
Received: 4 February 2025 Revised: 30 April 2025 Accepted: 1May 2025

DOI: 10.1002/alz.70352

R E S E A RCH ART I C L E

Integrating visual assessments and quantificationmethods for
tau PET staging

YunaGu1,2 Jihwan Yun3 AlexisMoscoso4,5,6 Michael Schöll4,5,7,8

Daeun Shin1 EunHye Lee1 Heekyong Kang1 Sohyun Yim1 Hyunjin Jo1

Jun Pyo Kim1 SungHoon Kang9 Hee Jin Kim1,10,11,12 Duk L. Na1,13

Henrik Zetterberg14,15,16,17,18,19 Kaj Blennow14,15,20,21

FernandoGonzalez-Ortiz14,15 Nicholas J Ashton14,22,23,24 Hyemin Jang25

MichaelW.Weiner26 SeungHwanMoon27 Hanna Cho28 Jae Yong Choi29

Kyung RokNam29 ByungHyun Byun30 Su Yeon Park31 JeongHoHa31

SooHyun Cho32 SangWon Seo1,2,10,11,12 on behalf of ADNI and K-ROAD study

groups

Correspondence

SooHyun Cho, Department of Neurology,

ChonnamNational UniversityMedical School

and ChonnamNational University Hospital,

Gwangju, South Korea.

Email: k906141h@hanmail.net

SangWon Seo, Department of Neurology,

SamsungMedical Center, Sungkyunkwan

University School ofMedicine, 81 Irwon-ro,

Gangnam-gu, Seoul 06351, South Korea.

Email: sangwonseo@empal.com

Abstract

INTRODUCTION: We compared visual assessments and quantification methods for

tau positron emission tomography (PET) staging and evaluated plasma biomarkers and

cognitive trajectories across amyloid and tau (AT) staging.

METHODS: Tau PET scans from 289 Korea-Registries to Overcome Dementia and

Accelerate Dementia Research (K-ROAD) participants were analyzed visually and

quantitatively, with validation in the Alzheimer’s Disease Neuroimaging Initiative

(ADNI) cohort (n = 870). Plasma biomarkers and cognitive measures were evaluated

across AT stages.
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RESULTS: FreeSurfer without partial volume correction (PVC) achieved the highest

area under the curve (AUC) for tau positivity (0.918), based on visual interpreta-

tion. The temporal meta-region excelled in moderate tau staging (AUC = 0.856), while

the temporoparietal region performed best for advanced staging (AUC = 0.828).

Quantification methods detected phosphorylated tau217 changes during intermedi-

ate transitions (e.g., A+/T− to A+/Tmod+) more effectively. Plasma biomarkers and

cognitive measures progressively changed across AT stages, with consistent results in

K-ROAD and ADNI cohorts.

DISCUSSION: The complementary strengths of visual and quantification methods

enhance tau PET staging by effectively capturing biomarker changes and cognitive

trajectories.

KEYWORDS

Alzheimer’s disease, amyloid–tau staging, cognitive trajectories, diagnostic precision, plasma
biomarkers, phosphorylated tau217, quantitative methods, tau positron emission tomography
staging, temporal meta-region, temporoparietal region, visual assessment

Highlights

∙ Quantification partially outperformed visual assessments in detecting early tau

burdens.

∙ Meta-temporal and temporoparietal regions of interest excelled in early and late tau

staging.

∙ Quantification methods correlated with plasma phosphorylated tau217 and cogni-

tive decline.

∙ Findings were validated across two independent cohorts (Korea-Registries to

Overcome Dementia and Accelerate Dementia Research and Alzheimer’s Disease

Neuroimaging Initiative).

∙ The study highlights the complementary roles of visual and quantificationmethods.

1 BACKGROUND

Neurofibrillary tangles, a hallmark of Alzheimer’s disease (AD), are

composed of hyperphosphorylated tau protein aggregates.1 Tau

pathology initially emerges in themedial temporal lobe (MTL) and pro-

gressively spreads to the inferior and lateral temporal cortices (Braak

stage III–IV), eventually extending into the parietotemporal and frontal

neocortex (Braak stage V–VI).2, 3 The advent of tau positron emission

tomography (PET) has enabled in vivo visualization of tau deposi-

tion, providing a powerful tool for tracking disease progression.4–6

By capturing the spatial distribution and burden of tau pathology,

tau PET aids in distinguishing AD from other neurodegenerative dis-

orders and serves as a critical biomarker for clinical trials targeting

disease-modifying therapies.

Recently, tau PET with 18[F]flortaucipir received the US Food and

Drug Administration (FDA) and the European Medicines Agency

approval for clinical use, providing a standardized approach for

staging tau pathology.7, 8 Validated against neuropathological

findings, this visual method classifies tau deposition into nega-

tive, moderate, or advanced stages based on tracer uptake in key

regions, including the posterolateral temporal, precuneus, occip-

ital, and frontal areas.5 While this method effectively identifies

cortical tau pathology, subsequent studies have introduced visual

assessment approaches that incorporate the MTL, an early site of

tau accumulation, to enhance sensitivity for detecting early tau

pathology.9–11

To enhance tau burden measurement in research settings, diverse

quantification methods have been developed, including the Mayo

Clinic Adult Lifespan Template (MCALT)12 based on Statistical Para-

metric Mapping (SPM)13 and FreeSurfer with14, 15 or without partial

volume correction (PVC).16, 17 Additionally, various regions of inter-

est (ROIs), such as the MTL, temporal meta-region (meta-temporal),

neocortical temporal (neo-temporal), and temporoparietal regions,

have been explored to better capture the progression of tau pathol-

ogy. However, further investigation is needed to determine which

quantification method and ROI selection most closely align with the

FDA-approved visual assessment approach commonly used in clinical

settings.7, 9, 11
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Tau PET is widely recognized as a key T2 biomarker for stag-

ing and prognosis in AD. Given the established staging framework,

AD biomarker levels, including plasma phosphorylated-tau 217 (p-

tau217), which reflects amyloid and tau (AT) pathology, as well as

non-specific AD-related biomarkers such as glial fibrillary acidic pro-

tein (GFAP) and neurofilament light chain (NfL), are expected to vary

across different tau stages.18–20 Additionally, prognosis is likely to dif-

fer according to tau staging. However, whether tau staging based on

visual assessments or quantification methods across different ROIs

more accurately reflects AD biomarker levels and prognosis remains

unclear. Additionally, investigating the potential complementarity of

these approaches may offer further insights into their respective roles

in disease characterization.

In this study, we compared the FDA-approved visual approach8 and

several quantification methods for tau PET staging in two indepen-

dent cohorts to assess their clinical utility. Specifically, we aimed to: (1)

identify which of three quantitative methods (MCALT, and FreeSurfer

with/without PVC) best align with visual assessments, (2) determine

the most consistent ROIs (MTL, meta-temporal, neo-temporal, and

temporoparietal regions) for visual tau staging, and (3) evaluate plasma

biomarker levels and cognitive trajectories across tau staging defined

by visual and quantitative assessments.

2 METHODS

2.1 Participants

A total of 289 individuals were prospectively recruited from the

Korea-Registries to Overcome Dementia and Accelerate Demen-

tia Research (K-ROAD) cohort,21 which is a genotype–phenotype

cohort to accelerate the development of innovative diagnostic and

therapeutic techniques for neurodegenerative diseases, mainly AD

and related dementia syndromes, in collaboration with 25 nation-

wide university-affiliated hospitals in South Korea. These participants

underwent [18F]flortaucipir PET scans betweenMay2015 andDecem-

ber 2023. Each participant also underwent neuropsychological assess-

ments, brain magnetic resonance imaging (MRI), and amyloid beta

(Aβ) [18F]florbetaben or [18F]flutemetamol PET scans. Additionally,

external validationwas conductedusing data from theAlzheimer’sDis-

ease Neuroimaging Initiative (ADNI), comprising 870 participants who

underwent similar neuropsychological assessments, tau PET imaging,

andMRI scans.When tauPETdata alonewereanalyzed,we includedall

870 available ADNI cases. However, when amyloid PET status needed

to be considered alongside tau PET, we included only those cases

for which amyloid PET status at the time of tau PET could be deter-

mined. Specifically, we determined Aβ status for 518 individuals who

(1) underwent Aβ PET within 1 year of the tau PET scan, (2) were

Aβ positive (≥ 1.11 standardized uptake value ratio [SUVR]) prior to

the tau PET scan, or (3) were Aβ negative after the tau PET scan. The

remaining 352 participants did not meet these time or data availability

criteria, and thus their Aβ status could not be definitively established

for this analysis.

RESEARCH INCONTEXT

Systematic Review: The authors performed a systematic

review of the literature using PubMed, focusing on studies

that examined visual assessments and quantification meth-

ods for tau positron emission tomography (PET) staging. Pre-

vious research predominantly used quantification methods

for tau burden measurement and staging. However, direct

comparisons between visual assessments and quantifica-

tion methods remain limited, and few studies have explored

their combined utility in evaluating plasma biomarkers and

cognitive trajectories across amyloid and tau (AT) stages.

Interpretation: This study highlights the superior sensitiv-

ity of quantification methods, particularly FreeSurfer with-

out partial volume correction (PVC), in detecting early and

intermediate tau pathology, capturing nuanced differences

in phosphorylated tau217 levels and cognitive trajecto-

ries. While visual assessments excel in diagnosing advanced

stages, consistent findings across Korea-Registries to Over-

come Dementia and Accelerate Dementia Research and

Alzheimer’s DiseaseNeuroimaging Initiative cohorts empha-

size the complementary roles of visual assessments for sim-

plicity and quantification methods for precision, advancing

tau PET staging.

Future Directions: Future research should refine quantifi-

cation pipelines, focusing on PVC techniques and region

of interest selection, and apply combined visual and quan-

tification methods to diverse cohorts. Integrating plasma

biomarkers with tau PET in longitudinal studies and inves-

tigating visual-quantification discordances could enhance

diagnostics and therapymonitoring.

According to the National Institute on Aging–Alzheimer’s Asso-

ciation (NIA-AA) research framework’s syndrome cognitive staging,

participants were categorized into three groups: cognitively unim-

paired (CU), mild cognitive impairment (MCI), and dementia.22 The CU

group was defined by the following criteria: (1) absence of any medi-

cal history likely to impact cognitive function based on Christensen’s

health screening criteria,23, 24 and (2) no objective cognitive impair-

ment asmeasuredby a comprehensive neuropsychological test battery

across all cognitive domains (scores above −1.0 standard deviation

[SD]) of age- and education-adjusted norms in memory and −1.5 SD

in other cognitive domains).25 Participants classified as MCI met the

following criteria26: (1) subjective cognitive complaints from either

the participant or their caregiver, (2) objective cognitive impairment

in any domain (scores below −1.0 SD of age- and education-adjusted

norms in memory and −1.5 SD in other cognitive domains), (3) no

significant difficulties in activities of daily living, and (4) absence of

dementia. Participants with clinically diagnosed AD dementia (AD-

D) met the NIA-AA diagnostic criteria.27 The criteria for diagnosis
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with subcortical vascular cognitive impairment (SVCI), which encom-

passes subcortical vascular MCI and subcortical vascular dementia

were as follows: (1) subjective cognitive complaints by the patient or

caregiver; (2) objective cognitive impairment below −1.0 SD in any

domain (including language, visuospatial, memory, or frontal function)

upon neuropsychological testing; and (3) severe ischemia identified

on brain MRI, defined as the presence of periventricular white mat-

ter hyperintensities (WMHs) > 10 mm and deep WMH > 25 mm, as

modified from the Fazekas ischemia criteria.28 Moreover, participants

with frontotemporal dementia (FTD) syndromes included those with a

clinical diagnosis of behavioral variant FTD (bvFTD), semantic variant

primary progressive aphasia (svPPA), non-fluent/agrammatic variant

PPA (nfvPPA), corticobasal syndrome (CBS), progressive supranuclear

palsy syndrome (PSPS), or FTD–motor neuron disease (MND). Prob-

able bvFTD was clinically defined based on the criteria outlined by

Rascovsky et al.,29 whereas svPPA and nfvPPA were diagnosed based

on the criteria provided byGorno-Tempini et al.30 Furthermore, CBS,31

PSPS,32 and FTD-MND33 were diagnosed according to each diagnostic

criteria. All FTD syndromeswere diagnosed based on the patient’s clin-

ical course, neurologic examination, neuropsychological testing, and

brain imaging.

We obtained written informed consent for the K-ROAD study, and

the institutional review board of each participating center approved

the study protocol. Additionally, the ADNI Data Sharing and Publica-

tions Committee approved data use and publication.

2.2 MRI data acquisition

All participants underwent 3DT1 turbo field echo imagingwith sagittal

slice thickness of 1.0 mmwith a 50% overlap, no gap, a repetition time

(TR) of 9.9ms, an echo time (TE) of 4.6ms, a flip angle of 8◦ , and amatrix

size of 240×240pixels, reconstructed to 480×480over a field of view

of 240mm.34

2.3 Aβ PET acquisition and definition of Aβ
positivity

All Korean participants underwent one of the following Aβ PET scans:

florbetaben or flutemetamol. For florbetaben and flutemetamol PET,

a 20 minute dynamic emission PET scan (divided into four 5 minute

segments) was performed 90 minutes after administration of a mean

dose of 311.5 MBq of florbetaben or 197.7 MBq of flutemetamol.

The resulting three-dimensional PET images were reconstructed using

the ordered-subset expectation maximization algorithm, resulting in

a 128 × 128 × 48 matrix with voxel dimensions of 2 × 2 × 3.27 mm

(florbetaben: 4 iterations, 20 subsets; flutemetamol: 4 iterations, 20

subsets). Aβ uptake was measured using a regional direct comparison

Centiloid (rdcCL) method developed in our previous study, which har-

monizes florbetaben and flutemetamol PET ligands without the need

for 11C-labelled Pittsburgh compound B35 images. Aβ PET positivity

(A+) was defined using a global MRI-based rdcCL threshold of 25.5,

which was obtained using the Gaussian mixture model from 3753 par-

ticipants aged≥ 55 years who underwent florbetaben or flutemetamol

PET.36, 37 The florbetaben and flutemetamol global MRI-based rdcCL

scales showed an area under the curve (AUC) > 0.9 for Aβ PET posi-

tivity by visual assessment. All imaging analyses for the K-ROAD study

were conducted at the laboratory of Samsung Medical Center (SMC),

which served as a core center.

All ADNI participants underwent [18F]florbetapir PET scans, and

SUVRs were obtained from the ADNI dataset. Previous studies38–40

have used a cut-off of 1.11 SUVR for ADNI—calculated using the cere-

bellar cortex as the reference region—which converts to 19.8 CL using

the equation CL= 188.22× SUVRflorbetapir − 189.16.38, 39

2.4 Tau PET data acquisition

The flortaucipir PET images were acquired using two different

PET/CT (computed tomography) scanners: a Discovery STE PET/CT

(GEHealthcare) at SMCand aBiographmCTPET/CT scanner (Siemens

Medical Solutions) at Gangnam Severance Hospital. Each participant

received an intravenous bolus injection of ≈ 280 MBq of flortau-

cipir. PET images were then acquired over a 20 minute period

starting 80 minutes post-injection. To minimize head movement dur-

ing the scan, a head holder was used, and brain CT images were

acquired beforehand for attenuation correction. The 3D PET images

were reconstructed using the OSEM algorithm (iterations = 6, sub-

sets = 16) with a matrix size of 128 × 128 × 47 and a voxel size of

2.00 × 2.00 × 3.27 mm at SMC, and a matrix size of 256 × 256 × 223

with a voxel size of 1.591 × 1.591 × 1mm at Gangnam Severance Hos-

pital. In ADNI, all participants underwent tau PET with flortaucipir.

Details of ADNI PET acquisition and processing have been described

in previously published studies.41–44

2.5 Tau PET visual assessment method

Following FDA-approved guidelines for flortaucipir PET interpreta-

tion, tau PET scans were visually interpreted using a two-step process

comprising image preparation and image interpretation, following the

same approach in both the K-ROAD and ADNI cohorts.5, 8 First, the

reconstructed Tau PET images were co-registered to T1-weighted

MRIs using SPM1213 and reoriented to eliminate head tilt. During

image preparation, a color scale was applied based on the cerebellar

reference: background activity was defined as up to 1.65 times the

cerebellar average, following the standard protocol. Next, according

to FDA-approved guidelines,8 a tau PET scan was classified as neg-

ative if there was no increased neocortical uptake or if uptake was

confined to the mesial temporal, anterolateral temporal, or frontal

regions. A moderate AD tau pattern showed increased uptake in the

posterolateral temporal or occipital region, while an advanced pat-

tern extended to the parietal/precuneus or frontal region. In K-ROAD,

three trained neurologists (E.H.L., D.S., J.Y.), who were blinded to other

clinical information, independently rated the images. Majority reads
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were assigned when three assessments were available, with the final

rating based on the majority decision. Inter-reader agreement was

evaluated using Fleiss κ, yielding a κ of 0.75, consistent with previ-

ously reported values (0.74–0.89) for the FDA-approved flortaucipir

PET visual method.7, 8 For the ADNI dataset, visual assessments of

[18F]flortaucipir PET imageswere carriedout by anexperienced reader

(A.M.).

2.6 Quantitative analysis methods for flortaucipir
PET

To calculate tau PET SUVRs, we used three acceptedmethods:MCALT,

FreeSurfer without PVC, and FreeSurfer with PVC. These methods

provide complementary approaches to analyzing tau deposition in the

brain. For the first method, SUVRs were calculated using the MCALT,

which is specifically designed for aging and AD populations. The tau

PET images were co-registered to structural MRI scans and then

non-linearly registered to MCALT space using Advanced Normaliza-

tion Tools (https://www.nitrc.org/projects/mcalt/). Using the inferior

cerebellar gray matter as the reference region, SUVR values were

derived from predefined ROIs registered from the MCALT atlas to

native space. For the FreeSurfer method without PVC, FreeSurfer 6.0

(http://surfer.nmr.mgh.harvard.edu/) was used to generate ROI masks

in native space, with the inferior cerebellar gray matter as the ref-

erence region. The method without PVC was included to provide a

baseline for comparison, reflecting the variability commonly observed

in PET analyses. In contrast, FreeSurfer with PVC used the region-

based voxel-wise method through the PET PVC toolbox45 to correct

for spillover effects from adjacent regions, improving the accuracy of

SUVRmeasurements.

SUVR values were calculated for four key brain regions: the

MTL ROI, which included the entorhinal cortex and amygdala; and

the meta-temporal ROI, which exhibited slight variation depending

on the method used. In accordance with the MCALT method, the

meta-temporal ROI encompassed the entorhinal cortex, amygdala,

fusiformgyrus, parahippocampal gyrus, and inferior andmiddle tempo-

ral cortices.4, 46–48 In the FreeSurfer method, the meta-temporal ROI

encompasses the entorhinal cortex, amygdala, fusiform gyrus, parahip-

pocampal gyrus, inferior temporal cortex, and lingual gyrus. Thus, the

meta-temporal ROI broadly covered early tau regions (e.g., entorhinal

cortex and hippocampus, corresponding to Braak stages I–II) as well as

adjacent temporal areas involved in subsequent tau propagation. The

neo-temporal ROI was focused on the inferior and middle temporal

cortices, while the temporoparietal ROI included the inferior, middle,

and superior temporal cortices, as well as the superior parietal gyrus,

inferolateral parietal lobe, and posterior cingulate gyrus.4, 48, 49

Taupositivity in eachROIwasdefinedusing cutoffs calculated as the

SUVRmean+ 2 SDderived from anAβ-negative CU reference group, a

widely validated approach providing high specificity.24, 47, 50 Quantita-

tive tau stages (“Mod [Tmod+]” and “Adv [Tadv+]”) were subsequently
defined in each ROI using receiver operating characteristic (ROC)-

derived cut-points, with visual assessments serving as the reference

standard toempirically optimize the separationbetweenmoderate and

advanced stages based on visual staging criteria.

2.7 Plasma collection and processing

The detailed plasma collection and processing methods are described

in Supplementary Material 1 in supporting information. Plasma

concentrations of p-tau217, GFAP, and NfL were measured using

single molecule array assays at the University of Gothenburg and

DNALINK. GFAP and NfL concentrations were quantified using the

commercial Neurology 4-Plex E kit (Quanterix). The concentration

of p-tau217 was measured using the commercial ALZpath p-tau217

assay kit. The measurements were performed by analysts blinded to

the clinical data from one round of experiments using one batch of

reagents. The intra-assay coefficients of variation of the biomarker

assays were < 10%. We used the publicly accessible ADNI cohort.

From the ADNI database, we analyzed plasma samples from 378 par-

ticipants (CU, n= 209;MCI, n= 148; AD-D, n= 21). Plasma biomarkers

were measured using two different assay platforms: p-tau217 was

quantified using Alzpath assays, while GFAP and NfL were measured

using the commercial Neurology 4-Plex Ekit (Quanterix). All plasma

biomarker data were obtained from the ADNI database (filename:

All_Subjects_FNIHBC_Blood_BIOMARKER_TRAJECTORIES_10Oct2024).

The intra-assay coefficients of variation of the biomarker assay

were< 10%.

2.8 Longitudinal follow-up

Participants with non-AD diagnoses (SVCI or FTD)were excluded from

longitudinal analyses to ensure a homogeneous AD-focused sample.

For the longitudinal analyses, only participants diagnosed as CU, MCI,

or AD-D were included in both cohorts. Specifically, in the K-ROAD

cohort, 164 participants with two or more Mini-Mental State Exami-

nation (MMSE) assessments were included in the longitudinal MMSE

analysis, and 140 participants with repeated Clinical Dementia Rating-

Sum of Boxes (CDR-SB) assessments were included in the CDR-SB

analysis.52 Retrospective and prospective MMSE and CDR-SB scores

were obtained relative to the time of tau PET scans, with a mean

follow-upof 3.20 years (range0.5–9.3) forMMSEand2.73years (range

0.6–9.3) for CDR-SB analyses. From ADNI, 374 participants were

included in the MMSE analysis and 386 in the CDR-SB analysis, with a

mean follow-up of 2.73 years (range 0.7–7.7) forMMSE and 2.82 years

(range 0.7–7.7) for CDR-SB. A detailed flowchart clearly illustrates

the participant inclusion/exclusion process (Figure S1 in supporting

information).

2.9 Statistical analyses

A comparison of SUVRs between groups was conducted using linear

regression models, with adjustments made for age and apolipopro-



6 of 16 GU ET AL.

tein E (APOE) genotype. ROC analyses were conducted to evaluate

the efficacy of tau quantitative assessment in predicting tau positiv-

ity and tau PET stages defined by visual assessment. The AUC of each

method for predicting tau positivity was compared using the DeLong

test. The agreement between the visual assessment and quantitative

assessment was studied using the Cohen kappa (κ) statistic. Due to

the non-normality of the data, plasma biomarker analyses were per-

formed after log transformation. The differences in plasma biomarker

levels between the groups were assessed using analysis of covariance

(ANCOVA), with age and APOE genotypes as covariates, followed by

Tukey-corrected post hoc pairwise comparisons. To investigate the

effects of AT staging on cognitive trajectories, a linear mixed-effects

model with random intercepts and random slopes of time was con-

ducted in each AT stage, after adjusting for age and APOE genotype

as covariates (fixed effects: group, time, group x time, covariates). To

correct for multiple comparisons, a false discovery rate (FDR) of 0.05

was used. Specifically, FDR correction was applied to the multiple

group comparisons following the linear mixed model (LMM) analyses

presented in cognitive trajectories by visual and ROI-based quantita-

tive tau staging in K-ROAD and ADNI cohorts. All statistical analyses

were conducted using R version 4.3.1, with a significance threshold of

P< 0.05.

3 RESULTS

3.1 Participant demographics

Table 1 presents participant demographics. The K-ROAD cohort

(n = 289, mean age 72.4 ± 9.7 years, 60.6% female, 42.9% APOE

ε4 carriers) consisted of CU (12.8%), MCI (18.0%), AD-D (29.4%),

SVCI (27.7%), and FTD (12.1%) participants. Mean global Aβ uptake

was 64.2 ± 56.1 CL, with 64.0% Aβ-positive cases. The ADNI cohort

(n = 870, mean age 71.0 ± 7.1 years, 52.0% female, 34.0% APOE ε4
carriers) included CU (55.3%), MCI (33.2%), and AD-D (11.5%) par-

ticipants. Mean global Aβ uptake was 33.6 ± 43.7 CL, with 46.4%

Aβ-positive cases.

3.2 Comparison of several quantitative
assessments against visual assessment for tau
positivity in K-ROAD

The SUVRvalues in themeta-temporal regionwere significantly higher

in the visually tau-positive group compared to the tau-negative group

across all three quantitative assessments (P < 0.001) (Figure 1A). ROC

curves for all quantitative assessments, based on tau positivity defined

by visual assessment, were calculated (Figure 1B). Among the quanti-

tative assessments, the FreeSurfer without PVC showed the highest

performance, achieving an AUCof 0.918 (95% confidence interval [CI]:

0.886–0.949), although the performance was not significantly higher

compared to the other methods (FreeSurfer without PVC vs. MCALT,

P value = 0.090; FreeSurfer without PVC vs. FreeSurfer with PVC, P

TABLE 1 Demographics of study participants.

K-ROAD ADNI

(N= 289) (N= 870)

Age, years 72.4± 9.7 71.0± 7.1

Sex, female, n (%) 175 (60.6%) 452 (52.0%)

Education, years 10.6± 5.1 16.4± 2.4

APOE ε4 carriers, n (%) 123 (42.9%) 295 (34.0%)

Diagnosis,

CU/MCI/AD-D/SVCI/FTD,

n (%)
37/52/85/80/35

(12.8/18.0/29.4/

27.7/12.1)

481/289/100/0/0

(55.3/33.2/11.5/0/0)

Aβ uptake (Centiloid) 64.2± 56.1a 33.6± 43.7

Amyloid positivity, n (%) 185 (64.0%)b 240 (46.4%)c

MMSE 20.1± 7.6 27.8± 3.2

CDR-SB 4.6± 4.2 1.1± 2.0

Abbreviations: AD-D, Alzheimer’s disease dementia; ADNI, Alzheimer’s

Disease Neuroimaging Initiative; APOE, apolipoprotein E; Aβ, amyloid beta;

CDR, Clinical Dementia Rating; CDR-SB, Clinical Dementia Rating Sum

of Boxes; CL, Centiloid; CU, cognitively unimpaired; FTD, frontotemporal

dementia; K-ROAD, Korea-Registries to Overcome Dementia and Acceler-

ate Dementia; MCI, mild cognitive impairment; MMSE, Mini-Mental State

Examination; PET, positron emission tomography; SUVR, standardized

uptake value ratio; SVCI, subcortical vascular cognitive impairment.
aAβ uptake was measured using a regional direct comparison Centiloid

(rdcCL) method developed in our previous study, which harmonizes 18F-

florbetaben and 18F-flutemetamo PET ligands without the need for 11C-

labelled Pittsburgh compound B images.
bAβ PET positivity threshold was set at a global regional direct comparison

Centiloid value of 25.5 using 18F-florbetaben and 18F-flutemetamol tracers.
cAmyloid PET positivity thresholdwas set at a KlunkCentiloid value of 19.8

(equivalent to SUVR 1.11) using the 18F-florbetapir tracer.

value = 0.334). To assess agreement between visual and quantitative

assessments for tau positivity, Cohen Kappa statistics were calculated

(Figure 1C). The quantitative assessments derived from the FreeSurfer

methodexhibited thehighest agreementwith visual assessment,with a

Kappa value of 0.685. Notably, applying PVC to the FreeSurfermethod

did not alter the level of agreement, as the Kappa value remained at

0.685.

3.3 Quantitative tau uptake, diagnostic
performance, and agreement with visual tau staging
across ROIs

Given its highest agreementwith visual tau positivity, subsequent anal-

yses used the FreeSurfer without PVC method. In both K-ROAD and

ADNI cohorts, SUVRs consistently increased with advancing visual

tau stages across all ROIs, although statistical significance was not

observed in the neo-temporal ROI and temporoparietal ROIs in K-

ROAD (Figure 2A1 and 2A2). SUVR in the meta-temporal ROI best dif-

ferentiatednegative frommoderate visual tau stages inK-ROAD (AUC:

0.856, 95% CI: 0.745–0.968) and ADNI (AUC: 0.856, 95% CI: 0.787–

0.926; Figure 2B1 and 2B2). SUVR in the temporoparietal ROI best
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F IGURE 1 Quantificationmethod comparison for tau positivity. A, SUVR distributions for tau PET-positive (+) and tau PET-negative (−)
groups acrossMCALT, FS without PVC, and FSwith PVC for K-ROAD. B, ROC curves comparing diagnostic performance of eachmethod for
K-ROAD. C, Confusionmatrices showing agreement betweenmethods and visual assessment for tau positivity for K-ROAD. FS, FreeSurfer;
K-ROAD, Korea-Registries to OvercomeDementia and Accelerate Dementia Research;MCALT,Mayo Clinic Alzheimer’s Template; PET, positron
emission tomography; PVC, partial volume correction; ROC, receiver operating characteristic; ROI, region of interest; SUVR, standardized uptake
value ratio.

distinguished moderate from advanced stages in both cohorts, with

AUCs of 0.828 (95% CI: 0.760–0.897) in K-ROAD and 0.900 (95% CI:

0.859–0.942) in ADNI. Cohen Kappa statistics were calculated to eval-

uate agreement between visual assessments and semi-quantitative

tau staging (“Mod [Tmod+]” and “Adv [Tadv+]”), which were defined

in each ROI using ROC-derived cutoffs based on visual assessment

as the reference standard. The meta-temporal and temporoparietal

ROIs demonstrated the strongest concordance between quantitative

and visual tau staging, with slight variations in concordance strength

between two cohorts (Figure 2C1 and 2C2).

3.4 AD plasma biomarker levels by visual and
ROI-based quantitative tau staging

As shown in Figure 3, levels of plasma biomarkers (p-tau217, GFAP,

and NfL) increased progressively with advancing visual and ROI-based

quantitative tau staging for both K-ROAD and ADNI cohorts. Notably,

for p-tau217, visual tau staging differentiated only A+/T− from

A+/Tadv+, whereas ROI-based quantitative tau staging distinguished

not only A+/T− fromA+/Tadv+, but alsoA+/T− fromA+/Tmod+ (MTL

ROI) and A+/Tmod+ from A+/Tadv+ (meta-temporal, neo-temporal,
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F IGURE 2 Quantitative tau uptake (A), diagnostic performance (B), and agreement (C) with visual tau staging across ROIs in K-ROAD
(A1,B1,C1) and ADNI cohorts (A2,B2,C2). In visual assessments, Neg (T−) indicates a negative tau pattern, Mod (Tmod+) a moderate tau pattern
(posterolateral temporal or occipital uptake), and Adv (Tadv+) an advanced tau pattern (parietal/precuneus or frontal uptake). Quantitative
positivity in each ROI was defined as SUVRmean+ 2 SD from an amyloid-negative CU reference group, with staging determined using
ROI-specific ROC-derived cutoffs based on visual assessments. Inter-group comparison: *P< 0.05 compared to negative group, †P< 0.05
compared tomoderate group. ADNI, Alzheimer’s Disease Neuroimaging Initiative; AUC, area under the curve; CU, cognitively unimpaired;
K-ROAD, Korea-Registries to OvercomeDementia and Accelerate Dementia Research;MTL, medial temporal lobe; ROC, receiver operating
characteristic; ROI, region of interest; SD, standard deviation; SUVR, standardized uptake value ratio.
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F IGURE 3 AD plasma biomarker levels including p-tau217 (A), GFAP (B), and NfL (C) by visual and ROI-based quantitative tau staging in
K-ROAD (A1,B1,C1) and ADNI cohorts (A2,B2,C2). In visual assessments, Neg (T−) indicates a negative tau pattern, Mod (Tmod+) a moderate tau
pattern (posterolateral temporal or occipital uptake), and Adv (Tadv+) an advanced tau pattern (parietal/precuneus or frontal uptake).
Quantitative positivity in each ROI was defined as SUVRmean+ 2 SD from an amyloid-negative CU reference group, with staging determined
using ROI-specific ROC-derived cutoffs based on visual assessments. Inter-group comparison: *P< 0.05 compared to A– group, †P< 0.05
compared to A+/T– group, ‡P< 0.05 compared to A+/Tmod– group. AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative;
CU, cognitively unimpaired; GFAP, glial fibrillary acidic protein; K-ROAD, Korea-Registries to OvercomeDementia and Accelerate Dementia
Research; NfL, neurofilament light chain; p-tau, phosphorylated tau; ROC, receiver operating characteristic; ROI, region of interest; SD, standard
deviation; SUVR, standardized uptake value ratio.
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F IGURE 4 Cognitive trajectories includingMMSE (A) and CDR-SB (B) by visual and ROI-based quantitative tau staging in K-ROAD (A1, B1)
and ADNI (A2, B2) cohorts. In visual assessments, Neg (T−) indicates a negative tau pattern, Mod (Tmod+) a moderate tau pattern (posterolateral
temporal or occipital uptake), and Adv (Tadv+) an advanced tau pattern (parietal/precuneus or frontal uptake). Quantitative positivity in each ROI
was defined as SUVRmean+ 2SD from an amyloid-negative CU reference group, with staging determined using ROI-specific ROC-derived cutoffs
based on visual assessments. Inter-group comparison: *p< 0.05 compared to A- group, †p< 0.05 compared to A+/T- group, ‡p< 0.05 compared to
A+/Tmod- group. A, amyloid; ADNI, Alzheimer’s Disease Neuroimaging Initiative; AUC, area under the curve; CDR-SB, Clinical Dementia Rating
Scale-Sum of Boxes; K-ROAD, Korea-Registries to OvercomeDementia and Accelerate Dementia Research;MMSE,Mini-Mental State
Examination;MTL, medial temporal lobe; ROC, receiver operating characteristic; T, tau.

and temporoparietal ROIs; Figure 3A). For GFAP (Figure 3B) and NfL

(Figure 3C), both cohorts demonstrated consistent patterns, with sig-

nificant differences primarily between A+/T− and A+/Tadv+ in both

visual assessment and quantification methods (Table S1 in supporting

information).

3.5 Cognitive trajectories by visual and
ROI-based quantitative tau staging

In both K-ROAD and ADNI cohorts, cognitive declines, as measured

by MMSE and CDR-SB, accelerated progressively with advancing

visual and ROI-based quantitative tau staging (Figure 4). In K-ROAD,

visual and neo-temporal and temporoparietal ROI-based tau staging

effectively differentiated cognitive decline between A+/Tmod+ and

A+/Tadv+ as well as between A+/T− and A+/Tadv+. MTL-based quan-

titative tau staging distinguished A+/T− from A+/Tmod+. In the ADNI
cohort, both visual and quantitative tau staging effectively differen-

tiated cognitive trajectories between A+/T− and A+/Tadv+, while all

ROI-based quantitative tau staging also distinguished A+/Tmod+ from

A+/Tadv+. Additionally, for CDR-SB, both visual and MTL-based tau

staging effectively differentiated A+/T− from A+/Tmod+ (Table S2 in

supporting information).

4 DISCUSSION

In the present study, we compared visual assessments with various

quantification methods for tau PET staging and evaluated plasma

biomarkers and cognitive trajectories according to tau staging derived
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from these methods, leveraging two independent cohorts to enhance

generalizability. Our major findings were as follows. First, among

the quantification methods, the FreeSurfer without PVC achieved

the highest AUC for differentiating visual tau positivity. Second, the

meta-temporal region demonstrated the best performance for early

tau staging, while the temporoparietal region performed best for

late tau staging. Third, plasma biomarker levels, especially p-tau217,

progressively increased across tau PET staging, with quantification

methods outperforming visual assessment in distinguishing early or

intermediate transitions, such as A+/T− to A+/Tmod+ or A+/Tmod+
to A+/Tadv+. Finally, quantification methods demonstrated advan-

tages in differentiating cognitive decline across tau stages, particularly

for intermediate transitions. However, visual assessments remained

valuable, effectively distinguishing advanced tau pathology and, in

some cases, early cognitive decline. Taken together, our findings

demonstrate the complementary strengths of visual and quantification

methods, enhancing tau PET staging by capturing biomarker changes

and cognitive trajectories with greater precision. This integrated

approach, validated across independent cohorts, not only improves

diagnostic accuracy but also establishes a robust framework for

monitoring disease progression and guiding personalized therapeutic

strategies.

Our first major finding was that, among the quantification methods,

the FreeSurfer without PVC and the FreeSurfer with PVC demon-

strated the highest agreement with visual assessments, with the

FreeSurfer without PVC achieving the highest AUC for differentiating

tau positivity. Our findings align with previous studies showing that

FreeSurfer often outperforms other methods, such as the MCALT

method, in terms of diagnostic group separation, particularly when

the cerebellum is used as the reference region.48 While previous

studies focused on differentiating cognitively impaired and unim-

paired individuals, our findings extend their utility to staging tau

pathology. Notably, FreeSurfer without PVC showed enhanced per-

formance compared to its PVC counterpart. Although PVC methods

are widely used in AT PET studies to address variability due to atro-

phy and other factors,51, 53 they can introduce noise and artifacts,

potentially reducing the precision of cortical SUVRs.54 These results

suggest that, for tau pathology staging, avoiding PVC may yield

more reliable outcomes when alignment with visual assessment is

critical.

Our second major finding was that the meta-temporal ROI demon-

strated the best performance for early tau visual staging (T− vs.

Tmod+), while the temporoparietal ROI was most effective for distin-

guishing late tau visual stages (Tmod+ vs. Tadv+). This aligns with the

known progression of tau pathology from medial temporal areas to

parietal and posterior cortical regions during advanced disease stages.

The broader coverage of themeta-temporal ROI, including inferior and

middle temporal cortices, may explain its superior sensitivity in cap-

turing early tau pathology, which visual assessments often miss due to

their focus on more pronounced later-stage changes.7 Conversely, the

temporoparietal ROI’s effectiveness in distinguishing moderate from

advanced stages highlights the importanceof region-specific strategies

tailored to disease stage when conducting tau PET staging.55, 56

Our third major finding was that plasma biomarker levels, espe-

cially p-tau217, progressively increased across tau PET staging, with

quantification methods outperforming visual assessment in detecting

early and intermediate transitions such as A+/T− to A+/Tmod+ and

A+/Tmod+ to A+/Tadv+. While both visual assessment and quantifi-

cation methods effectively distinguished broader stages (e.g., A+/T−
from A+/Tadv+), quantification methods demonstrated superior sen-

sitivity in capturing subtle pathological changes. Notably, significant

differences were observed in the MTL ROI between A+/T− and

A+/Tmod+, while other ROIs (meta-temporal, neo-temporal, and tem-

poroparietal) differentiatedbetweenA+/Tmod+ andA+/Tadv+. Visual
assessment, primarily developed for diagnostic purposes, is reliable for

detecting advanced tau pathology, as evidenced by a PET-to-autopsy

study reporting 92% sensitivity and 80% specificity for Braak stages

V and VI.7 However, this simplicity and practicality in clinical settings

come with limitations, particularly in tracking early or intermediate

transitions.7 Quantification methods, by providing greater granularity,

complement visual assessment by enablingmore precisemonitoring of

disease progression across all stages.

Our final major finding was that in K-ROAD, quantitative tau

staging (MTL, neo-temporal, and temporoparietal ROIs) effec-

tively differentiated cognitive decline across all stages (A+/T− vs.

A+/Tmod+ vs. A+/Tadv+), whereas visual tau staging primarily

distinguished cognitive decline between A+/T− and A+/Tadv+.
Specifically, the MTL ROI effectively distinguished initial cognitive

trajectories (A+/T− vs. A+/Tmod+), whereas the neo-temporal and

temporoparietal ROIs differentiated intermediate-to-advanced cog-

nitive trajectories (A+/Tmod+ vs. A+/Tadv+), reflecting the expected

relationship betweenROI-specific tau deposition and cognitive decline

progression.3, 24, 47 In contrast, visual tau staging primarily distin-

guished cognitive decline between A+/T− and A+/Tadv+, suggesting it
may be less sensitive to earlier disease transitions.7 Indeed, although

visual criteria did not include theMTL for definingmoderate positivity,

quantitative tau staging based on the MTL ROI successfully captured

differences in biomarker levels and cognitive trajectories between

early stages (A+/T− vs. A+/Tmod+), highlighting the relevance of MTL

tau deposition as an indicator of initial AD pathology. This limitation

likely stems from the method’s emphasis on cortical tau pathology,

which effectively captures later-stage accumulation but may not fully

reflect early tau deposition in the MTL.7 Recognizing this, subsequent

studies have proposed visual assessment approaches that incorporate

the MTL, an early site of tau accumulation, to enhance sensitivity

for detecting early tau pathology.9, 11, 57 Interestingly, findings in

the ADNI cohort differed slightly—specifically, for CDR-SB, visual

tau staging effectively distinguished A+/T− from A+/Tmod+.41, 58

Whether this indicates that visual assessments can capture early cog-

nitive trajectories under certain conditions or reflects cohort-specific

factors, such as demographic or genetic differences, warrants further

investigation.26, 59, 60 Together, these results highlight the comple-

mentary strengths of visual assessment and quantification methods.

While the FDA-approved visual assessment provides a practical tool

for detecting advanced tau pathology in clinical practice, it may miss

subtler early-stage tau accumulation, particularly in MTL regions.
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Quantitative methods can complement this limitation by providing

enhanced sensitivity for detecting early and intermediate stages of tau

pathology.

The strengths of the present study include its prospective setting,

use of standardized AT PET and MRI protocols, and validation across

two independent cohorts, enhancing the generalizability of findings.

However, several limitations should be acknowledged. First, patho-

logical verification was lacking. Although we proposed the presence

of tau pathology defined by a “visual read” of a tau PET scan, we

did not confirm its presence.61, 62 Second, quantitative approaches for

tau PET may better capture early stages of tau deposition that are

not identified using visual interpretation, highlighting the need for

complementary use of both methods. Third, [18F]flortaucipir PET is

known for off-target binding inMTL areas (e.g., choroid plexus), poten-

tially reducing specificity. Nonetheless, significant associations with

early cognitive and biomarker changes suggest meaningful tau pathol-

ogy is being captured despite this limitation. Fourth, the relatively

limited number of participants in the cohort may have contributed

to the absence of statistically significant differences in the rate of

MMSE score changes between tau PET-positive and -negative subjects

across the target regions.63, 64 Fifth, while this study focused on cross-

sectional data, future research with longitudinal studies is essential

to evaluate temporal changes in tau pathology progression and their

relationship with clinical outcomes.65, 66 Despite these limitations, our

study is notable for its systematic comparison of diverse methodolo-

gies to enhance tau pathology detection, emphasizing the importance

of selecting appropriate methods and target regions. These findings

underscore the complementary strengths of visual assessment and

quantitative methods, offering practical insights for improving tau PET

staging and guiding personalized therapeutic strategies.

In summary, our study highlights the complementary strengths of

visual assessments and quantification methods for tau PET staging. By

systematically comparing methods, ROIs, and their relationship with

plasma biomarkers and cognitive trajectories, we demonstrated that

quantificationmethodsoffer greater sensitivity indetecting intermedi-

ate transitions,while visual assessment provides simplicity and reliabil-

ity for identifying advanced tau pathology. These findings advance our

understanding of taupathologyprogression andunderscore thepoten-

tial of integrating these approaches to enhance diagnostic precision

and inform personalized therapeutic strategies.
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