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Abstract

Background: The positron emission tomography (PET) radiotracer [18F]MK-6240

exhibits high specificity for neurofibrillary tangles (NFTs) of tau protein in Alzheimer’s

disease (AD), high sensitivity tomedial temporal and neocortical NFTs, and lowwithin-

brain background. Objectives were to develop and validate a reproducible, clinically

relevant visual read method supporting [18F]MK-6240 use to identify and stage AD

subjects versus non-AD and controls.

Methods: Five expert readers used their own methods to assess 30 scans of mixed

diagnosis (47% cognitively normal, 23%mild cognitive impairment, 20%AD, 10% trau-

matic brain injury) and provided input regarding regional and global positivity, features

influencing assessment, confidence, practicality, and clinical relevance. Inter-reader

agreement and concordance with quantitative values were evaluated to confirm that

regions could be read reliably. Guided by input regarding clinical applicability and

practicality, read classifications were defined. The readers read the scans using the

new classifications, establishing by majority agreement a gold standard read for those

scans. Twonaïve readerswere trained and read the30-scan set, providing initial valida-

tion. Inter-rater agreement was further tested by two trained independent readers in

131 scans. One of these readers used the samemethod to read a full, diverse database

of 1842 scans; relationships between read classification, clinical diagnosis, and amyloid

status as available were assessed.

Results: Four visual read classifications were determined: no uptake, medial tempo-

ral lobe (MTL) only, MTL and neocortical uptake, and uptake outside MTL. Inter-rater

kappas were 1.0 for the naïve readers gold standard scans read and 0.98 for the

independent readers 131-scan read. All scans in the full database could be classified;

classification frequencies were concordant with NFT histopathology literature.

Discussion:This four-class [18F]MK-6240 visual readmethod captures the presence of

medial temporal signal, neocortical expansion associatedwith disease progression, and

atypical distributions thatmay reflect different phenotypes. Themethoddemonstrates

excellent trainability, reproducibility, and clinical relevance supporting clinical use.

KEYWORDS

Alzheimer’s disease, florquinitau, neurofibrillary tangles, positron emission tomography, tau,
tracer, [18F]MK-6240,MK-6240, visual read

Highlights

∙ A visual read method has been developed for [18F]MK-6240 tau positron emission

tomography.

∙ Themethod is readily trainable and reproducible, with inter-rater kappas of 0.98.

∙ The readmethod has been applied to a diverse set of 1842 [18F]MK-6240 scans.

∙ All scans from a spectrum of disease states and acquisitions could be classified.

∙ Read classifications are consistent with histopathological neurofibrillary tangle

staging literature.
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1 BACKGROUND

Tau is central to Alzheimer’s disease (AD), aggregating into neurofibril-

lary tangles (NFTs) that in concert with fibrillar amyloid are hallmark

pathologies of the disease.1 NFT spread correlates with cognitive

decline and neurodegeneration as disease progresses,2–4 making it a

priority target for therapeutic development and diagnosis. [18F]MK-

6240 (Cerveau Technologies) is a positron emission tomography (PET)

tracer with high affinity and selectivity for 3R/4R NFTs characteristic

of AD.5–7 In clinical studies, it has exhibited a favorable safety profile,

wide dynamic range with low within-brain background, minimal off-

target binding in striatumand choroid plexus, sensitivity tomedial tem-

poral NFTs that emerge early in disease, and reproducibility.8–11 These

properties suggest potential value in therapeutic trials, diagnosis, and

monitoring.12 Objectives of this work were to develop, preliminarily

validate, and evaluate broad applicability of a standardized, clinically

meaningful visual read method supporting [18F]MK-6240 use in the

clinical setting and clinical trials.

AD autopsy studies have established that NFTs typically aggre-

gate earliest in the transentorhinal cortex, spreading to the entorhi-

nal cortex and into the hippocampus (Braak stages I/II, “B1”), then

increasing in limbic regions including the amygdala, expanding to the

temporal/occipito-temporal neocortex (Braak stages III/IV, “B2”), and

spreading to other neocortical tissue (Braak stages V/VI, “B3”).13,14

Cognitive impairment is typically observed when NFT deposition

reaches stage B2, suggesting this stage is clinically relevant.15 Medial

temporal NFTs (B1) have been implicated in preclinical AD memory

effects and may predict progression to B2.16,17 However, medial tem-

poral NFT are also found in non-AD aging18 and may not always

predict clinical progression. In later Braak stages, NFT spatial distri-

bution varies, reflecting clinical phenotype.19,20 These factors were

considered in establishing [18F]MK-6240 read classifications.

Investigators using [18F]MK-6240 as a biomarker in 15 trials in

three countries have contributed to a database consisting of >1840

deidentified [18F]MK-6240 scanswith demographic, clinical, structural

magnetic resonance imaging (MRI), and amyloid PET data from partic-

ipants with a wide range of amyloid burden and clinical diagnoses. This

database enabled evaluation of the method’s broad applicability, and

insight into relationships among NFT distribution, clinical diagnosis,

and amyloid status.

2 METHODS

2.1 Study design

The process to develop, conduct initial validation upon, additionally

test, and apply the [18F]MK-6240 read method is summarized in

Figure 1.Methoddevelopmentwas conducted in consultationwith five

experts credentialed in neurology, neuropsychology, and/or nuclear

medicine, experienced in AD and [18F]MK-6240 PET imaging. Read-

ers were first asked to apply their own methods of assessing tau PET

positivity or negativity to predefined regions and overall for each of

RESEARCH INCONTEXT

1. Systematic Review: The authors reviewed the litera-

ture usingPubMed, keyword searches,meeting abstracts,

and presentations. Published findings regarding neu-

rofibrillary tangle (NFT) accumulation in Alzheimer’s dis-

ease (AD) progression; the binding characteristics of the

tau positron emission tomography radiotracer [18F]MK-

6240; and relationships among tau, amyloid, and clinical

phenotype are of particular relevance. Pertinent publica-

tions are appropriately cited.

2. Interpretation: Thiswork describes the development, ini-

tial validation, and broad application of a visual read

method for [18F]MK-6240 that is readily trainable and

highly reproducible across readers. The visual read classi-

fications alignwith clinically relevant disease progression

andwith published tau distribution findings.

3. Future Directions: This work establishes a visual read

approach and initial groundwork that can be further vali-

dated in a larger multi-reader study. Findings support use

in clinical trials as well as in clinical settings for patient

assessment as the clinical utility of NFT assessment is

established.

30 scans. A PET-only approach was prioritized to support clinical use

where MRI may not be available. Results were analyzed to determine

concordance between raters and with quantitative regional standard-

ized uptake value ratios (SUVRs) to assess visual read reliability.

Reader input regarding uptake features influencing overall assess-

ment, method practicality, and clinical relevance to AD pathology and

phenotype were used to establish read classifications. The expert

readers then read the scans using the new four-class read method,

and a gold standard read for those scans was established by major-

ity agreement. Two naïve readers (board-certified neuroradiologists)

were trained on the new method and read the 30-scan set, provid-

ing inter-rater agreement statistics and initial validation. Inter-rater

agreement was further tested by two independent readers in 131

scans. One of these readers then applied the method to the full

database of 1842 scans. Results were used to determine whether all

scans in this diverse set could be characterized by one of the classi-

fications, and to evaluate classification frequencies related to clinical

diagnosis and amyloid status as available.

2.2 Data characteristics

All image data was provided by Cerveau, acquired from investigator-

initiated Phase 1 and 2 clinical studies that used [18F]MK-6240

(Table 1). Data was collected with institutional review board/ethics

committee approval obtained by each institution, written informed
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F IGURE 1 Process overview of visual read
method development with expert reader input,
development of a gold standard read set, initial
validation based upon read of the gold standard set by
two naïve readers, selection of 131 scans for reading
by two independent trained readers to provide
further testing, and application of the visual read
method to the full database of 1842 [18F]MK-6240
PET scans. MRI, magnetic resonance imaging; PET,
positron emission tomography; SUVR, standardized
uptake value ratio

patient consent, and oversight of the institutions’ government author-

ities. Baseline and follow-up image data were collected whenever

available.

Data characteristics are shown in Table 1. The database included

baseline scans from 1560 participants; 259 participants had at least

one follow-up timepoint, and 23 had a second follow-up timepoint,

which were all read. Participants included cognitively unimpaired (CU)

adults, patients with mild cognitive impairment (MCI), AD demen-

tia, other dementia diagnoses (e.g., frontotemporal dementia), and

traumatic brain injury (TBI), ages 27 to 97 years. Image acquisition

protocols were based on site procedures, using 15 different PET scan-

ner models (Table 1), various reconstruction algorithms, and a range of

acquisition windows fromwhich frames were extracted for timing sim-

ilarity across scans (Supplement in supporting information). Injected

activity varied by study as approximately 5 mCi (185 MBq) or 10 mCi

(370 MBq) because a single standardized injection protocol was not

yet established. A 3D T1-weighted MRI was available at time of read

for 1786 of the [18F]MK-6240 scans. Amyloid status, when available,

was determined by amyloid PET imaging and designated by each site

according to local protocols.

For method development and initial validation, 30 [18F]MK-6240

scans were selected from the database. To ensure heterogenous rep-

resentation, scans included images acquired on different PET scanners

from five different institutions in participants with a range of clinical

diagnoses expected to include a spectrumofNFTburden: 14CU (47%),

7 MCI (23%), 6 AD dementia (20%), 3 TBI (10%). As the read method

was not yet developed, inclusion was not based on read classifications.

The 131 [18F]MK-6240 PET scans were selected to represent diverse

clinical diagnoses, scanners, protocols, uptake, and lesion examples,

one scan per participant (Supplement).

2.3 Image processing

The 30 gold standard images used for method development and vali-

dation consisted of four or six successive 5-minute frames beginning

at 80 or 90 minutes post-tracer injection, motion-corrected and aver-

aged in native space. For quantitative measurement only, the images

were smoothed to an approximate uniform resolution based upon the

scanner model21 and partial volume correction (PVC, Müller-Gärtner
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method)22 was applied to most closely quantify actual binding rather

than spill-in or atrophy; this was because visual reads on uncorrected

scansmust be able to differentiate between true uptake and off-target

confounds. Regionalmean SUVRswere calculated formedial temporal,

lateral temporal, medial parietal, and lateral parietal regions measured

using PETSurfer in FreeSurfer 6.023,24 with inferior cerebellar gray

matter reference region. SummedSUVRwas defined as the summation

of each scan’s four regional mean SUVRs.

To ensure scans used for further evaluation of the visual read

method were consistent with the gold standard scans used to develop

the method, for the 131-scan and full database sets, image frames

of similar post-injection start time and duration were selected from

each acquisition protocol (detail in Supplement). Frames were motion-

corrected and averaged, and PET images co-registered with their

respective MRI scans in a common orientation and voxel size without

spatial warping. Scans were provided in unsmoothed form; a 4 mm

smoothed version was provided for optional comparison. This was

consistent with clinical settings in which readers may slightly smooth

images, particularly if acquired on scanners with fine pixelation. For

report generation for the visual reads and for the supplemental

quantitative measurement only, images were warped to a template.

2.4 Visual read method development

The questionnaire used to gather visual assessment information from

expert readers is shown in Figure S2 in supporting information. Pre-

defined regions consisted of Braak stage regions (stages I–VI),13 and

MeTeR categories (mesial-temporal [Me], temporoparietal [Te], and

rest of neocortex [R] divided into frontal subregion and a superior

temporal/anterior cingulate subregion).25 Readers indicated any other

regions used to determine the overall read, features contributing to

overall assessment, confidence level, and the clinical relevance of var-

ious regions, for example, whether uptake indicated AD. Computed

tomography (CT) or MRI images were not provided, nor clinical and

demographic information. Evaluations were performed independently,

and readers used their own display software, reading approaches, and

preferred color scale.

Reader responses were analyzed to determine whether [18F]MK-

6240uptake could be assessed visually andwhether assessmentswere

consistent between readers and with quantitative tracer uptake. The

summations of the percentage of readers who read (1) each of the

Braak stage regions as positive or (2) each of the MeTeR regions as

positive were compared to summedSUVR values (Supplement). Con-

sideration was given to clinical relevance, and whether regions could

be grouped into a readily trained and implemented set of classifica-

tions supporting clinical use. Based upon these inputs, classifications

were defined with criteria for regions included in each class and when

to consider intensity elevated. Grayscale was agreed upon for the gold

standard and naïve reader reads to avoid variability due to poten-

tial color perception and concern that color thresholds could create

artificial boundaries. The expert readers then re-read the scans using

the new read method. Inter-rater agreement was calculated and the

majority read determined, with consensus discussion in the single

case of a reader tie. This 30-scan set with expert majority reads was

designated as the gold standard set for visual reads.

For initial validation, the two naïve readers were trained on the

visual read method. In a first session, they were shown one [18F]MK-

6240 image representing each of the four read classifications. In a

second session, readers read nine [18F]MK-6240 images as test cases.

Training/test scans were not from the 30-scan set. Readers then

visually assessed the 30 gold-standard [18F]MK-6240 images using a

grayscale display and axial, coronal, and sagittal views, PET only. Inter-

rater agreement and agreement with the gold standard reads were

calculated.

2.5 Additional rater assessment

To prepare for the additional inter-rater testing, an internal training

process was developed (Supplement). Two scientists with>15 years of

experience each in brain image analysis were trained and applied the

method to 28 of the gold standard scans available at time of read, using

only PET scans. A third, junior scientist new to the fieldwas also trained

and read the gold standard scans to further explore trainability and

consistency. Results were compared to the gold standard and valida-

tion reads, providing evidence that the readers were qualified to read

additional scans.

For the inter-rater testing using a larger data set, the 131 images

were randomly ordered, and 20 scans selected for re-read without

reference to the initial read. The two experienced readers then each

read all 131 images in gray/color scale of choice (20 scans twice).

Unsmoothed and smoothed images were available for comparison.

Each read was performed using only PET to simulate clinical practice

in which MRI may not be available, and then with MRI underlay, sim-

ulating the approach likely to be used in clinical trials in which MRI

scans are typically acquired. This enabled comparison of classification

and reader confidence. Final readswerebasedupon the combinationof

PET with and without MRI underlay. Results were compared between

readers, and in cases of discrepancy, discussed to reach consensus.

All 1842 scans in the databasewere then read by one of the readers

who read the 131 scans, with (color) and without (inverted gray) MRI

underlay. Classification frequencies were evaluated in relation to clin-

ical diagnosis and amyloid status, using one scan per participant with

available data (baseline if more than one present). SUVRs were mea-

sured on an exploratory subset of 215 scans and compared to read

classifications (Supplement).

2.6 Statistical analysis

For the expert reader survey and initial read method validation, inter-

reader agreements were assessed by percent agreement (pairwise

agreements/total assessments) and free-marginal Fleiss’ kappa.26 Cor-

relation between confidence levels and case-level inter-reader con-

cordance, and between SUVR metrics and visual reads were assessed
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TABLE 2 Expert reader inter-rater agreement and agreement with SUVR (mean uptake across subregions) when readers assessed positivity
or negativity using their own assessment approaches for a set of pre-defined regions

Kappa Scores SUVRComparisonsa

Number of readers Mean kappa 95% low 95% high % agreement ρ P-value

Binary (overall) 5 0.67 0.49 0.84 83% NA NA

Braak I 4 0.58 0.37 0.78 79% 0.86 0.000000004

Braak II 4 0.52 0.32 0.72 76%

Braak III 4 0.68 0.50 0.86 84%

Braak IV 4 0.69 0.50 0.88 84%

Braak V 4 0.69 0.50 0.88 84%

Braak VI 4 0.47 0.27 0.66 73%

Me 5 0.49 0.30 0.68 75% 0.91 0.00000000001

Te 5 0.56 0.38 0.74 78%

R-Frontal 5 0.72 0.56 0.88 86%

R-Sup T 5 0.56 0.38 0.74 78%

Notes: The sum of mean SUVR for all regions defined using the Braak or MeTeR regions of interest were tested for correlation with the sum of the percent-

age of readers scoring the regions as positive using Spearman’s rank correlation test. Binary read was not considered to be applicable (NA). All reads were

performed using PET-only, without anMRI underlay.
aSUVR values were available for 28 subjects.

Abbreviations: MeTeR, mesial-temporal, temporoparietal, and rest of neocortex; MRI, magnetic resonance imaging; PET, positron emission tomography;

SUVR, standardized uptake value ratio.

by Spearman’s correlation (rho) (Supplement). For the 131-scan read,

inter- and intra-rater kappas were calculated using JMP v16 statistical

software (SAS).

3 RESULTS

3.1 Results of expert reader input used in
developing read paradigm

Inter-reader agreement values across binary, Braak, andMeTeR classi-

fications, and with SUVR measurements are shown in Table 2. Percent

reader agreement ranged across regions from 73% to 86%. The Spear-

man’s correlations (rho) between SummedSUVR and the summations

of (1) Braak stage % of readers positive or (2) MeTeR regions % of

readers positivewere 0.861 (P<0.0001) or 0.914 (P<0.0001), respec-

tively (Supplement). In this method development phase, when reader

methods were unguided and region definitions were relatively com-

plex, these metrics were sufficient to provide confidence that images

could be visually readwithout use of quantitation.

Several points emerged from expert reader input regarding clinical

relevance of patterns of [18F]MK-6240 uptake. Uptake seen in medial

temporal plus cortical regions was consistently interpreted as NFT-

positive and clinicallymeaningful (reflective of AD pathology). Readers

agreed that cases with elevated uptake in neocortical regions but no

uptake in medial temporal lobe (MTL) could be clinically relevant, but

that this was distinct from the pattern of NFT pathology seen in typical

cases of AD. The readers did not reach consensus on the clinical signifi-

cance of [18F]MK-6240 uptake limited tomedial temporal regions, and

whether this pattern should be interpreted asNFT-positive if limited to

transentorhinal/entorhinal cortex.

3.2 [18F]MK-6240 visual read classifications and
assessment method

Visual read development resulted in definition of four classifications:

“no uptake,” “MTL only,” “MTL AND,” and “outside MTL” (examples in

Figure 2). “No uptake” is defined as a lack of elevated MK-6240 signal

in medial temporal or neocortical regions, or signal in any “off-target”

brain region such as striatum, cerebellum, or midbrain that does not

exceed signal in the retina (high due to neuromelanin4). “MTL only” is

defined as elevated intensity in any MTL structure (defined to include

transentorhinal, entorhinal, subiculum, hippocampus, parahippocam-

pus, and amygdala) in either hemisphere, without any neocortical

uptake. “MTL AND” indicates elevated signal in MTL and at least one

additional neocortical region, in either/both hemispheres. Uptake in

lateral temporal cortex (including anterolateral tissue and fusiform),

frontal, parietal, occipital, and/or cingulate regions all contribute to

“AND.” “Outside MTL” is defined as uptake in neocortical regions or

in subcortical regions other than MTL that exceed retinal intensity,

without elevatedmedial temporal uptake. Cases include scans inwhich

focal uptake is found only in a region such as occipital or frontal

cortex, or with a medial temporal-sparing pattern having neocortical

uptake otherwise typical of AD. Non-brain off-target signal, such as in

meninges6,8 does not constitute positive uptake.

The presence of uptake is determined visually, without generat-

ing an SUVR image or applying a numeric or color threshold. Visual
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F IGURE 2 Examples of the four read classifications of the [18F]MK-6240 readmethod: (A) no uptake, (B)MTL only, (C)MTL And, and (D)
outsideMTL. Images are displayed as PET only at left, and superimposed and display-thresholded on co-registered, spatially normalizedMRI scans
at right. It can be seen that elevated uptake is apparent in both the displays of PET-only and PET thresholded and superimposed onMRI underlay.
Images were contrast adjusted to display the range of intensities from just above cerebellar cortex signal to high intensity.While these are not
SUVR images, the approximate voxel range of elevated uptake values referenced to cerebellar cortex is from 1.35 to 5 in these images although
higher values are observed depending on subject and scanner. MRI, magnetic resonance imaging; PET, positron emission tomography; SUVR,
standardized uptake value ratio

intensity range is set through contrast adjustment so that regions of

low (such as cerebellum) and high (such as retina) are distinct with

maximal range between.

3.3 Gold standard and validation reads

As indicated in Table 2, percent agreement among the five gold-

standard readers using the new method was 72% (Fleiss’ kappa 0.62),

with the majority of readers assigning 11 cases “no uptake,” 2 “MTL

only,” 16 “MTLAND,” and1 “outsideMTL.”One case required adjudica-

tion due to lack of majority read, and the resulting consensus majority

read was “MTL only.” Disagreements between expert readers were

limited to differing opinions regarding how transentorhinal/entorhinal

signal should be rated, pertinent to several of the 30 cases. Percent

agreement between naïve readers was 100% (Fleiss’ kappa 1), assign-

ing 11 cases “no uptake,” 2 cases “MTL only,” and 17 cases “MTL AND.”

Percent agreement betweennaïve and the gold standard expert reader

majority was 90%.
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3.4 Inter-rater results for the additional
validation set read and 131 scan set

After training, the two experienced scientist readers and one junior

reader read 28 gold standard scans available from the set of 30 with

100% agreement, agreeing with validation read results (one scan that

had disagreement between expert and naïve readers was unavailable).

For the 131 scans, the inter-rater kappa between the two readers was

0.988 (95%confidence interval [CI: 0.96, 1.00]) prior to consensus (two

discrepant cases, related to lesion interpretation) and final reads were

57 no uptake, 17 “MTL only,” 56 “MTL AND,” 1 “outside MTL”; intra-

rater kappas were 0.92 [95%CI 0.77, 1.0] and 1.0. Scans having no ele-

vated uptake, “MTL only” signal reaching Braak Stage III/B2 structures

beyond transentorhinal/entorhinal cortex (Figure 3B), and neocorti-

cal uptake were readily assessed with PET only. Scans with emerging

transentorhinal/entorhinal uptake could often be discriminated using

PET only (Figure 3A). Figure 3C,E and Supplement show examples of

neocortical variability accommodated within the “MTL AND” classifi-

cation. Inter-rater agreement was achieved despite different reader

preferences and use of inverted grayscale versus color. Classifications

differed between PET only and with MRI underlay for 5.3% and 7.6%

of 131 scans for the two readers, respectively. Differences pertained

to distinguishing off-center inter-hemispheric binding related to off-

target lesions, uptake limited to transentorhinal/entorhinal cortex, and

a case of occipital binding that was interpreted with PET-only as sig-

nal spill-in. Variations in dose or late frame timewindow did not impact

cross-sectional readability.

3.5 Full database read classification

Figure 4A shows the read classification distribution for the 1842

[18F]MK-6240 database scans. All scans could be read as one of the

four classifications. Figures 4B–D show classification distributions by

reported clinical diagnosis (CU, MCI, and AD in 4B–C, TBI in 4D) and

amyloid status, using only baseline or first available scan for each par-

ticipant. Among the 341 reported amyloid positive (A+) subjects in

Figure 4C, the frequency of “MTL AND” classification increased from

those who were CU (32%) to those with MCI (75%) and was greatest

(88%) with AD dementia (6% had “no uptake”). In the only contributing

study that identified a subgroupofA+CUashaving subjectivememory

complaints (SMC), of the 13 participants in that subgroup 5 were clas-

sified as “MTL only” and 6 were classified as “MTL AND.” Of the 890

baseline or first available scans from participants classified as amyloid

negative, 92%were “no uptake” regardless of clinical diagnosis. As evi-

dent in Figure 4D (top panel), most (91%) of the TBI participants were

A– and 97% of themwere classified as “no uptake” (examples including

potential read confounds in Supplement).

4 DISCUSSION AND CONCLUSIONS

A standardized, readily learned, clinically relevant visual read method

has been developed for use with the [18F]MK-6240 tau PET tracer.

Initial validation using two naïve readers followed by two additional

independent readers yielded inter-rater kappas >0.9, in line with kap-

pas for other tracers in clinical use.27,28 Requiring only a PET scanwith

optional anatomical underlay, the method is applicable for clinical use

and clinical trials. Application to 1842 [18F]MK-6240 scans demon-

strated themethod’s ability to characterize a broad spectrumof clinical

and amyloid states, and concordancewith publishedNFT distributions.

The four-class [18F]MK-6240 read method aligns well with Braak

staging,14 with the note that tau PET sensitivity differs from (lags)

neuropathology in that by the time NFTs reach the threshold of PET

detection in Braak stage I/II, they have likely spread to Braak stage

III/IV regions microscopically.29 “MTL only” captures the sensitivity

of [18F]MK-6240 to medial temporal NFTs30 and facilitates detection

of preclinical AD using the A/T/N framework.31 Clinical interpreta-

tion of medial temporal NFTs is not yet standardized,30 and “MTL

only” identifies this uptake while distinguishing it from neocortical

spread associated with amyloid-dependent disease progression.32,33

Within the “MTL only” classification, uptake reaching Braak Stage

III/B2 involving amygdala and extending into hippocampus (Figure 3B

with “hook-like” uptake)34 can further be distinguished from transen-

torhinal/entorhinal uptake (Figure 3A), presenting subclassification

opportunity. The former has been associated with the limbic predom-

inant variant of AD35,15 while early transentorhinal/entorhinal uptake

may indicate either primary age-related tauopathy (PART)36 or the

earliest stages of AD.

“MTL AND” captures neocortical NFT spread associated with AD

progression and an accelerated rate of NFT accumulation, the slowing

of which is the goal of several clinical trials.37 This spatial discrimi-

nation is relevant to monitoring disease progression and treatment

response. While aligned with Braak staging, “MTL AND” does not

require discrimination of individual cortical regions and accommo-

dates the spatial variability observed in AD (Supplement). “Outside

MTL” allows identification of cases that may involve clinical pheno-

types differing from typical AD. The “MTL AND” class also allows for

subclassification pending clinical trial or patient assessment objectives

(examples in Supplement). While “outside MTL” cases were infrequent

(N = 14), this category was important to capture scans with other

atypical distributions.

[18F]MK-6240 binds to leptomeninges, more frequently in scans

that do not exhibit binding in NFT-associated regions.8,9 While

meningeal binding was apparent in [18F]MK-6240 scans, all readers

were able to visually distinguish it from likely NFT binding in cortical

regions. Visual approaches to discern between meningeal signal and

cortical uptake were identified and can be incorporated into training

for broader use. For MTL uptake, the “hook”-like uptake34 (Figure 2B)

associatedwith spread into hippocampus and amygdala provides a use-

ful indicator of NFT binding, and is spatially distinct from meninges.

For the early uptake limited to entorhinal cortex (a region with unclear

clinical relevance), examining multiple slices and multiple views (sagit-

tal, coronal, axial) was helpful in differentiating from meningeal signal.

Meningeal uptake tended to be ring-like and at least partially contigu-

ous, or inter-hemispheric, or concentrated between cerebellum and

occipital tissue, and did not follow sulcal patterns or cluster in spe-

cific tissue as with cortical uptake. It also occurred most frequently
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F IGURE 3 (A,B) “MTL only” with (A) emerging perirhinal/entorhinal signal and (B) spread producing a sagittal “hook” appearance associated
with Braak Stage III involvement of entorhinal cortex, hippocampus, and amygdala; (C–E) “MTL AND”with (C) right hemisphere spread into right
lateral temporal cortex, (D) asymmetric right hemispheric widespread cortical deposition, and (E) bilateral widespread cortical accumulation.
Images also show various display states of smoothed (A,B), unsmoothed (inverted gray C, D, E), inverted gray and color tables, PET-only and
thresholded and superimposed onMRI. Images are from five different participants. Images were contrast adjusted to display range from cerebellar
cortex signal to high intensity; the overlay PET images were display thresholded to exclude cerebellar cortex signal levels. MRI, magnetic
resonance imaging; PET, positron emission tomography
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F IGURE 4 (A) Read classification distribution for full database; (B–D) read classifications for scans of participants with (B) reported amyloid
negative (A–) or (C) amyloid positive (A+) status and clinical diagnoses of cognitively unimpaired (CU), mild cognitive impairment (MCI), and
Alzheimer’s dementia (AD), (D) clinical diagnosis of traumatic brain injury (TBI), amyloid negative and positive. *It is noted that six of eight
participants with a clinical diagnosis of AD, negative amyloid status, and “MTL and” classification are from a single site
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in younger cases without cortical tau uptake as has been reported

by others.38 For all reads, scans were not masked and included the

meninges, which allowed determination of whether elevated signal

at the cortical periphery was spilling in from meningeal binding. We

note that the visual assessment of whether uptake is present in cor-

tex beyond that adjacent to meninges has analogy to strategies of

peripheral erosion and meningeal masking used by various groups for

quantitative analysis.34,40 Harrison et al. point out the importance of

adjusting both cortex and reference, which a visual assessment takes

into account.38

Findings from the 131-scan read supported consistency between

PET-only and with-MRI reads. The primary benefit of anMRI underlay

was increased reader confidence. There are, however, cases in which

MRI could be helpful for confirming lesions, atypical morphology, or

discerning uptake in entorhinal cortex (examples in Supplement).

Application of the readmethod to 1842 scanswith a comprehensive

range of ages, clinical diagnoses, amyloid, and atrophy demonstrated

the broad relevance of the tracer. Read classifications were consistent

in reader agreement as well as in association with amyloid and clini-

cal status despite variations of dose, acquisition protocol, and scanner.

Results from scans acquired using 5 mCi (185MBq) injected [18F]MK-

6240activity (n=1336) suggest that this lower amountof radioactivity

could be adopted as a standard dose to minimize radiation exposure.

Concordance between visual read classification and measured SUVRs

supported visual read reliability (Supplement).

While SUVR quantitation was intended only as a confirmation

of a correlation between visual observation and measured intensity,

concordance was observed in both the SUVR comparison to visual

detection in the 30 gold standard scans as well as in the compari-

son using 215 database scans (Supplement). These comparisons both

showed general agreement between visual detection and regional

quantitation. Complete concordance is not expected due to the use of

averaged values across a region for quantitation rather than detection

of a cluster within that region. The method used to adjust for poten-

tial off target spill-in, which was PVC for the gold standard scans and

region of interest erosion for the supplemental database comparison,

did not impact concordance between visual reads and SUVRs. This is

consistent with the finding by Harrison et al. that different off-target

binding adjustment methods, including PVC and erosion,38 did not sig-

nificantly impact relationships between measured uptake and other

endpoints. It can be noted that different compensation methods have

various advantages and disadvantages when applied to longitudinal

evaluation (such as increased variability with PVC),39 but this was not

the focus or scope of the present work. The finding of general concor-

dance between visual detection of uptake and quantitative values for

[18F]MK-6250was consistent with results reported by others.34,40

Database visual classification frequencies are consistent with NFT

burden reported in other studies for clinical stage and amyloid

status.16,34,41,42 The 30% of A+ CU subject scans in the “MTL AND”

category (Figure 3) is similar to the 32% of cognitively normal sub-

jects reported T+ by Therriault et al.41 The 75% of “MTL AND” scans

among A+MCI participants is similar to the 74% of A+MCI who were

also T+ as reported by Therriault et al.,41 as well as the percentage

of A+ MCI participants who were NFT Braak stage III or higher as

reported by Maass et al.,16 using different data sets of similar mean

age. Occurrences of “outsideMTL” were infrequent, potentially due to

[18F]MK-6240 sensitivity in detecting relatively lowNFT levels inMTL

and the consideration of subtleMTL uptake asMTL positive.

4.1 Limitations

The lack of a comparison to a histopathological standard of truth is a

limitation as contributing trials did not include end-of-life populations

or brain banking endpoints. A postmortem standard of truthmaybe less

feasible due to the time that typically lapses between PET imaging and

autopsy. Validation of the “MTL only” designationwould prove particu-

larly difficult, as these early-stage patients may accumulate additional

NFT for many years, extending into neocortex, prior to autopsy. The

variety of protocols and study designs used to acquire the data, and

differences in the tracers and thresholds used to assign amyloid status,

created a heterogeneous data set which may limit some conclusions.

Amyloid and clinical data were not available for a portion of database

scans. As this work was intended only as a preliminary validation and

application to a broad set of images, the number of different readers

was limited.

4.2 Conclusions

The four-class visual read method developed for [18F]MK-6240 cap-

turesmedial temporal tau aswell as neocortical expansion and variabil-

ity that occur with AD progression. Results of initial validation, further

testing, and application to 1842 scans representing diverse disease

states and acquisition parameters have demonstrated the method’s

reproducibility and robustness as a basis for its larger-scale validation.

Clinical relevance observed in this work supports use in pharmaceuti-

cal trials and clinical assessment as clinical utility of NFT accumulation

is established.
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