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Abstract

Introduction: Positron emission tomography targeting tau (tau-PET) is a promising

diagnostic tool for the identification of Alzheimer’s disease (AD). Currently available

data rely on quantitativemeasures, and a visual interpretationmethod, critical for clin-

ical translation, is needed.

Methods: We developed a visual interpretation method for 18F-flortaucipir tau-PET

and tested it on 274 individuals (cognitively normal controls, patients with mild cogni-

tive impairment [MCI], AD dementia, and non-AD diagnoses). Two readers interpreted
18F-flortaucipir PETusing two complementary indices: a global visual score anda visual

distribution pattern.

Results: Global visual scores were reliable, correlated with global cortical 18F-

flortaucipir standardized uptake value ratio (SUVR) and were associated with clinical

diagnosis and amyloid status. The AD-like 18F-flortaucipir pattern had good sensitivity

and specificity to identify amyloid-positive patients with AD dementia orMCI.

Discussion:This 18F-flortaucipir visual rating scheme is associatedwith SUVRquantifi-

cation, clinical diagnosis, and amyloid status, and constitutes a promising approach to

taumeasurement in clinical settings.
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1 BACKGROUND

Positron emission tomography (PET) has transformed the way we

study cognitive decline and dementia, offering the possibility to

visualize age-associated pathophysiological changes,1 with major con-

sequences for diagnosis, disease monitoring, and screening strategies

for clinical trials. The importance of biomarkers of amyloid beta (Aβ)
deposition has been recognized by the National Institute on Aging

and the Alzheimer Association (NIA-AA) in 2011.2 The advancement

of Aβ-PET with 11C-Pittsburgh compound B (PiB),3 and subsequent

fluorinated counterparts4–6 was rapid. Aβ-PET radiotracers are

now clinically available and interpreted visually using a binary (pos-

itive/negative) read.4,7 The successful experience of Aβ-PET has

prompted the development of PET radiopharmaceuticals targeting the

other aggregated protein implicated in Alzheimer’s disease (AD) and

other neurodegenerative diseases: tau.

Multiple tau-targeted radiopharmaceuticals are being evaluated

in humans.8 The most widely used tracer, 18F-flortaucipir (FTP; pre-

viously 18F-T807 and 18F-AV1451),9–11 binds with high affinity to

paired helical filament tau.12 FTP-SUVR (standardized uptake value

ratio) values correlate with cognitive deficits,13 phosphorylated tau

in CSF14,15 and plasma,16 and post mortem tau burden in neuropatho-

logically proven AD cases.17,18 FTP signal strongly correlates with

neurodegeneration19–21 and discriminates AD patients from healthy

controls and patients with other neurodegenerative diseaseswith high

accuracy.22,23 Altogether, FTP-PET could be a promising diagnostic

tool, although most published work relies on SUVR quantification

and a visual interpretation method, critical for clinical translation, is

needed.

Several features of FTP-PET complicate the definition of a simple

binary read similar to Aβ-PET: strong between-patient variations in

signal intensity and regional distribution, mild-to-moderate signal in

non-AD associated conditions, and the presence of “off-target” bind-

ing. Given these challenges, our goals were: (1) to develop a reli-

able approach to guide visual interpretation and reporting of FTP-PET

scans, (2) to evaluate the ability of FTP-PET visual reads to distinguish

Aβ-positive patients with AD dementia (ADdem) and mild cognitive

impairment (MCI) from other participants, (3) to compare visual reads

to a previously developed definition of tau-positivity using temporal

SUVRs.22

2 MATERIALS AND METHODS

2.1 Study design

2.1.1 Development phase

A pilot phase was first led by a nuclear medicine physician (IS) and a

radiologist (OLS) to develop a visual rating scheme, using a set of 60

FTP-PET scans. This phase allowed the readers to (1) gain familiarity

with the different FTP patterns across clinical diagnoses, (2) choose a

color scale to analyze images, and (3) develop and test a visual read

RESEARCH INCONTEXT

1. Systematic review: Brain imaging has become increas-

ingly important in characterizing patients with cogni-

tive decline in the context of research studies, clinical

diagnosis, and clinical trials. Positron emission tomog-

raphy (PET) radiotracers targeting tau pathology were

recently developed and are currently limited to inves-

tigational settings. After reviewing the growing lit-

erature on flortaucipir-PET, we identified tau-PET as

a promising diagnostic tool although a visual inter-

pretation method, critical for clinical translation, is

needed.

2. Interpretation: Our proposed flortaucipir-PET visual

read approach provides ratings that are strongly asso-

ciated with standardized uptake value ratio quantifica-

tion, clinical diagnosis, and amyloid beta status across

two cohorts with distinct characteristics. Inter- and intra-

rater reliability for ourmain indices are strong, suggesting

that our visual approach is reproducible and can repre-

sent a promising alternative to quantitative tau-PETmea-

surements in clinical settings.

3. Future directions: Future investigations including an

autopsy-based gold standard are needed to evaluate the

exact potential and limitations of tau-PET and the pro-

posed visual approach.

procedure before proceeding to a larger scale analysis. Subjects were

selected from the Berkeley Aging Cohort Study/University of Califor-

nia SanFrancisco (BACS/UCSF) cohort and included20cognitivelynor-

mal controls, 20 patients with a clinical diagnosis of MCI or probable

AD dementia, and 20 patients with non-AD neurodegenerative syn-

dromes. This phase was conducted using FTP SUVR images, intensity

normalized bymean inferior cerebellar cortex signal.24

2.1.2 Testing phase

The study was conducted on a separate set of 274 non-intensity-

normalized, unitless FTP-PET images tomake the visual interpretation

independent from image processing, which is not often used in clini-

cal settings. Two co-authors (RLJ and SML) selected 274 subjects from

two independent cohorts (137 fromBACS/UCSF, 137 fromAlzheimer’s

DiseaseNeuroimaging Initiative [ADNI]), including various clinical syn-

dromes, Aβ-positive and negative cases. Two PET readers (IS and OLS)

wereunawareof the sample composition. Scanswere anonymized, ran-

domized, and independently rated by both readers blinded to clinical

diagnosis and any other clinical, radiological, or demographic informa-

tion using the visual ratingmethod described below. Ten percent of the
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TABLE 1 Cohort characteristics

BACS/UCSF ADNI

YC OC MCI ADdem non-ADa OC MCI ADdem

N 11 51 8 36 31 60 47 30

Age 39.2± 16.0 76.8± 6.1 71.0± 6.0 62.6± 8.0 66.6± 7.6 75.5± 7.0 76.8± 7.6 78.5± 9.7

Age (range) 21–59 60–93 63–80 48–82 46–79 59–94 60–92 56-94

Females (%) 10 (91%) 24 (46%) 3 (38%) 23 (64%) 15 (48%) 29 (48%) 31 (66%) 14 (47%)

Years of education 16.8± 2.0 16.7± 1.9 18.3± 3.2 16.9± 3.0 16.4± 3.1 16.5± 2.3 16.6± 2.9 15.1± 2.6

MMSE 29.0± 1.5 28.8± 1.2 27.9± 2.2 21.3± 5.0 24.1± 5.7 29.1± 1.1 28.0± 2.0 21.7± 4.9

Aβ-positive (%)b 0 (0%)b 23 (45%) 8 (100%) 36 (100%) 7 (23%)b 16 (27%) 20 (43%) 27 (90%)

APOE ε4 carriers (%)c 4 (44%)b 15 (29%) 5 (63%) 21 (58%) 8 (26%) 19 (32%) 14 (30%) 13 (43%)

Abbreviations: Aβ, amyloid beta; ADdem, patients with a clinical diagnosis of Alzheimer’s disease dementia; ADNI, Alzheimer’s Disease Neuroimaging Initia-

tive; APOE, apolipoprotein E; BACS, Berkeley Aging Cohort Study; MCI, patients with a clinical diagnosis of mild cognitive impairment; MMSE, Mini-Mental

State Examination; non-AD, patients with a clinical diagnosis of non-AD neurodegenerative syndrome; OC, older controls; PET, positron emission tomogra-

phy; PiB, Pittsburgh compound B; UCSF, University of California San Francisco; YC, young controls.

Notes: Clinical diagnoses were independent fromAβ status. For continuous variables, mean± SD is indicated unless specified otherwise.
aNon AD cases: eight with behavioral variant frontotemporal dementia, seven with non-fluent primary progressive aphasia, six with corticobasal syndrome,

four with Parkinson’s disease, three with progressive supranuclear palsy, twowith semantic variant primary progressive aphasia.
bMissing data in the BACS/UCSF data: Aβ status for 7 YC and 1 non-AD (patient with behavioral variant frontotemporal dementia who carried a V337M

MAPT mutation known to cause Alzheimer’s like 3R/4R paired helical filaments tau), and APOE genotype for 2 YC. The Aβ tracer used in BACS/UCSF was

PiB, while in ADNI florbetapir was used for 128 subjects and florbetaben for 9. PiB-PET was missing for a UCSF patient with clinical AD dementia who died

36 months after FTP-PET and showed high Aβ burden at autopsy (Thal 5 and CERAD frequent); this patient was considered Aβ-positive in all tables, figures,
and analyses.
cAPOE ε4 indicates the percentage of patients with APOE ε4/ε2, APOE ε4/ε3 or APOE ε4/ε4.

scans (15 from BACS/UCSF, 15 from ADNI) were randomly selected,

assigned a second anonymized number, and read twice to evaluate

intra-reader reliability.

2.2 Study participants

The institutional review boards of all participating institutions

approved the study and informed consent was obtained from all

participants or authorized representatives. Cohort characteristics are

summarized in Table 1.

2.2.1 Sample 1—BACS/UCSF

Participants were selected from BACS,25 and the UCSF Memory and

Aging Center research cohorts. The sample included cognitively nor-

mal individuals, patients with clinical diagnosis of MCI, AD dementia,

or non-Alzheimer’s neurodegenerative syndromes. Cognitively normal

participants included 11 young controls (YC, aged 20 to 60 years) and

55 older controls (OC, age>60).

2.2.2 Sample 2—ADNI

ADNI is a multi-site longitudinal study.26 Subjects selected from this

cohort included OC and patients with amnestic MCI and probable AD

dementia.

2.3 Magnetic resonance imaging

T1-weighted magnetic resonance imaging (MRI) was used to define

the regions of interest (ROI) used for FTP quantification and were not

available to the readers. All scans were processed with FreeSurfer 5.3

(http://surfer.nmr.mgh.harvard.edu/) to derive ROIs in each subject’s

native space (see below).

2.4 PET acquisition and processing

Details of the PET acquisition are provided in the supporting informa-

tion.

Briefly, the FTP-PET data were acquired as four 5-minute frames

between 80 and 100minutes after the injection of≈370MBq of radio-

tracer. Frames were realigned and averaged; resulting images were

used for the visual read tomake the visual interpretation entirely qual-

itative.

For quantification purposes, SUVR images were created using the

inferior cerebellar cortex as the reference region.24 FreeSurfer seg-

mentation was used to extract the average SUVR value in two ROIs:

(1) the entire cortex and (2) a temporal meta-ROI (including bilateral

amygdala, entorhinal, parahippocampal, fusiform, and inferior andmid-

dle temporal cortices).22 We used the latter as a quantification-based

criteria to define tau-positivity, using the 1.27 threshold derived from

independent samples in Ossenkoppele et al.22

Aβ-PETwas obtained using PiB-PET (135BACS/UCSFparticipants),
18F-florbetapir (n = 128, ADNI), or 18F-florbetaben (n = 9, ADNI).
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F IGURE 1 Overview of the visual read approach and global score. A, The image intensity has to bemanually adjusted by each reader, fixing the
value of the inferior cerebellar cortex value to themid-range of the color scale (green area). For both visual indices (global visual score and
flortaucipir pattern), readers considered tracer binding beyond the common areas of off-target (non-specific) binding, as illustrated here in
amyloid-negative controls. B, The global visual score is based on seven regions of interest (ROIs), only shown on the left to simplify the display, each
scored on a 0 to 2 scale (white arrows illustrate the scale applied to the inferior temporal lobe), resulting in a 0 to 14 global scale

Aβ-PET were processed as previously described and Aβ status was

defined from tracer/pipeline specific thresholds: 1.065 DVR for PiB,

1.11 for 18F-florbetapir, and 1.08 for 18F-florbetaben).19,27–31

2.5 FTP-PET visual interpretation method: visual
score and distribution pattern

Readers assessedFTP-PET scanswith no access to anatomical imaging,

using the image viewer softwareMango (version 4.0.1–Research Imag-

ing Institute, UTHSCSA; http://ric.uthscsa.edu/mango) and the “Spec-

trum” color scale. The color scale was manually adjusted so that the

predominant color in the inferior cerebellar cortex would be set as the

midpoint of the color scale (Figure 1A). Areas of frequent off-target

FTP binding24 (Figure 1A) were taken into consideration. The visual

interpretation method provides a report for each FTP scan describing

two parameters detailed below.

2.5.1 Global visual score

FTP-PET imageswere assessed following apredefined regional cortical

binding system (0 = no binding; 1 =mild binding; 2 = intense binding)

for seven brain regions (Figure 1B). In the case of asymmetrical uptake

within the ROI, that is, higher on one side than on the contralateral,

the highest signal intensity was chosen. The global visual score was

obtained by summing each score given to the seven cortical ROIs to

provide a measure of whole cortex FTP intensity (ranging from 0, no

uptake in any of the ROIs, to 14, intense uptake in all ROIs).

2.5.2 Distribution pattern

Four FTP distribution patterns were described (Figure 2):

∙ Pattern I (negative scan): absence of FTP signal in any brain area

beyond background or off-target binding.

∙ Pattern II (mild temporal binding only): mild to moderate elevation

of FTP signal limited to the medial temporal cortex and fusiform

gyrus. This pattern could be consistent with early (ie, I to III) Braak

stage tau pathology that can be seen in older individuals with or

without cognitive deficits.32–35

∙ Pattern III (AD-like binding): FTP distribution consistent with the

neuropathological distribution of tau in Braak stage ≥ IV,32–35

extending beyond the medial temporal/fusiform area (eg, with lat-

eral temporal, parietal, or frontal cortex binding).
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F IGURE 2 Four distribution patterns. Three cases are provided to illustrate each pattern; for all 12 examples shown here, both readers
independently assigned the same flortaucipir visual pattern. For each case, four slices are provided, including an axial slice at the level of the
inferior cerebellum, and axial, coronal, and sagittal sections throughout the brain

∙ Pattern IV (non-AD-like): atypical FTP signal distribution, not follow-

ing the known distribution of tau tangles in AD by Braak et al.32–35

This pattern includes, but is not limited to, predominant white

matter or subcortical binding as previously described in non-AD

syndromes.36

2.6 Statistical analysis

Correlations were quantified using Spearman’s rho coefficient. The

effects of Aβ status and clinical diagnostic on the global visual score

was assessed in a general linear model including a group x Aβ interac-
tion term.Relationships betweenFTPdistributionpatterns and tempo-

ral meta-ROI SUVR or global visual scores were tested using Kruskall

Wallis analysis of variance, followed by post hoc pairwiseDwass-Steel-

Critchlow-Fligner tests.

Linear weighted kappa (κ) coefficients were used to evaluate

inter-rater and intra-rater agreement on the global visual scores; non-

weighted κ to evaluate inter- and intra-rater reliability for the identi-

fication of the four distribution patterns. When analyzing mismatches

between distribution patterns, we distinguished major disagreements

(between “negative” and “AD-like” or “AD-like” and “non-AD-like”

patterns) from minor disagreements (other combinations). Additional

reliability analyses were conducted to specifically focus on reliability

of the “AD-like” pattern, versus any of the other patterns.

3 RESULTS

3.1 Visual scores: reliability and association with
cortical SUVR

Global visual scores from the two readers were strongly corre-

lated (rho = .805, P <.001) and inter-rater agreement was good

(linear weighted κ = .73, 95% confidence interval [CI; .68 to .78];

Figure S1A in supporting information). Intra-rater agreementwas high:

linear weighted κreader1 = 0.79 [.68 to .91] and κreader2 = 0.84 [.7 to .93]

(Figure S1B).

The average visual score was significantly associated with cortical

FTP–SUVR (rho = .71, P <.001; Figure 3A). Inspection of the scatter

plot showed a non-linear relationship and differences in dynamic range

between the two variables: SUVR values appear little related to the

visual score in the low range, while the visual score reaches a ceiling

for cortical SUVR >1.6. Complementary analyses were run in three

non-overlapping subgroups of similar visual score span, showing that

the correlation between SUVR and visual score was significant in low
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F IGURE 3 Global visual score: association with global cortical standardized uptake value ratio (SUVR), clinical diagnosis, and amyloid status.
A, Associations between flortaucipir cortical SUVR and global visual score (average of both readers). See Figure S2 in supporting information for
similar plots using each reader’s score or each cohort separately. The scatter plot shows a non-linear relationship and differences in dynamic range
between the two variables: SUVR values appear little related to the visual score in the low range, while the visual score reaches a ceiling for
cortical SUVR>1.6. B, Association of clinical diagnosis and amyloid status on the global visual score (average of both readers). See Figure S3 in
supporting information for similar plots using each reader’s score. The YC groupwas excluded from the general linear model results described on
top (overall R2= .68). YC, young controls; OC, older controls; MCI, patients with a clinical diagnosis of mild cognitive impairment; ADdem, patients
with a clinical diagnosis of Alzheimer’s disease dementia; non-AD, patients with a clinical diagnosis of non-AD neurodegenerative syndrome.
Clinical diagnoses were independent from amyloid beta (Aβ) status. C, Receiver operating curve (ROC) testing on the ability of the average global
visual score and two SUVRmeasures to distinguish Aβ-positiveMCI/ADdem (n= 90) versus all other participants (n= 184). AUROC, area under
the receiver operating curve

values (rho = .29, P <.001 when restricted to scans with a score ≤4),

but gradually strengthenedwith increasing visual scores (rho= .60, for

scores between 5 and 9, inclusive; rho= .78 for scores≥10).

Associations were comparable in strength and shape when looking

at each reader’s or cohort separately (Figure S2 in supporting informa-

tion).

3.2 Visual scores across diagnoses and Aβ status

All but one YC had an average visual score of 0; this group was not

included in the following analyses (Figure 3B). In the rest of the cohort,

clinical group, Aβ status, and their interaction accounted for 68%of the

variance in visual scores. All clinical groups differed from each other

(all Ps <.02 using Holm Bonferroni correction), except for the OC and

the non-AD group (P = .65). Within Aβ-negative participants, no clin-

ical group difference was significant (all Ps >.5), whereas differences

existed between clinical subgroups in Aβ-positive cases (ADdem>

MCI > OC and non-AD). Within the OC, MCI, and ADdem clinical

groups, visual scores were higher in Aβ-positive patients compared

to their Aβ-negative counterparts (P = .023, P <.001 and P <.001,

respectively). Receiver operating curve (ROC) analyses were run to

assess the ability of the visual score to distinguish the Aβ-negative
from Aβ-positive cases; area under the ROC curve (AUROC) were .62

in OC, .77 in MCI, and .97 in ADdem. The visual score was not related

toAβ status in the non-ADclinical group (AUROC= .47, p= .79). Group

comparisons were comparable when looking at each reader separately

or considering the global cortical SUVR (Figure S3 in supporting

information).

ROC analyseswere used to determine the ability of the global visual

score to distinguish Aβ-positive patients with MCI and AD dementia

from all other cases (Figure 3C). The average visual score (AUROC =

.92 [.88 to .94]; optimal threshold value≥7, resulting in 78% sensitivity

and 96% specificity) performed significantly better (P = .003) than

global cortical SUVR (AUROC = .83 [.78 to .88]), but not different (P =

.39) from the temporal meta-ROI (AUROC= .90 [.85, .93]).

3.3 FTP patterns: reliability

When attributing one of the four visual patterns to the 274 scans, the

two readers agreed in 66% of cases (compared to a chance level of

25% based on a four-pattern classification), and the inter-rater relia-

bility was moderate (κ = .53 [.45 to .61]; Figure 4A and Figure S4 in

supporting information). Most disagreement cases (26% of all scans)

were “minor.” “Major” disagreements (ie, betweenAD-likepatterns and

either negative or non-AD patterns) happened in 22 (8%) of all scans

(Figure S5 in supporting information).Out of these18discrepant cases,

7 were OC (6 Aβ-negative), 10 were MCI (9 Aβ-negative) and 1 was an
Aβ-negative case with a non-AD diagnosis; 16/18were ADNI cases.

When separating the AD-like pattern versus any of the other three,

the two readers agreed on 237/274 cases (86% agreement, κ = .71

[.62 to .79]). Other patterns had low inter-reader agreement (κ values
between .39 and .49, Figure S4). Intra-rater reliability was good for the
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F IGURE 4 Visual flortaucipir patterns: inter-reader agreement and association with temporal meta-region of interest (ROI) standardized
uptake value ratio (SUVR). A, Inter-reader agreement based on the 274 cases read by both readers (see Results section and Figure S4 in supporting
information for statistics or intra-rater agreement). Numbers in the table indicate raw numbers of cases for each combination of patterns, not
percentages. B, Association between temporal meta-ROI FTP-SUVR and visual patterns defined by each reader in the 274 cases. The dotted line
represents the independently defined 1.27 threshold; small bar graph inserts indicate the proportion of case above the 1.27 threshold within each
visual pattern group. Black bars showmedian and interquartile range. P values correspond to post hoc tests following significant KruskalWallis
test (see Result section). C, Similar to panel (B), but distinguishing cases for which the two readers assigned similar or different visual patterns. The
right panel shows the discriminative characteristics of the visual AD-like pattern to separate the two groups.
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definition of the four patterns (κreader1 = .76 and κreader2 = .79) and for

the distinction of the AD-like pattern versus any other (κreader1 = .73,

κreader2 = .92; Figure S4).

3.4 FTP patterns: relationship to visual scores
and SUVR quantification

Negative patterns had very minimal global visual scores, showing a

floor effect (>95% of cases with a score of 0). In contrast, AD-like

patterns had median visual scores of 12 (reader 1) or 13 (reader 2),

and reached a ceiling effect >40% cases being assigned the maximal

score (Figure S6 in supporting information). The other patterns were

associated with mildly elevated visual scores with median values

around 2 to 4.

Figure 4B shows that FTP temporal meta-ROI SUVR strongly var-

ied across visually determined patterns (Kruskal-Wallis test: P <.001,

ε2 = .49 for reader 1; P <.001, ε2 = .62 for reader 2). For both readers,

the AD-like pattern was associated with higher SUVR values than all

other patterns (all Ps <.001). Most patients classified as AD-like had

temporal SUVR values > 1.27 (77% for reader 1, 96% for reader 2).

The mild temporal and the non-AD-like patterns showed significantly

increased temporal meta-ROI SUVR values compared to the negative

pattern at the group level, but most cases remained<1.27 (Figure 4B).

When readers disagreed, reader 2 was usually more conservative than

reader 1 (Figure 4A), and 20% to 23% of these scans had temporal

meta-ROI SUVR>1.27 threshold (Figure 4C).

3.5 FTP patterns across diagnoses and Aβ status

Both readers assigned the AD-like pattern to the vast majority of Aβ-
positive ADdem, around half Aβ-positive MCI, and some Aβ-positive
OC (reader1: 12/31, reader2: 8/31; Figure5A). Reader1also classified

24 Aβ-negative participants (10/72 controls, 11/28 MCI, 1/3 ADdem,

and 2/23 non-AD) as AD-like. The mild temporal binding visual pat-

tern was found across clinical and Aβ subgroups. The non-AD-like FTP
pattern was assigned to a large proportion of patients with a non-AD

diagnosis (11/30 for reader 1, 16/30 for reader 2) and some cases

from other subgroups. Similarly, tau-positive cases defined by tempo-

ral meta-ROI SUVR > 1.27, were found in the majority of Aβ-positive
patients withMCI andADdem, but also in other subgroups (Figure 5B).

The AD-like pattern was far more frequent in Aβ-positive patients

with MCI or ADdem (reader 1: 73/90, reader 2: 70/90) than in other

participants (reader 1: 36/184, reader 2: 12/184). Very fewAβ-positive
MCI/ADdem patients were attributed a negative FTP pattern (reader

1: 3/90, reader 2: 7/90). The AD-like pattern had good sensitivity (78%

to 81%) and good to excellent specificity (80% to 93%). The AD-like

pattern had discrimination performances comparable to tau-positivity

based on the temporal meta-ROI (82% sensitive, 84% specific). When

combining patterns from both readers, the sensitivity of the AD-like

pattern (assignedbyboth readers)was76%, but the specificity reached

95% (Figure S7 in supporting information).

4 DISCUSSION

We developed and evaluated a visual rating scheme for the qualitative

interpretation of FTP tau PET scans. We tested this visual approach in

a large (n = 274) multi-center sample derived from two independent

cohorts with the intent to encompass the heterogeneity of a clinical

population, including various clinical diagnoses, and using PET data

acquired from multiple sites. Results indicate that the interpretation

of FTP-PET using our visual approach strongly correlates with SUVR

quantification and is associated with both clinical diagnosis and Aβ
status.

The two visual indices we developed (a global score and an AD-

like visual pattern) allowed the differentiation of Aβ-positive patients
with MCI or AD dementia from other participants with ≈78% to 81%

sensitivity and ≈80% to 96% specificity, similar to the SUVR quantifi-

cation of temporal signal in the same patients (82% sensitivity, 84%

specificity, Figure 4). Regardless of the visual or SUVR-based defini-

tion of tau-positivity, “false negative” cases were more likely to be

patients with MCI rather than dementia, suggesting that all the pro-

posed approaches might be missing lower tau levels. Alternatively, it

is possible that these FTP-negative Aβ-positive patients did not har-

bor any tau pathology, and that their cognitive deficits might be due

to another, non-AD etiology. Within the recently proposed NIA-AA

research framework37 these cases would correspond to “Alzheimer’s

pathologic change [rather than full AD, ie, Aβ + tau] with concomitant

non-AD changes.” Inversely, a visual score >7 or an AD-like visual pat-

tern was frequent in Aβ-positive OC, suggesting that the visual indices

might capture tau pathology at the preclinical stage. Additional “false

positives” visual FTP-PET were found in Aβ-negative subjects (Fig-

ure 4A and Figure S4). The absence of autopsy data does not make

it possible to clarify whether these are true false positive (ie, posi-

tive FTP-PET without underlying tau pathology, for instance due to

off-target binding related to non-tau related pathology),38 or repre-

sent neurofibrillary pathology without Aβ such as primary age-related

tauopathy (PART).39,40

In parallel to our effort, Avid Radiopharmaceuticals developed an

independent visual read method consisting of separating FTP-PET

patterns consistent with AD (with an additional distinction between

moderate and advanced patterns) from negative tau patterns.19

Although no formal head-to-head comparisonwas conducted between

the two protocols, our approach and Avid’s largely overlap, and equiv-

alences can be drawn. Avid’s “negative” patterns encompasses our

own negative pattern (pattern I, no activity beyond off-target binding),

scans with isolatedmesial temporal signal (our pattern II), or increased

neocortical activity isolated to the anterolateral temporal, and/or

frontal regions (which would likely be classified as our pattern IV). The

identification of Avid’s “AD tau pattern” relied on the presence of signal

in the postero-lateral temporal or occipital regions, and additional

parietal/precuneus or frontal binding to be considered “advanced”

AD tau; these scans would be classified as “AD-like” (pattern III) in

our visual scheme. The Avid protocol was used in an end-of-life study

including 64 terminally ill participants (50 cognitively impaired, 14 cog-

nitively unimpaired) to test the association with post mortem findings.
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F IGURE 5 Visual flortaucipir patterns and temporal meta- region of interest (ROI) standardized uptake value ratio (SUVR)-based positivity:
association with clinical diagnosis and amyloid beta (Aβ) status. A, FTP visual patterns assigned by each reader (top: reader 1, bottom: reader 2; see
Figure S7 in supporting information for the combination of both readers). Left panel shows the distribution of visual patterns (y-axis) in each
clinical/Aβ subgroup (x-axis). Middle panel illustrates the distribution of visual patterns (specific n indicated on top), and in Aβ-positive
MCI/ADdem (circled numbers, n= 90 total), versus all other participants (n= 184). Right panel shows the diagnostic properties of the AD-like
pattern to distinguish Aβ-positiveMCI/ADdem versus all other participants. (B) Distribution of temporal SUVR-based tau-positive cases in each
clinical/Aβ subgroup (left) or in Aβ-positiveMCI/ADdem versus all other participants (middle). Right panel shows the diagnostic properties of the
meta-ROI-based FTP positivity to distinguish Aβ-positiveMCI/ADdem versus all other participants. YC, young controls; OC, older controls; MCI,
patients with a clinical diagnosis of mild cognitive impairment; ADdem, patients with a clinical diagnosis of Alzheimer’s disease dementia; non-AD,
patients with a clinical diagnosis of non-AD neurodegenerative syndrome. Clinical diagnoses were independent fromAβ status. Se, sensitivity; Sp,
specificity; PLR, positive likelihood ratio; NLR, negative likelihood ratio

An AD-tau pattern was able to detect patients with Braak stages V-VI

(sensitivity: 92.3% to 100% based on five independent readers; speci-

ficity: 52% to 92%) or with high AD neuropathologic changes (ie, Braak

V/VI with high amyloid burden; sensitivity: 94.7% to 100%; specificity:

50% to 92.3%). In patients with lower stages of tau pathology, most

scans were read as negative (75% for Braak IV, 80% for Braak III, and

83% for Braak II), and were all negative based on image quantification.

In spite of differences in the visual approach and study design, our

data support the Avid results as both studies show that FTP-PET visual

reads are feasible and can identify advanced cases of clinically diag-

nosed AD or AD pathology with high accuracy, supporting its transla-

tion to clinical settings.

Both the global visual score and the identification of an AD-like pat-

tern showed satisfactory intra- and inter-reader agreement (κs≥.71),
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underlying the reliability of the main indices of interest derived from

our visual rating scheme. However, the inter-reader agreement on

the four-pattern distinction was only moderate (κ = .53), and the

specific identification of the other three patterns were suboptimal

(κs <.5, Figure S4). The difficulty in identifying these patterns can

be attributed to the lower amount of tau-PET signal associated with

them and to some choices we made in the development of our visual

scheme. Indeed, our approach focused on identifying a clear AD

pattern based on a limited amount of data and data pre-processing

so that it could be widely used in clinical settings. Thus, visual reads

were based on non-intensity normalized images to make this method

accessible without a dedicated neuro-software. Image contrast had

to be adjusted by each reader, resulting in intrinsic variability in the

reading process. Alternative approaches, including reading an SUVR

image or access to more advanced quantification methods might

help improve pattern identification, similar to recent propositions

related to amyloid-PET.41–43 Morever, FTP scans were read without

any anatomical (computed tomography or MRI) imaging while it could

help PET interpretation by highlighting macroscopic abnormalities

(eg, atrophy, presence of vascular anomalies or meningiomas44) and

better distinguishing cortical from white matter signal. Anatomical

information could be particularly helpful to identify the “mild temporal

binding” pattern due to the multiple sources of off-target binding in

areas surrounding the areas of interest (eg, choroid plexus, extra-brain

bindingmedial to the entorhinal/parahippocampal areas).

The main challenge to an FTP-PET visual approach relates to

the presence of off-target binding. Contrary to amyloid imaging, in

which white matter predominant off-target binding is a constant fea-

ture across Aβ-radiotracers and is key to the interpretation of PET

scan,45–47 FTP-PET off-target signal is highly variable across individ-

uals both in terms of severity and location, therefore hampering FTP

interpretability.48 Various factors are suspected to cause FTP off-

target signal: neuromelanin, brain hemorrhagic lesions, as well as the

enzymesmonoamine oxidase (MAO)-A andMAO-B, widely distributed

throughout the brain in both neurons and glia.8,48,49 Sufficient knowl-

edge of FTP off-target binding is fundamental to the accurate interpre-

tation of the PET scan.

In conclusion, our study shows that the proposed visual ratings

of FTP tau PET are strongly associated with FTP global quantifica-

tion, clinical diagnosis, and Aβ status across two cohorts with distinct

characteristics. Inter- and intra-rater reliability for our main indices

are strong, suggesting that the proposed visual approach is repro-

ducible and can therefore represent a promising alternative to quanti-

tative tau-PETmeasurements in clinical settings. Future investigations

including an autopsy-based gold standard are needed to evaluate the

exact potential and limitations of tau-PET and the proposed visual read

approach.
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