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a b s t r a c t 

Positron emission tomography (PET) with 18 F-PM-PBB3 ( 18 F-APN-1607, 18 F-Florzolotau) enables high-contrast 

detection of tau depositions in various neurodegenerative dementias, including Alzheimer’s disease (AD) and 

frontotemporal lobar degeneration (FTLD). A simplified method for quantifying radioligand binding in target 

regions is to employ the cerebellum as a reference (CB-ref) on the assumption that the cerebellum has minimal tau 

pathologies. This procedure is typically valid in AD, while FTLD disorders exemplified by progressive supranuclear 

palsy (PSP) are characterized by occasional tau accumulations in the cerebellum, hampering the application of 

CB-ref. The present study aimed to establish an optimal method for defining reference tissues on 18 F-PM-PBB3- 

PET images of AD and non-AD tauopathy brains. We developed a new algorithm to extract reference voxels with 

a low likelihood of containing tau deposits from gray matter (GM-ref) or white matter (WM-ref) by a bimodal 

fit to an individual, voxel-wise histogram of the radioligand retentions and applied it to 18 F-PM-PBB3-PET data 

obtained from age-matched 40 healthy controls (HCs) and 23 CE, 40 PSP, and five other tau-positive FTLD 

patients. PET images acquired at 90–110 min after injection were averaged and co-registered to corresponding 

magnetic resonance imaging space. Subsequently, we generated standardized uptake value ratio (SUVR) images 

estimated by CB-ref, GM-ref and WM-ref, respectively, and then compared the diagnostic performances. GM-ref 

and WM-ref covered a broad area in HCs and were free of voxels located in regions known to bear high tau burdens 

in AD and PSP patients. However, radioligand retentions in WM-ref exhibited age-related declines. GM-ref was 

unaffected by aging and provided SUVR images with higher contrast than CB-ref in FTLD patients with suspected 

and confirmed corticobasal degeneration. The methodology for determining reference tissues as optimized here 

improves the accuracy of 18 F-PM-PBB3-PET measurements of tau burdens in a wide range of neurodegenerative 

illnesses. 
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. Introduction 

Depositions of tau fibrils in the brain are the hallmarks of Alzheimer’s

isease (AD) and a significant subset of frontotemporal lobar degen-

ration (FTLD), including progressive supranuclear palsy (PSP), corti-

obasal degeneration (CBD), and Pick’s disease (PiD). The structures of

au in these and other diverse tauopathies are distinct ( Buee et al., 2000 ;
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hi et al., 2021 ), and they determine the subcellular, cellular, and re-

ional distribution of tau aggregates in close relationships with clinical

henotypes ( Arima, 2006 ; Delacourte, 2005 ). 

The recent development of radioligands for positron emission tomog-

aphy (PET) has enabled in vivo visualization of tau fibril depositions

 Villemagne et al., 2018 ; Leuzy et al., 2019 ). To quantify tau accumu-

ations in AD brains, a ratio of the radioactivity uptake between target
ado) . 
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Table 1 

Demographic data. 

HC AD PSP 

Demographics 

Number 40 23 40 

Age 68.6 (5.7) 66.2 (10.0) 70.4 (6.4) 

Gender (male/female) 25/15 11/12 22/18 

MMSE 28.3 (1.5) 21.8 (3.7) ∗ , † 24.8 (4.6) ∗ 

PSPRS N/A N/A 38.1 (18.2) 

PiB SUVR 1.07 (0.08) 2.03 (0.31) ∗∗ 1.14 (0.17) 

Volumes of reference (cm 

3 ) 

CB-ref 62.8 (7.3) 65.3 (11.1) 60.4 (9.7) 

GM-ref 124.6 (31.0) 52.5 (21.6) ∗ , † 95.8 (36.2) ∗ 

WM-ref 157.6 (28.1) 144.8 (26.9) 142.8 (29.4) ∗ 

HC, healthy control; AD, Alzheimer’s disease; PSP, progressive supranuclear 

palsy; MMSE, mini-mental state examination; PSPRS, progressive supranu- 

clear palsy rating scale; SUVR, standardized uptake value ratio; CB-ref, cere- 

bellar reference; GM-ref, gray matter reference; WM-ref, white matter refer- 

ence. 

PSP patients consisted of 33 PSP-Richardson and 7 PSP with other clini- 

cal phenotypes: PSP with progressive gait freezing (PSP-PGF), predominant 

parkinsonism (PSP-P), and predominant speech/ language disorder (PSP-SL). 

Values are listed as mean ± standard deviation. 
∗ , HC higher than AD and PSP, P < 0.05. 
∗∗ , AD higher than HC and PSP, P < 0.05. 
† , PSP higher than AD, P < 0.05. 
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nd reference tissue defined as standardized uptake value ratio (SUVR)

r distribution volume ratio is often employed as a simplified index for

he specific probe binding to tau aggregates under the assumption that

he reference region is devoid of tau lesions harboring binding compo-

ents. Similarly, time-radioactivity curves in the target and reference re-

ions are comparatively utilized for the estimation of non-displaceable

inding potential (BP ND ) of the radiotracer according to pharmacoki-

etic models. The reference tissue is primarily defined on cerebellar gray

atter (CB-ref) for PET measurements of AD-type tau pathologies since

his anatomical structure is considered to contain minimal tau fibrils

n AD ( Barret et al., 2017 ; Pascoal et al., 2018 ; Kuwabara et al., 2018 ;

ueller et al., 2020 ). 

While most PET probes for tau deposits are incapable of sensitive

etection of FTLD-type tau assemblies formed by a subgroup of tau iso-

orms, we developed a PET ligand, 11 C-PBB3, for visualizing AD and

on-AD tau pathologies, including PSP-, CBD-, and PiD-type tau inclu-

ions ( Maruyama et al., 2013 ). 11 C-PBB3 did not yield abundant ra-

iosignals in the brain due to its high propensity to metabolic conver-

ions and consequent inefficiency of its transfer to the brain, but a fluo-

inated analog of 11 C-PBB3, 18 F-PM-PBB3 (also known as 18 F-APN-1607

r 18 F-Florzolotau), displayed improved biostability and allowed detec-

ion of a wide range of tau lesions with high contrast ( Tagai et al., 2021 ).

he use of CB-ref might lead to underestimation of the radiotracer bind-

ng in target tissues, particularly in patients with PSP and CBD, as tau

athologies could exist in the cerebellum of these cases ( Kimura et al.,

016 ; Endo et al., 2019 ). To circumvent this technical issue, we ex-

racted reference voxels with a low likelihood of tau depositions from

ray matter in parametric images based on whether the voxel-wise

P ND was within a range assigned using a histogram in healthy controls

 Kimura et al., 2016 ). This method was applied to determining BP ND of
1 C-PBB3 in subjects with AD ( Kimura et al., 2016 ), PSP ( Endo et al.,

019 ), and several other non-AD tauopathies ( Shinotoh et al., 2019 ;

akahata et al., 2019 ). More recently, other research groups devel-

ped a procedure to extract reference voxels from white matter based

n whether the voxel-wise radiotracer retention was included in a

ange assigned using an individual histogram ( Southekal et al., 2018 ;

hang et al., 2021 ). This methodology was then applied in the estima-

ion of 18 F-PM-PBB3 retention in AD cases ( Zhang et al., 2021 ), and the

mployment of individual histograms allowed handy quantitative assays

ithout generating an average histogram in control subjects. However,

t remains unclear whether reference voxels should be collected from

ray or white matter, and it also needs to be determined how the range

f the probe retention in the histogram is selected for the reference ex-

raction. 

The present study aims to establish an optimal method to define ref-

rence voxels for the quantification of 18 F-PM-PBB3 binding in diverse

auopathies. We constructed a new workflow to assign the range of the

robe uptake for picking up adequate voxels with sufficient robustness

n consideration of diverse histogram profiles. Then, the accuracy of

iagnostic discriminations and contrasts for tau pathologies were com-

ared among CB-ref and pools of reference voxels extracted from gray

atter (GM-ref) and white matter (WM-ref). 

. Methods 

.1. Participants 

We analyzed age-matched datasets of 40 healthy controls (HCs),

3 patients with AD, 40 patients with PSP, and five patients with

ther FTLD syndromes. These datasets were acquired from clinical stud-

es registered in the UMIN Clinical Trials Registry (UMIN 

–CTR; IDs

00030248, 000034546, 000033808, 000030319). They were approved

y the Radiation Drug Safety Committee and National Institutes for

uantum Science and Technology Certified Review Board of Japan.

ritten informed consent was obtained from all subjects and/or from

lose family members when subjects were cognitively impaired. 
2 
All patients were clinically diagnosed according to the estab-

ished criteria that we previously reported ( Petersen et al., 1999 ;

cKhann et al., 1984 ; Hoglinger et al., 2017 ; Armstrong et al., 2013 ;

ascovsky et al., 2011 ; Gorno-Tempini et al., 2011 ). Depositions of

myloid-beta (A 𝛽) were assessed by a visual inspection of 11 C-PiB-PET

mages ( Tagai et al., 2021 ) and quantified as standardized uptake value

atio (SUVR) with the whole cerebellum as a reference region and the

entiloid atlas implemented in the PMOD Neuro Tool (PMOD Technolo-

ies Ltd). All AD patients were indicated by PET as having A 𝛽 plaques

nd denoted as A 𝛽 ( + ), and five A 𝛽 ( + ) MCI patients were added to the

D group. The PSP group consisted of 33 patients with PSP Richard-

on syndrome (PSP-Richardson) with typical manifestations and seven

atients with other clinical phenotypes (PSP-other). HCs were without

 history of neurological and psychiatric disorders, and they were age-

atched with the AD and PSP groups ( Table 1 ). Patients with other

TLDs, including corticobasal degeneration syndrome (CBS), progres-

ive non-fluent aphasia (PNFA), and behavioral variant of frontotempo-

al dementia (BvFTD), were also incorporated as in our previous report

 Tagai et al., 2021 ), and two of these cases were neuropathologically

iagnosed as having CBD and PiD by biopsy and autopsy, respectively

 Klein and Tourville, 2012 ). All HCs, PSP, and other FTLD patients were

 𝛽 (-) according to PET findings. 

.2. Image acquisition and data preprocessing 

MR images were acquired with a 3-T scanner, MAGNETOM Ve-

io (Siemens Healthcare). Three-dimensional T1-weighted gradient-

cho sequence produced a gapless series of thin sagittal sections

TE = 1.95 ms, TR = 2300 ms, TI = 900 ms, flip angle = 9°, acquisi-

ion matrix = 512 × 512 × 176, voxel size = 1 × 0.488 × 0.488 mm).

ET assays were conducted with a Biograph mCT Flow system (Siemens

ealthcare), which provides 109 sections with an axial field of view

f 16.2 cm. The intrinsic spatial resolution was 5.9 mm in-plane and

.5 mm full-width at half-maximum axially. Images were reconstructed

sing a filtered back-projection algorithm with a Hanning filter (4.0 mm

ull-width at half-maximum). 18 F-PM-PBB3 was injected into the sub-

ects at an average dose of 186.4 ± 8.2 MBq and a molar activity of

37.4 ± 75.3 GBq/ 𝜇mol. The entire process from radiosynthesis to in-

ection of 18 F-PM-PBB3 was performed under UV-cut light to avoid pho-

oisomerization. 
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Fig. 1. Flowcharts of extracting reference tissues by developed algorithm on 18 F-PM-PBB3 PET images. The yellow-labeled regions show extracted references based 

on bimodal/monomodal Gaussian fitting, respectively. (A) A histogram obtained from a PSP-Richardson case, and the reference was extracted from the 1st Gaussian 

distribution based on bimodal fitting. (B) shows histograms obtained from a PSP-PGF case. The amplitude of the 1st peak was less than half of the 2nd peak on 

bimodal fitting (left), and the Dice coefficient was higher than the threshold value ( > 0.936) on monomodal fitting (right). Hence, the reference was set based on 

monomodal fitting. (C) shows histograms obtained from an AD case. The amplitude of the 1st peak was less than half of the 2nd peak on bimodal fitting (left), 

whereas the Dice coefficient was lower than the threshold value ( < 0.936) on monomodal fitting (right). Ultimately, the reference was set based on bimodal fitting. 
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Data preprocessing was performed using PMOD 3.8 (PMOD Tech-

ologies Ltd) and Statistical Parametric Mapping software (SPM12,

ellcome Department of Cognitive Neurology). Acquired PET images

ere corrected for head motions. Briefly, images at 100–110 min were

ligned with a summation image at 90–100 min using PMOD 3.8. Then,

otion-corrected PET images were rigidly co-registered to individual

1-weighted MR images. To generate SUVR images, we averaged PET

ata acquired at 90–110 min after radiotracer injection. In addition, the

ndividual MR images were segmented, and the probability maps of gray

atter (GM) and white matter (WM) were generated using SPM12 for

he extraction of reference voxels based on histogram analysis. 

.3. Histogram-based definition of reference voxels 

We propose a new method to define reference voxels in GM or WM

ased on the frequency histogram of voxel-counts with a homemade

cript implemented MATLAB (The Mathworks, Natick, MA, USA). In this

rocedure, the PERSI (Parametric Estimation of Reference Signal Inten-

ity) method documented previously ( Southekal et al., 2018 ) is modi-

ed to extract reference voxels from GM as well as WM and is further

efined to select the optimal reference voxels by stable fits of Gaussian

istributions to the histogram. 

A binary mask image of GM or WM was generated from the proba-

ility maps by selecting voxels with a higher than 90% probability of

eing GM or WM after the erosion by morphological operation using

 × 3 × 3 neighboring voxels to eliminate the influence from boundary

egions. Subsequently, a voxel-wise frequency histogram of voxel-counts

as constructed from an individual PET image masked for GM or WM. 
3 
A bimodal Gaussian distribution fit was then applied to the his-

ogram in light of the view that voxels with and without tau pathologies

ormed two distinct peaks ( Southekal et al., 2018 ). The first Gaussian

istribution with a lower-count peak was regarded to contain voxels

ith no or minimal tau deposits, and hence voxels with values within

he full-width at half-maximum (FWHM) of this peak were extracted

nd pooled as a reference region. The extracted reference region was

xported as a probability map as expressed in Eq. (2) , and the represen-

ative value of tracer retention in the reference region ( C ref ) was deter-

ined by averaging reference voxel values weighted for the probability

f being contained in the first versus second Gaussian distribution ( w i )

s follows: 

 𝑟𝑒𝑓 = 

𝑁 ∑

𝑖 =1 
𝑤 𝑖 𝐶 𝑖 ∕ 

𝑁 ∑

𝑖 =1 
𝑤 𝑖 (1)

 𝑖 = 𝑔 1 
(
𝐶 𝑖 

)
∕ 
(
𝑔 1 
(
𝐶 𝑖 

)
+ 𝑔 2 

(
𝐶 𝑖 

))
, (2)

here C i is the value of the i th voxel, g 1 and g 2 are the first and second

aussian distribution functions, respectively, and N is the number of

eference voxels ( Fig. 1 A). 

If the height of the first peak was less than half of the second peak,

e applied monomodal Gaussian distribution to the histogram to cir-

umvent potential lack of the fitting robustness in the bimodal fit due

o an insufficient number of voxels in the first peak ( Fig. 1 B). The

onomodal Gaussian distribution fit was then evaluated by the Dice

oefficient, which is a ratio of the area between the doubled intersec-

ion of the polygonized histogram and fitted Gaussian distribution and

he sum of these two polygons. If the Dice coefficient was smaller than
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Table 2 

Correlations between radioligand SUVRs in the three references and 

ages. 

CB-ref GM-ref WM-ref 

Quantified by CB-ref N/A 0.058 -0.291 ∗ 

Quantified by GM-ref -0.058 N/A -0.351 ∗ 

Quantified by WM-ref 0.291 ∗ 0.351 ∗ N/A 

CB-ref, cerebellar reference; GM-ref, gray matter reference; WM-ref, 

white matter reference. 

Values indicate Spearman coefficients of correlations. 
∗ , correlated with age, P < 0.05. 

Table 3 

AUC values in ROC analysis of the discriminations with SUVRs in the 

target regions quantified with the three reference tissues. 

CB-ref GM-ref WM-ref 

HC versus AD 0.998 0.998 0.985 

HC versus PSP 0.918 0.930 0.923 

AD versus PSP 1.00 0.998 0.995 

HC, healthy control; AD, Alzheimer’s disease; PSP, progressive 

supranuclear palsy; CB-ref, cerebellar reference; GM-ref, gray matter 

reference; WM-ref, white matter reference. 

AUC values estimated from ROC curve analyzes are displayed. Each 

of target region was set at Braak Ⅴ / Ⅵ (HC versus AD), STN (HC ver- 

sus PSP) and ITC (AD versus PSP), respectively. 
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(

he threshold value determined with HC data in the current cohort, the

imodal Gaussian distribution fit was considered more appropriate than

he monomodal fit ( Fig. 1 C). The threshold was set at 0.936, which is

he mean -2 standard deviation (SD) value of cases in which monomodal

tting was applied in HCs. In the use of the monomodal fit, C ref was de-

ermined by averaging counts in all voxels within the FWHM ( Fig. 1 B).

inally, all voxel-counts were normalized by C ref in GM-ref or WM-ref

s well as retention in CB-ref (cerebellar cortex) labeled with Freesurfer

.0 from the Desikan–Killiany–Tourville atlas as a conventional method

 Klein and Tourville, 2012 ), to produce SUVR images, respectively. 

.4. Target regions 

The target region was placed in an area with abundant tracer bind-

ng in AD and PSP patients, on the basis of previous studies ( Tagai et al.,

021 ). We defined volumes of interest (VOIs) in the neocortex involved

n AD tau pathologies at Braak stages V and VI (Braak Ⅴ / Ⅵ ) and inferior

emporal cortex (ITC) and in the subthalamic nucleus (STN) burdened

ith PSP-type tau deposits. Braak Ⅴ / Ⅵ VOI was applied for discrimi-

ation between HC and AD, STN VOI between HC and PSP, and ITC

OI between AD and PSP ( Ossenkoppele et al., 2018 ), respectively. The

raak Ⅴ / Ⅵ and ITC VOI were labeled using FreeSurfer 6.0 as described

lsewhere. The STN VOI was defined with a template atlas (Talairach

aemon atlas from the Wake Forest University PickAtlas version 3.0.5)

n the MNI (Montreal Neurologic Institute) space, and spatial normal-

zation was conducted according to the Diffeomorphic Anatomical Reg-

stration Through Exponentiated Lie Algebra (DARTEL) algorithm. For

ther FTLDs, VOIs were also generated with FreeSurfer 6.0 in areas en-

iched with tau lesions characteristic of each disease, such as the pre-

entral cortex in CBS and PNFA and the orbitofrontal cortex in BvFTD. 

.5. Statistical analyzes 

Statistical examinations were performed using GraphPad Prism 9.0.

e adapted Fisher’s exact test (sex) and Kruskal-Wallis test (other pa-

ameters) for comparisons between HCs, AD, and PSP groups ( P < 0.05,

orrected by Dunn’s multiple comparisons). The performance of the di-

gnosis based on SUVR values in the target VOIs against CB-ref, GM-ref,

nd WM-ref was evaluated using Mann-Whitney U test and area un-

er the curve (AUC) values in Receiver Operating Characteristic (ROC)

urves; differences in AUC values were examined by DeLong’s method

 Hanley and McNeil, 1983 ). Correlations of the age with radioligand

UVRs in each of the three reference tissues estimated with the other

wo references were also assessed by Spearman’s rank-order method. 

To directly compare SUVR values calculated with CB-ref and other

eferences, we conducted linear regression analysis and assessed corre-

ations between SUVR values of target regions estimated with these ref-

rence tissues. Furthermore, we performed voxel-wise comparisons of

UVRs determined with the different reference tissues by SPM12. The

wo-sample t -test model was applied to the comparisons between para-

etric SUVR images quantified with CB-ref and other references. For

ultiple voxel comparisons, family-wise error corrections at peak levels

ere applied ( p < 0.05). 

.6. Data availability 

Data supporting the findings of this study are available from the cor-

esponding author upon reasonable request. Sharing and reuse of data

equire the expressed written permission of the authors, as well as clear-

nce from the Institutional Review Boards. 

. Results 

.1. Evaluations of reference tissues 

Table 1 shows the demographics of the subjects and volumes of de-

ned CB-ref, GM-ref, and WM-ref. The bimodal Gaussian distribution
4 
t to the histogram was judged as adequate in most cases, while the

onomodal fit was chosen in GM histograms of six HCs and five PSP,

nd WM histograms of one HC and one AD case. 

Fig. 2 A demonstrates representative images of GM-ref and WM-ref.

s a result of Gaussian fitting, voxels in GM-ref showed a tendency to

ick up from a broad area in HCs, the cerebellum in AD and PSP cases,

xcept for several PSP cases showing high radioligand accumulation in

he cerebellum. Meanwhile, voxels in WM-ref were extracted from ex-

ensive areas in HCs and AD cases and regions excluding a WM por-

ion of the basal ganglia in PSP cases. Averaged GM-ref and WM-ref

aps in each diagnostic group were in agreement with these findings

 Fig. 2 B and Supplementally Fig. 1 ). In particular, the spatial distribu-

ions of reference voxels with high probabilities in AD and PSP did not

verlap with known tau topologies. Meanwhile, the tracer retentions in

M-ref estimated with CB-ref and GM-ref presented a negative correla-

ion with aging, and the retentions in CB-ref and GM-ref estimated with

M-ref were positively correlated with ages ( Table 2 ). These associa-

ions were also observed in the analysis restricted to HCs, who had no

au lesions (data not shown), indicating an age-related decline of the

on-displaceable radioligand binding in WM-ref. 

.2. Diagnostic performance of quantifications with CB-ref, GM-ref, and 

M-ref 

Fig. 3 illustrates comparisons of SUVRs in the target VOIs among the

D, PSP, and HC groups. SUVRs generated with all three reference tis-

ues exhibited significant differences between all three groups ( p < 0.05,

ig. 3 and Supplementary Fig. 2), whereas the SD of these values esti-

ated with WM-ref was higher than those estimated with CB-ref and

M-ref in HCs (Supplemental Table 1). Table 3 shows AUC values ac-

ording to ROC curve analyzes. The use of CB-ref and GM-ref yielded

igh AUC values ( = 0.998) relative to WM-ref ( = 0.985) in the sepa-

ation between AD patients and HCs. GM-ref also produced a higher

UC value ( = 0.930) than WM-ref ( = 0.923) and CB-ref ( = 0.918) in the

iscrimination between PSP patients and HCs. WM-ref ( = 0.995) also

ielded lower AUC values than GM-ref ( = 0.998) and CB-ref ( = 1.00)

n the discrimination between AD and PSP patients. However, there

ere no statistically significant differences between these AUC values

 p > 0.05) (Supplementary Table 2). 
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Fig. 2. Comparisons of topographies of GM-ref and WM-ref generated using histograms. (A) References generated by the histograms in representative cases of HCs 

and patients with AD and PSP. All PET images were co-registered T1-weighted MR images; red labeled regions demonstrate generated GM-ref (upper row); yellow 

labeled regions show WM-ref (lower row). (B) Averaged GM-ref and WM-ref in each diagnostic group on normalized spatial maps, reflecting the probability that 

each voxel is included in the reference tissue. Arrowheads point to the cerebral cortex of the AD group and basal ganglia of the PSP group, which exhibited lower 

probabilities of being selected as reference regions than those of the HC group, in agreement with the presumable high abundance of tau pathologies. 

Fig. 3. Comparisons of the tracer binding in 

target regions quantified by each reference. 

Scatter plots show SUVR values of Braak Ⅴ / Ⅵ 

(A), STN (B) and ITC (C) in the case of be- 

ing quantified by each reference. The color of 

each dot indicates the clinical profile: black cir- 

cles, (HC); white squares, (MCI); black squares, 

(AD); blue circles, (PSP-Richardson); red cir- 

cles, (PSP-other). Asterisks indicate P < 0.05 by 

Mann-Whitney U test. 
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Fig. 4. Direct comparison of SUVRs quantified by CB-ref and GM-ref in HCs and AD patients. (A) SUVR parametric images quantified by CB-ref in the upper row and 

by GM-ref in the lower row are shown. Tau lesions are visualized with similar contrast to CB-ref from MCI to AD. (B) The scatterplot demonstrates a linear regression 

analysis. Black circles: (HC), white squares: (MCI), black squares: (AD). SUVR values are estimated from Braak Ⅴ / Ⅵ VOI. (C) Statistical maps showing voxel-wise 

comparisons of SUVRs in the Montreal Neurological Institute coordinate space. Significantly increased accumulation in AD was detected in extensive areas of the 

cerebral cortex in each case estimated with CB-ref or GM-ref ( p < 0.05, familywise error corrected at peak levels). There were no statistically significant differences 

between the two methods in AD. 
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.3. Comparisons of imaging data yielded by CB-ref and GM-ref 

We then compared parametric SUVR images generated with CB-ref

nd GM-ref, as WM-ref may not yield precise tau pathology measures be-

ause of aging correlations. The analyzes with CB-ref and GM-ref sim-

larly captured spreading of the tracer retention from the medial and

nferior temporal regions to the other neocortical areas along with cog-

itive declines in the continuum from MCI to AD ( Fig. 4 A). Moreover,

UVRs in the target VOIs estimated with GM-ref and CB-ref were in good

greement with each other in MCI and AD cases ( Fig. 4 B). Voxel-level

omparisons with HCs showed higher t-scores in CB-ref cases than in

M-ref cases. Meanwhile, the comparison between each of the AD cases

id not detect any voxels with a significant difference ( Fig. 4 C); the same

esults were also found using a paired t -test design (data not shown). By

ontrast, quantification using GM-ref detected tau depositions in PSP

atients with higher SUVR than the analysis with CB-ref ( Fig. 5 A). No-

ably, tau accumulations primarily in the midbrain and left neocortical

reas were undetectable with CB-ref but were clearly visualized with

M-ref in a PSP patient with aphasia (PSP-SL) ( Fig. 5 A). GM-ref yielded

igher SUVR values in the target VOIs than CB-ref in these PSP cases,

ndicating high contrast for tau aggregates provided by GM-ref ( Fig. 5 B).

hole-brain analysis supported these findings, and also revealed a sig-

ificant increase in tracer accumulation surrounding the cerebellum in

M-ref ( Fig. 5 C). 

We also assessed individual SUVR images of patients with various

linical and/or neuropathological phenotypes of non-PSP FTLDs ( Fig. 6 ).

n a case with neuropathologically confirmed CBD, the assay with GM-

ef captured tau depositions in the motor cortex and subcortical areas

ore sensitively than the use of CB-ref. Besides, GM-ref allowed imag-

ng of tau pathologies with topologies characteristic of PSP and CBD in
6 
on-AD CBS and PNFA patients with higher contrast than CB-ref. Finally,

UVR images generated with CB-ref and GM-ref displayed high similar-

ty in BvFTD patients with suspected or confirmed PiD neuropathology,

resumably due to the lack of tau aggregates in the cerebellum. 

. Discussion 

In the present work, we optimized the determination of reference

issue for the sensitive and precise PET detection of tau pathologies in

arious neurodegenerative dementias. This methodology improves the

tility of the advantage of 18 F-PM-PBB3 as an imaging agent for AD and

on-AD tau depositions. In addition to the conventional CB-ref place-

ent, Gaussian fits to individual histograms of 18 F-PM-PBB3 retentions

n GM and WM segments provided a range of radioligand uptakes for the

xtraction of voxels with a low likelihood of possessing tau deposits. No-

ably, GM-ref demonstrated robust diagnostic performance regardless of

isease or aging, and allowed for accurate quantification at the individ-

al level, especially in cases such as PSP and CBD where CB-ref could

e contaminated with tau lesions. Accordingly, our findings validate the

tilization of GM-ref for capturing and quantifying different types of tau

ccumulations in any of the brain regions, including the cerebellum. 

The application of histograms enabled us to exclude regions that

ere likely to contain specific binding and to extract optimized ref-

rence regions regardless of the type of diseases ( Kimura et al., 2016 ;

outhekal et al., 2018 ). A vital issue in the histogram-based definition

f reference voxels is the choice of an adequate mathematical model

o describe the observed curves, as exemplified by monomodal and bi-

odal Gaussian fits. In the employment of our precedent tau PET probe,
1 C-PBB3, a relatively low dynamic range for the detection of specific

inding components impeded the application of a bimodal fit to the ac-
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Fig. 5. Direct comparison of SUVRs quantified by CB-ref and GM-ref in HCs and PSP patients. (A) SUVR parametric images quantified by CB-ref in the upper row and 

by GM-ref in the lower row are shown. Tracer retention was increased and visualized in GM-ref compared to CB-ref in areas with well-known PSP pathology such as 

basal ganglia (white arrowheads) and motor cortex (yellow arrowheads). The asterisk image was obtained from a neuropathologically confirmed PSP patient. (B) The 

scatterplot demonstrates a linear regression analysis. Blue circles, (PSP-Richardson); red circles, (PSP with other clinical phenotypes). SUVR values are estimated from 

STN VOI. (C) Statistical maps showing voxel-wise comparisons of SUVRs in the Montreal Neurological Institute coordinate space. Significantly increased accumulation 

in PSP was detected in the basal ganglia in both cases with CB-ref and GM-ref, and also motor cortex in the case with GM-ref ( p < 0.05, familywise error corrected 

at peak levels). There were also significant differences in the cerebellum between the two methods in PSP ( p < 0.001, uncorrected at peak level). 
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uired image data ( Maruyama et al., 2013 ; Kimura et al., 2016 ). By

ontrast, high contrasts for tau deposits produced by 18 F-PM-PBB3 have

llowed clear separation between two histogram clusters representing

oxels with and without noticeable tau pathologies, and voxels lacking

ET-visible tau fibrils constitute the first, larger peak ( Fig. 1 A). Mean-

hile, the two peaks can barely be discriminated in histograms of HCs

urdened with few tau aggregates and PSP cases harboring low-grade

au depositions, justifying the use of a monomodal fit in these subjects

 Fig. 1 B). Moreover, the first peak may be small but distinguishable from

he second peak in patients with advanced AD, and GM-ref extracted by

he bimodal fitting resembled CB-ref ( Fig. 1 C). 

An additional advantage of the current procedure over the previous

ethod ( Kimura et al., 2016 ) is the assignment of a radioligand up-

ake range for the selection of reference voxels in each individual with-

ut introducing average cutoff values determined in the HC group. The

roup-wise cutoff could vary in a manner dependent on PET scanners

nd image reconstruction algorithms, precluding the unification of tau

easurements among different PET facilities. The circumvention of this

rawback in the present workflow will therefore facilitate multicenter

au PET assessments of elderly subjects on a large scale. 

In this study, the radioligand retentions in GM-ref were not suscep-

ible to aging, while the retentions in WM-ref declined with aging. WM-

ef had been reported to be valid in several amyloid and tau PET studies

 Southekal et al., 2018 ; Chen et al., 2015 ; Landau et al., 2015 ), as its

arge size could be advantageous for reducing the statistical variability

elative to CB-ref. In the meantime, non-specific retentions of these ra-

ioprobes in WM areas have been observed to vary among HCs partially

n relation to aging ( Baker et al., 2019 ; Moscoso et al., 2021 ). It is also

oteworthy that even slight alterations of off-target tracer binding may
7 
ead to large variabilities of SUVRs in the use of WM-ref if the back-

round (free) tracer retention in WM is very low. We also noted dif-

erences in the non-displaceable radioligand retention between CB-ref

nd GM-ref in the HC and PSP brains (Supplementary Fig. 3), implying

ower non-displaceable retentions in the non-cerebellar GM areas than

n the cerebellar GM. However, as mentioned above, these retentions in

B-ref and GM-ref were not altered with aging. Although the age-related

eduction of non-displaceable radioligand binding in the white matter

ould arise from progressive declines of myelin components, molecular

nd histological substrates of this correlation are yet to be identified.

n light of these observations, we consider GM-ref to be preferable to

M-ref for the quantification of tau deposits with this radioligand. 

GM-ref also exhibited better diagnostic performance than CB-ref in

atients with FTLD disorders, and particularly in those with putative and

onfirmed PSP and CBD pathologies. Indeed, PSP tau pathologies could

nvolve the cerebellar dentate nucleus and adjacent WM from a rela-

ively early stage ( Kovacs et al., 2020 ; Williams et al., 2007 ). Similarly,

au lesions can be found in these areas of atypical or advanced CBD cases

 Kouri et al., 2011 ; Ling et al., 2016 ; Shiozawa et al., 2000 ). Further-

ore, tau inclusions in cerebellar GM Purkinje cells have also been de-

ected in both PSP and CBD patients ( Piao et al., 2002 ; Koga et al., 2016 ).

hus, the localization of these pathological tau aggregates could under-

ine the validity of CB-ref for the PET assessment of FTLD disorders. The

istogram-based reference definition proposed here can exclude voxels

ith potential tau pathologies throughout the entire GM or WM, in-

luding the cerebellar regions, in an unbiased fashion. In fact, GM-ref

as composed of extensive neocortical areas rather than the cerebellar

ectors in consecutive PSP and CBD cases, along with CBS and PNFA

atients suspected of having PSP or CBD pathologies, and low-grade tau
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Fig. 6. Direct comparison of SUVRs quantified by CB-ref and GM-ref in other FTLD patients. (A) SUVR parametric images quantified by CB-ref in upper row and 

by GM-ref in lower row are shown. Tracer retention was increased and visualized in GM-ref compared to CB-ref in CBD, non-AD CBS, PNFA and patients, but it 

remained almost the same in BvFTD and PiD patients. Arrowheads indicate each target region: motor (yellow) and orbito (white) frontal cortices. Asterisked images 

were derived from neuropathologically confirmed patients. (B) Comparison of SUVR values quantified by CB-ref and GM-ref n each target region. Each target region 

was set at precentral cortex of CBD (magenta triangle), Non-AD CBS (magenta circle) and PNFA (magenta square) patients, and orbitofrontal cortex of BvFTD (light 

blue circle) and PiD (light blue triangle). 
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ccumulations in neocortical structures of these subjects could be cap-

ured by using GM-ref but not CB-ref. By contrast, tau depositions in

iD patients were nearly equally detectable by applying GM-ref and CB-

ef, in agreement with the lack of intense cerebellar tau lesions in this

isorder. 

GM-ref and CB-ref showed comparable diagnostic performance in

iscriminating AD cases from HCs. GM-ref showed a lower t-scores than

B-ref in voxel-level comparisons with HCs, which might be led by dif-

erences in non-displaceable retention in HCs according to comparisons

etween GM-ref and CB-ref in AD cases. Although the normalized spatial

ap of GM-ref suggested that reference voxels could be also extracted

rom cerebral cortex in AD, whose probabilities were quite low com-

ared to cerebellar cortex. According to our workflow, which measures

racer accumulation in the reference region with probability weighting,

he contribution of voxels from cerebral cortex would not be so substan-

ial in the present dataset mainly consisting of AD dementia. At the same

ime, we also postulate that GM-ref can utilize a larger volume of brain

reas than CB-ref in the assays of patients with prodromal and early

D, contributing to a gain in quantification stability. Although further

nvestigation is still needed, this potential benefit would help sensitive

etection of tau accumulations with low abundances in incipient AD. 

Despite the demonstrated advantages of the current analytical

ethod, several technical issues should be considered towards establish-

ng a robust quantitative procedure. Firstly, the extracted reference vox-

ls could spatially alter over the long term in a longitudinal assessment.

eanwhile, longitudinal instability has been noted in the conventional

uantitative analysis using the cerebellum as a reference in AD ( Young

t al. 2021 ). As indicated elsewhere, this issue may be attributable to

uctuations of non-specific binding components ( Moscoso et al. 2021 ).
8 
t is also likely that non-displaceable retentions of the tracer diminish

ver time due to aging- or neuropathology-associated hypoperfusion,

hile the cerebellum is less involved in these events. These processes

ay result in notable differences in the non-displaceable volume of dis-

ribution of the radioligand between the target regions and cerebellum.

herefore, we consider that the selection of optimal reference voxels

t each time might rather avoid the influence of these tau-unrelated

lterations, although further validation of this notion is still needed.

econdly, we defined GM and WM segments by performing erosions of

 × 3 × 3 neighboring voxels in consideration of the voxel size of MR

mages. Although erosion effects differed between through-plane and

n-plane directions depending on the anisotropic voxel size, we con-

rmed that low-count boundary regions such as GM surface and CSF

pace were removed, and a sufficient number of GM and WM voxels re-

ained in the histogram after erosion. Such verifications of the erosion

xtent would also be necessary in the application of different MRI voxel

izes. Thirdly, it is also probable that the number of Gaussian distribu-

ions incorporated in the fit alters in a longitudinal investigation as the

ice coefficient changes beyond the threshold. This issue may take place

n a case with a progressive difference in the tracer retention between

he first and second peaks, as exemplified by the advancement of AD

au burdens from incipient to full-blown levels. Therefore, there should

e a tradeoff between the circumvention of influences of time-course

hanges in non-displaceable tracer retentions and possible instability of

uantification originating from different model fits to the histogram. To

xamine the benefits and potential drawbacks of the current methodol-

gy, estimation of the radioligand binding using image data from a lon-

itudinal cohort will be required. Furthermore, we may not be able to

xclude the possibility that the histogram might be better described by
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 trimodal Gaussian distribution model in a portion of individuals pos-

essing two peaks for the specific binding components that reflect mild

nd severe tau burdens. There appeared no such cases in the present

D group since quantifications with CB-ref and GM-ref yielded almost

dentical SUVRs in target areas ( Fig. 4 ). The feasibility of the current

rotocol will be further demonstrated by analyzing AD cases with low

au loads. Alternatively, a standard approach (e.g., applying a common

eference region as a template) might be beneficial for reducing these

ariabilities in a longitudinal and multicenter setting. However, accord-

ng to the comparison of GM-ref or WM-ref among the HC, AD, and PSP

roups, there were no common regions to be employed as a reference

n a standard approach ( Fig. 2 B). The cerebellum was included in GM-

ef of HCs, AD patients, and some PSP cases but not in the rest of the

SP subjects. Furthermore, all WM areas showed a variable probabil-

ty of being included in the reference tissue among the three diagnostic

roups. 

Despite these limitations, the newly developed workflow for the de-

ermination of reference tissue fortifies the utility of 18 F-PM-PBB3 for

nvestigating a broad spectrum of neurodegenerative tauopathies with

igh contrast. The conjunction of the PET technology targeting diverse

au pathologies and the current quantitative procedure would facilitate

he detection of tau lesions in a significant subset of the subjects, poten-

ially offering insights into the etiology and neuropathological pheno-

ypes of various neurodegenerative disorders. 
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