head-to-head comparison of
[18F]PI-2620 and [18F]PM-PBB3 in
patients with PSP-CBS (#52)

[11C]PBB3 is reported to be selective for diverse tau fibril

strains compared to [11C]AV-1451 and could possibly iden-

tify the regional pattern of tau pathology in the CBS/PSP

spectrum.2,38 Additionally, recent studies have reported that

a novel PBB3 derivative, [18F]PM-PBB3, could image three-

and four-repeat tau lesions in non-Alzheimer’s disease tauo-

pathies, including biopsied and autopsy-confirmed subjects.4

To further characterize [18F]PM-PBB3, we compared the re-

tention of both radiotracers in the same subject (#52) with

PSP-CBS. In [18F]PM-PBB3 scanning, retention was evident

in the midbrain (substantia nigra and red nucleus), subthala-

mic nucleus, thalamus, globus pallidus and precentral gyrus,

consistent with the expected neuropathology of PSP

(Fig. 4A and Supplementary Fig. 4). [18F]PM-PBB3 reten-

tion was left dominant in each ROI, consistent of the right

dominant parkinsonism and apraxia in this subject and that

DaTSCAN showed reduced uptake especially in the left stri-

atum. Also, the relatively evident uptake in the precentral

gyrus reflected his subsequent apraxia as PSP-CBS.

In addition to the absence of any significant correlation

between both tracer SUVRs, different accumulation pat-

terns were observed in multiple brain regions, including

the precentral gyrus, red nucleus, subthalamic nucleus

and thalamus (Fig. 4B). This finding revealed the differ-

ential in vivo binding properties of [18F]PI-2620 and

[18F]PM-PBB3 in non-Alzheimer’s disease tauopathies.
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Discussion
In this study, we assessed the novel tau PET radiotracer,

[18F]PI-2620, in patients with Alzheimer’s disease and 4R

tauopathies (PSP, CBS and CBD), and demonstrated the

first pathologic validation of tau positivity in autopsied

CBD, and a head-to-head comparison with another tau

PET probe for visualizing 4R-tau pathogenesis in non-

Alzheimer’s disease, [18F]PM-PBB3. Further, SUVR analy-

ses revealed that, compared with Alzheimer’s disease

patients, patients with 4R tauopathies showed elevated

[18F]PI-2620 uptake in the globus pallidus. However, the

diagnostic potential for distinguishing 4R tauopathies is

limited due to tracer retention in globus pallidus in HC.

We also did not find a correlation between post-mortem

tau pathology and in vivo region-matched [18F]PI-2620

retention in a patient with CBD. Indeed, the autopsy

findings were more likely to reflect the tau burden at the

time of PET because of the short interval between the

tau PET and the subsequent autopsy (two weeks).

Figure 2 [18F]PI-2620 standardized uptake value ratios in regions of interest. Graphs showing the distribution of [18F]PI-2620 SUVRs in eight

ROIs for patients with HC (red), PSP (blue) þ CBD (green) þ CBS (purple), and Alzheimer’s disease (yellow). Dots represent individual

subject SUVRs for each ROI. Significant pairwise Wilcoxon tests with a Bonferroni correction between diagnostic groups (n ¼ 3) are

indicated at the top: *P < 0.05
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Collectively, high [18F]PI-2620 uptake in the globus pal-

lidus may be a sign of neurodegeneration in four-repeat

(4R) tauopathies, but not necessarily a practical for diag-

nosis of dementia. We consider that this tracer may have

limited utility for the reliable detection of 4R-tau

pathologies.

While preparing this manuscript, Brendel et al. reported

[18F]PI-2620 PET imaging in a patient cohort with clinic-

ally diagnosed PSP and Ab-positive/negative CBS.14,39

They evaluated distribution volume ratio images in a full

dynamic setting (0–60 min post-injection) and revealed

elevated [18F]PI-2620 binding in patients with PSP only

in the globus pallidus and subthalamic nucleus, but not

in other regions, such as the prefrontal cortex and dorsal

midbrain. Notably, they also observed no correlation be-

tween [18F]PI-2620 binding and clinical severity or dis-

ease duration in any target regions. These findings

strongly support our result that the [18F]PI-2620 PET sig-

nal did not accurately reflect 4R tau pathology.

Similar findings were reported using other tau tracers,

such as [18F]AV1451, [18F]RO948 and [18F]

THK5351.7,8,40–42

Retention of these radiotracers was

observed in the basal ganglia of patients with PSP; how-

ever, in vivo retention did not correlate with post-mortem

tau accumulation,10,43 supporting the present [18F]PI-

2620 findings (Figs 2 and 3).

In addition, comparing [18F]PI-2620 retention in the

same subject with a well-studied radiotracer, [18F]PM-

PBB3, was important to further define the properties of

our novel tracer. PBB3 derivatives have unique structures,

characterizing their distinct tau affinities. [18F]PM-PBB3

is considered a possible PET tracer for detection of tau

fibrils in 4R tauopathies.4 In our subject with PSP-CBS,

[18F]PM-PBB3 retention was evident in the frontal, par-

ietal lobe, subthalamic nucleus, midbrain and pons, con-

sistent with the expected PSP neuropathology. However,

[18F]PI-2620 distribution was different, especially in the

frontal and parietal cortex, related to CBS symptoms

(Fig. 4A and Supplementary Fig. 4). Although further

pathological and neuroimaging studies are needed to val-

idate its utility for detection of non-Alzheimer’s disease

tau deposition, the present findings strongly propose that

[18F]PI-2620 has a distinct capacity for tau deposition in

non-Alzheimer’s disease tauopathies compared to PBB3

derivatives.

Our study has several limitations. First, pathological

results showed that [18F]PI-2620 retention did not reflect

deposition of twisted ribbon filaments of 4R-tau in one

autopsied CBD brain, but not other tauopathies. Non-

Alzheimer’s disease tau aggregates are varied structurally

and accumulate in different cell types.44,45 Importantly,

Brendel et al. showed that post-mortem autoradiographies

Figure 3 Neuropathological assessment of tau pathology and correlations with [18F]PI-2620 uptake in autopsied CBD.

(A–D) Immunohistochemistry [AT8 (A), RD3 (C) and RD4 (D)] and Gallyas silver staining (B) in case #18. Scale bars indicate 50 lm (A and

B) and 100 lm (C and D). (A) Caudate nucleus, (B) Straight gyrus, (C and D) Substantia nigra. Representative astrocytic plaque was detected

in caudate nucleus (A). (E) Staging of AT8 staining [Stage 0 (Occipital lobe): absent, Stage 1 (Occipital lobe): sparse, Stage 2 (Precentral gyrus):

moderate, Stage 3 (Superior colliculus): numerous] Scale bars indicate 100 lm. (F–H) Correlation analysis between in vivo [18F]PI-2620 SUVR

and tau staging (F), %area (G) or particles (H) of AT8 staining in matching ROIs. P-values for Spearman correlation test.
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of the basal ganglia and frontal cortex slices clearly showed

blockable [18F]PI-2620 binding in patients with PSP, consist-

ent with tau-immunohistochemistry.14 Therefore, we cannot

deny the possibility that [18F]PI-2620 has substantial affinity

to other forms of 4R-tau, such as straight filaments in

patients with PSP, and straight filaments or tubules in ar-

gyrophilic grain dementia (AGD). In addition, we do not

have any data at this point for [18F]PI-2620 uptake in 3R

tauopathies, such as Pick’s disease. Future imaging-path-

ology dual studies are required to determine the association

between tau burden in PSP, AGD, and Pick’s disease post-

mortem and in vivo [18F]PI-2620 retention.

Second, Brendel et al. observed time–activity ratio curves

are rapidly decreasing in the basal ganglia of PSP cases

until 60 min after a peak within the first 30 min.14,39 They

recommend 30–60 min post-injection for PET acquisition

of PSP and CBD. In contrast, illustrative time–activity

curves and SUVRs plateau at 60–90 min in Alzheimer’s

disease.46 Notably, time-SUVRs-curves in Brendel et al.’s

study also show other expected tau-deposit regions in PSP,

Figure 4 Head-to-head comparison of [18F]PI-2620 and [18F]PM-PBB3 in patients with PSP-CBS (#52). (A) [18F]PI-2620 and

[18F]PM-PBB3 imaging in subject #52 representative of range of tracer binding. Transaxial and coronal [18F]PI-2620 images adjacent to same-

slice [18F]PM-PBB3 images are shown. Red arrowheads indicate positive retention of both [18F]PI-2620 and [18F]PM-PBB3 (globus pallidus and

substantia nigra). Blue arrowheads indicate positive [18F]PM-PBB3 retention, but weak [18F]PI-2620 (thalamus, frontal gyrus and subthalamic

nucleus). (B) Plot of SUVR for [18F]PI-2620 and [18F]PM-PBB3 in matching ROIs. P-values for Spearman correlation test.
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such as the substantia nigra, the dorsal midbrain and den-

tate nucleus, revealing different tracer kinetics from those

of the basal ganglia.14 To practically establish evidence of

the utility of tau PET for memory clinics and general med-

ical care, we acquired the [18F]PI-2620 PET images at 60–

90 min post-injection focussing on Alzheimer’s disease in

this study. On the other hand, recent studies reveal that

early time frames for PI-2620 PET in 4R tauopathies is

worthwhile.14,39 Therefore, further studies need to evaluate

two-time frames of [18F]PI-2620 imaging (early frame; 30–

60 and late frame; 60–90 min) and/or determine appropri-

ate PET acquisition times that depend on the respective

interest regions and diseases.

Third, the retention target of [18F]PI-2620 in the globus

pallidus in 4R tauopathies remains unknown. Off-target

binding in the basal ganglia is commonly observed in

[18F]AV-1451 PET studies of the elderly. Recent studies

have shown that [18F]AV-1451 exhibits off-target binding

to melanin, calcifications and iron accumulation sites.37,47–49

Furthermore, the basal ganglia express high aminergic pro-

jections and neuroreceptors, and shows progressive neuro-

degeneration and astro-microgliosis in non-Alzheimer’s

disease tauopathy. Therefore, in vitro binding assays and

autoradiography using fresh-frozen brain samples are

required to accurately interpret in vivo [18F]PI-2620 PET

positivity in 4R tauopathy.

Fourth, multiple diseases exhibit CBS phenotypes, and

CBS’s pathological background is broad. Two CBS cases

(#01 and #17) showing cortical retention of [18F]PI-2620

PET in our study (Supplementary Fig. 5), were FBB posi-

tive, indicating overlapping Ab pathology. A review of

clinicopathological series reported that the most common

pathologic substrates for clinical CBS are CBD (46.7%),

Alzheimer’s disease (16.7%), PSP (16.1%), FTLD with

TDP-43 pathology (6.7%) and Pick’s disease (3.9%).50

Ab pathology is found to frequently overlap with CBD.51

However, given that both show typical CBS symptoms,

DaTSCAN abnormalities, and higher [18F]PI-2620 reten-

tion in the globus pallidus, we propose that both patho-

logical diagnoses are CBS–CBD concomitant with

Alzheimer’s disease pathology and high uptake in globus

pallidus has diagnostic value to distinguish between typ-

ical Alzheimer’s disease and CBS-CBD concomitant with

Alzheimer’s disease pathology.

Based on the current pathology-imaging study showing

limited [18F]PI-2620 cortical uptake in autopsy-confirmed

CBD (Fig. 3), it is likely that increased [18F]PI-2620 cor-

tical retention in both CBS cases mostly reflect the PHF

burden of Alzheimer’s disease pathology. Recently, Palleis

reported Ab-positive CBS patients showed regional

[18F]PI-2620 retentions in pre- and postcentral gyri,

which were spared in Ab-positive typical Alzheimer’s dis-

ease patients with amnestic syndromes,14,39 which may

support our results that Ab-positive CBS cases, in particu-

lar #17, showed [18F]PI-2620 retentions in left postcentral

gyrus (Supplementary Fig. 5), whereas Alzheimer’s disease

patients curiously showed decreased [18F]PI-2620 uptake

in the globus pallidus (Fig. 2 and Supplementary Fig. 3).

Further pathology-imaging studies are needed to interpret

[18F]PI-2620 retentions in Ab-positive CBS.

Fifth, our study shows only one head-to-head analysis

in a PSP patient. [18F]PMPBB3 is considered a possible

PET tracer for the detection of tau fibrils in 4R tauopa-

thies based on a single study with a limited sample

size.4,18,19 Another study suggests that the limited specifi-

city of the original compound, [11C]PBB3, for tau and a

potential binding affinity of the tracer for the more abun-

dant Ab in the Alzheimer’s disease brain.52 Possibility of

unknown off-target bindings of [18F]PM-PBB3 need to be

investigated with thorough further ante-/post-mortem

investigations. With regard to the eventual conclusion of

a possible PET tracer for diagnosis and differentiation of

non-Alzheimer’s disease tauopathies, further clinicopatho-

logical assessments will be required.

Collectively, this study laid evidence that [18F]PI-2620

PET uptake at a late time frame in the globus pallidus

may be associated with its degeneration in non-

Alzheimer’s disease 4R tauopathies. We also found no

correlation between in vivo retention at a late time frame

and post-mortem tau accumulation in autopsy-confirmed

CBD. Although further large-scale studies and detailed

assessments of scan imaging and procedures are required

to exploit its full potential, this tau tracer is a promising

PET radioligand for in vivo imaging of tau aggregates in

Alzheimer’s disease, but of limited utility for the reliable

detection of 4R-tau pathology at 60–90 min post-injec-

tion. We propose that tau tracers should be used differ-

ently depending on the tau fibrils of Alzheimer’s disease

or non-Alzheimer’s disease tauopathies.

Supplementary material
Supplementary material is available at Brain

Communications online.
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