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Abstract

Purpose: Visual interpretation of brain amyloid (AR) PET can be difficult in patients with
borderline AR burden. Co-registration with individual MRI is recommended in these cases, which
however is not always available in clinical practice. This study therefore evaluated co-registration
with the early perfusion image acquired immediately after tracer injection to support the visual
interpretation of the late AR-image in brain PET with [*®F]flutemetamol (FMM).

Methods: Fifty dual-time-window FMM-PET scans of cognitively normal subjects with
Centiloid (CL) scale between 0 and 60 points were included retrospectively (70.1+6.9 years, 56%
female, Mini-Mental State Examination score 28.9+1.3, 42% APOE ¢4 carrier). Regional
amyloid load was scored in each of the 10 regions-of-interest (ROI) recommended for FMM
reading using three different settings: AR-image only, AR-image co-registered with MRI and AR-
image co-registered with the perfusion image. This was performed by 3 independent raters using
a 6-point Likert scale. The impact of setting, within- and between-readers variability, ROl and
amyloid-status (Al-negative or -positive: CL <or > 21) was tested by repeated measures analysis
of variance of the Likert score.

Results: The CL scale ranged between 2 and 52 (interquartile range 7-19). Support of visual
scoring by the perfusion image resulted in the best discrimination between AR-positive and AR-
negative cases, mainly by improved certainty of excluding AR plagues in AR-negative cases (p =
0.030). It also resulted in significantly higher between-raters agreement. The setting effect was
most pronounced in the frontal lobe and in the posterior cingulate cortex/precuneus area (p =
0.005).

Conclusions: The early perfusion image is a suitable alternative to T1w-MRI to support the

visual interpretation of the late AR-image in FMM-PET.
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Abbreviations

AR: amyloid-3

AIC: Akaike information criterion
ANOVA: analysis of variance

AUC: Area under the ROC curve

CI: confidence interval

CL: Centiloid

CL-AR-positive/negative: CL >/ <21 points
FDG: [*®F]fluorodeoxyglucose

FMM: [*F]flutemetamol

MNI: Montreal Neurological Institute

MRI: Magnetic Resonance Imaging

PC: precuneus

PCC: posterior cingulate cortex / precuneus area
PET: positron emission tomography

ROC: receiver operating characteristic curve
ROI: Region-of-interest

SPM: statistical parametric mapping

SUVR: standardized uptake value ratio
T1w: T1-weighted

vis-AR-positive/negative: visually AR-positive/negative (automatically derived from the
regional Likert 6-scale scores)

VSS: visual sum score



Introduction

Positron emission tomography (PET) with amyloid-R (AR) tracers allows in vivo detection (or
exclusion) of fibrillar AR deposition in the cerebral cortex, one of the earliest pathological
hallmarks of Alzheimer’s disease (AD) [1]. In the clinical routine, binary interpretation of AR-
PET scans as AR-positive or -negative is based on the visual assessment of the PET images
according to tracer-specific guidelines defined by the tracers’ manufacturers. This is rather
straightforward in the majority of the cases, but approximately 10 % of the cases are equivocal,
i.e., they are not clearly AR-positive nor clearly AR-negative [2-4]. This may be either due to
borderline amyloid burden or due to marked brain atrophy that makes discrimination between
specific cortical tracer binding and unspecific tracer uptake in white matter challenging. Co-
registration of the AR-PET image with the individual T1-weighted (T1w) MRI is recommended
in these cases to assist the visual assessment [5, 6]. However, T1w-MRI with sufficiently high
isotropic resolution is not always available in clinical routine, for example in patients with MRI-

incompatible implants or claustrophobia.

Previous studies have shown that stable surrogates of relative cerebral blood flow (i.e., relative
tracer delivery, Ry, or standardized uptake value ratio, SUVR) can be obtained from the early
distribution phase of AB-PET tracers [7-9]. Furthermore, high correlations have been reported
between early uptake images of the different AB-PET tracers and cerebral glucose metabolism
measured by PET with [*®F]fluorodeoxyglucose (FDG) [10-14], as expected, given the tight
coupling between blood flow and glucose metabolism in the brain [15]. These findings suggest
that AR-PET is suitable for dual-biomarker imaging, by providing measures of both amyloid

burden and neuronal dysfunction/degeneration.

An additional putative benefit of the early (perfusion) image in AB-PET is that it might be used
to support the discrimination between specific cortical tracer binding and unspecific white matter
uptake in the late AR image [16, 17]. Preliminary data even suggest a small improvement in

reader confidence in the interpretation of AR-PET with [‘®F]florbetaben when using the co-



registered early perfusion image for this task rather than co-registered Tlw-MRI [18]. At sites
that regularly acquire an early perfusion image as proxy of FDG-PET, it would be readily

available to support the interpretation of the late AR PET image without additional cost.

Against this background, the aim of the current study was to assess the value of the early
perfusion image for the visual interpretation of the late AR image in PET with [*®F]flutemetamol
(FMM). More specifically, the study evaluated visual scoring of the late AR image alone with
respect to amyloid pathology compared to the AR image co-registered with either the early
perfusion image or a high-resolution T1w-MRI. The patient sample used for this purpose was
enriched for cases with borderline findings regarding AR load, since support of the visual PET

reading is hypothesized to be most needed and/or beneficial in borderline cases.

Materials and Methods

Subjects

Cognitively unimpaired subjects with dual-time-window FMM PET were included
retrospectively from the Amsterdam twin-pair sub-study of the EMIF-AD PreclinAD cohort

(http://www.emif.eu/emif-ad-2/) [19, 20]. After randomly selecting one subject from each twin-

pair and excluding subjects with Centiloid (CL) score outside the range 0 < CL < 60 (in order to
enrich the sample for borderline cases), 50 subjects were selected randomly from the remaining

dataset.

MR Imaging

MR imaging was performed with a 3T Philips Achieva scanner using a 32-channel head coil at
the Department of Radiology & Nuclear Medicine of the Amsterdam UMC, location VUmc,
Amsterdam, as described previously [19]. Only the 3D T1w scan was used in the current study
(sagittal turbo field echo sequence, 1.00 mm x 1.00 mm x 1.00 mm voxels, repetition time = 7.9

ms, echo time = 4.5 ms, flip angle = 8 degrees).
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PET Imaging

FMM PET had been performed with a Philips Ingenuity Time-of-Flight PET-MRI system at the
Amsterdam UMC, location VUmc, as described previously [19]. In brief, dual-time-window
scans were acquired from 0-30 min (6 x 55,3 x 10s,4x60s,2 x 1505, 2 x 300 s, 1 x 600 s)
and from 90-110 min (4 x 5 min) after intravenous injection of 185 (+ 10%) MBg FMM [21].
Attenuation correction of the PET emissions scans was based on a dedicated MR sequence
acquired immediately before each PET scan. Global amyloid burden was characterized according

to the CL scale computed with a validated standard CL pipeline [22, 23].

In preparation of visual PET assessment, frames 10-15 of the early dynamic scan, corresponding
to the time interval 1-8 min post injection, were integrated with rigid-body inter-frame motion
correction to obtain a static perfusion image [10]. The first minute after injection was not included
in order to avoid contamination by the high intravascular activity concentration immediately after
intravenous tracer injection. The four frames of the late dynamic scan (corresponding to the 90-
110 min post injection time interval) were integrated with rigid-body inter-frame motion
correction to obtain the AB-image. The AR-image was co-registered to the perfusion image using
the ‘coregister’ tool of the statistical parametric mapping software package (version: SPM12)
with the ‘estimate only’ option. Finally, the perfusion and the co-registered AR image were co-
registered to the subject’s 3D-T1w-MRI using the SPM12 ‘coregister’ tool with the individual

MRI as reference and the perfusion image as source.

For intensity scaling of the PET images, the pons mask provided by the Centiloid project [22]
was elastically transformed from the anatomical space of the Montreal Neurological Institute
(MNI) to the individual patient space using the ‘Normalize’ tool in SPM12. The perfusion image
was scaled on a voxel-by-voxel basis to the mean voxel intensity in the pons to create an SUVR
image. The AR image was scaled to 90% of the mean intensity of the 1 ml hottest voxels in the
pons. The rationale for this was to simplify compliance with the recommendation by the FMM

prescribing information [24] stating that “images should be viewed with the minimum image



intensity set to zero and the maximum set such that the signal level in the easily identifiable pons
is at 90% of maximum ”, namely by setting the lower and the upper threshold of the colour table

for display of the scaled AR image to 0.0 and 1.0, respectively.

Visual scoring

Visual scoring was performed independently by three raters blinded to all clinical information.
Each rater had successfully completed the electronic training program provided by GE
Healthcare [25] (https://www.readvizamyl.com/). Two scoring sessions of the 50 cases were
performed, each consisting of three subsessions with different randomization of the cases, one
subsession for each of the three settings tested for visual scoring: AB-PET image alone (setting
A), AB-PET image together with the co-registered individual T1w-MRI (setting B), and AR
image together with the co-registered perfusion image (setting C). As a warming-up exercise,
each subsession started with two additional training cases (not included in the 50 test cases), one
clearly AR-negative and one clearly AR-positive case. Raters had to complete all reads from a
given subsession within one week. The next subsession was started after a wash-out period of at

least one week to a maximum of four weeks.

Transverse, sagittal, and coronal views were displayed using the ‘View’ tool of the PMOD
software package (version 3.8.04) or using the Vinci software (version 5.06). In subsessions
including co-registered Tlw-MRI or perfusion images, the two modalities (AR image and MRI
or perfusion image) were viewed side-by-side with corresponding crosshairs, and as fusion image
(Figure 1). “Spectrum” or “rainbow” were the standard colour scales for the display of the AR
images. However, the raters were allowed to use also other colour scales (e.g., “Sokoloff”) or to
switch between different colour scales while reading a case. The lower and the upper threshold
of the colour scale for the (intensity-scaled) AR image were set to 0.0 and 1.0, respectively. The
raters were allowed to vary the thresholds while reading a case. The raters were also allowed to
use 2-dimensional colour scaling (such that the lower and the upper threshold were set to the

minimum and maximum of the corresponding 2-dimensional slice, separately for each 2-
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dimensional slice). The T1w-MRI was displayed with the grey colour scale, the perfusion image
was displayed with grey or inverse grey colour scale. In settings B and C, the raters were asked
to use the corresponding crosshairs to support anatomical localization of the FMM signal in white

or grey matter in the corresponding ‘anatomical’ image (MRI or perfusion).

Tracer uptake was evaluated in the following regions-of-interest (ROI) separately for left and
right hemisphere: lateral temporal cortex, frontal cortex including anterior cingulate cortex,
striatum, posterior cingulate cortex (PCC) / precuneus (PC) area and temporo-parietal cortex
including insula. A region was considered AR-negative if the tracer signal was distinctly lower
than adjacent white matter and similar in intensity to the grey matter of the cerebellum. A region
was considered AR-positive if the signal was similar to or of higher intensity as adjacent white
matter and greater than the grey matter of the cerebellum. The raters were asked to score each of
the 10 ROIs separately using the following Likert 6-point scale: -3 = most likely AB-negative, -
2 = probably AR-negative, -1 = possibly AR-negative, 1 = possibly AR-positive, 2 = probably AR-

positive to 3 = most likely AR-positive.

In order to assess the visual scoring on a global binary level, the regional Likert 6-point scores
were dichotomized and then ‘globalized’. More precisely, an AB-PET scan was considered
‘visually AR-positive’ (vis-AR-positive) if at least one of the 10 regional Likert 6-point scores
was positive, otherwise (i.e., all regional Likert 6-point scores were negative) it was considered
‘visually AR-negative’ (vis-AR-negative). This was performed separately for each setting, each

rater, and each scoring session.

Finally, visual scoring of an AR-PET scan was considered ‘certain’ if the overall binary visual
interpretation (automatically derived from the regional 6-point scores) agreed across all 6 reads
(3 raters * 2 sessions) as either vis-AR-positive or vis-AR-negative. This was performed

separately for each setting.

Statistical analyses




Subjects were categorized as AR-positive or AB-negative using 21 points on the CL scale as cut-
off, which provides the highest accuracy for CL-based detection of moderate to frequent plaque
density [26, 27]. More precisely, AR images with CL > 21 were considered ‘CL-ARB-positive’,

and AR images with a CL <21 were considered ‘CL-AlR-negative’.

Factors influencing visual assessment

The impact of setting (N = 3), ROI (N = 10), rater (N = 3), and scoring session (N = 2) on the
Likert 6-point score was tested using repeated measures analysis of variance (ANOVA) with
setting, ROI, rater, and session as within-subject factors and CL-AR-status as between-subjects

factor. This was considered the ‘full model’.

For post-hoc testing of pairwise differences between two settings, the repeated measures
ANOVA of the regional Likert 6-point score was performed with the same within- and between-
subjects factors as in the full model, except that the setting factor was restricted to the two

considered settings.

In order to eliminate putative training effects, the repeated measures ANOVA of the regional
Likert 6-point score was restricted to the scores from the second scoring session, while keeping

all other factors the same as in the full model.

Semi-quantitative visual characterization of the global amyloid load

In order to evaluate the potential of visual scoring for semi-quantitative characterization of the
global amyloid load, the regional Likert 6-point score was summed over all 10 ROIs, separately
for each rater, each session, and each setting. The results were then averaged over all raters and
both scoring sessions, separately for each setting. This resulted in three visual sum scores (VSS)
ranging from -30 to + 30, one for each setting. Low/high values of the VSS are expected to

indicate low/high global amyloid load.
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The relationship between the VSS and the CL score was tested with the non-parametric Spearman

test.

The ability of the VSS to discriminate between CL-AR-positive and CL-AR-negative scans was
assessed by receiver operating characteristic (ROC) analyses. The difference in the area under
the ROC curve between the three VVSS was tested pairwise using DeLong’s test for correlated

ROC curves [28].

Since visual inspection of scatter plots suggested a linear relationship between VSS and the CL
scale only above a given break-point (and constant VSS below the break-point), the following
broken-stick model was tested to describe the relationship between VSS and CL, separately for

each setting:
@ VSS = VSS,, if CL < break-point, and
VSS = VSS; + slope * CL, if CL > break-point,
with the following boundary condition in order to avoid a discontinuous step at the break-point:
2 VSS; = VSS, + slope * break-point.

This broken-stick model has three free parameters (VSSo, break-point, and slope) that were
optimized by minimization of the sum of the squared differences between the data points and the
model. For comparison, straight lines were fitted to the scatter plots. The quality of the fits was
compared between the broken-stick model and the straight line using the Akaike information

criterion (AIC) with correction for finite sample size.

Within- and between-raters variability

Fleiss kappa was used to characterize within- and between-raters variability of the regional Likert
6-point score and of the global binary visual interpretation (derived from the Likert score).
Statistical significance of the difference between two kappa estimates was tested by checking

their 83.4% confidence intervals (ClI) for overlap, with non-overlapping 83.4%-ClI indicating

11



statistical significance with 5% type 1 error probability [29]. The 83.4%-CI was computed as:
kappa * 1.385* standard error of kappa [30]. The interpretation of Fleiss kappa values regarding

the strength of within- and between-raters agreement was according to Landis and Koch [31].

The proportion of ‘certain’ cases was compared between two settings using cross tables and the

chi-squared test, separately for CL-AR-negative and CL-AR-positive cases.

Statistical analyses were performed using SPSS version 27 (SPSS Inc., Chicago, Illinois). All p-
values reported are two-sided. Statistical significance was defined as p<0.05. The broken-stick
model fit was performed with MATLAB (The Mathworks). In all repeated measures ANOVA,
sphericity was tested for with Mauchly’s test. Since sphericity could not be assumed in the vast

majority of cases, Greenhouse-Geisser correction was used for all within-subject tests.

Results

The mean age of the 50 included individuals was 70.1+6.9 years (range 61-86 years), 56% were
female, and the mean Mini-Mental State Examination score was 28.9+1.3 (range 25-30). Fourty-

two percent of the subjects carried at least one APOE ¢4 allele.

The global amyloid burden ranged from 2 to 52 CL (mean 1511 CL, median 12 CL, interquartile
range 7-19 CL). Applying the CL cut-off of 21 resulted in 42 (84%) CL-AR-negative and 8 (16%)

CL-AR-positive cases.

Factors influencing visual assessment

The results of the different repeated measures ANOVA of the regional Likert 6-point score are
summarized in Table 1 and Figure 2. In the full model, all factors and their interactions had a
statistically significant impact on the regional Likert 6-point score, except for the
setting*session*CL-AR-status and session*CL-AlR-status interaction factors. The setting effect

reached trend level significance (p = 0.078). Results from the ANOVA restricted to the scores

12



from the second scoring session were highly comparable to the results from the full model, except

for the lack of significance of the rater*CL-AR-status interaction factor (Table 1).

The pairwise post-hoc analyses demonstrated a significant setting effect between setting C and
setting A, and a significant setting*CL-AR-status interaction effect between setting C and both,
setting A and B, with better separation between CL-AR-positive and CL-AR-negative cases for

setting C (Figure 2a).

All ANOVA consistently showed a highly significant rater effect (Figure 2d,e) and a highly

significant ROI effect on the Likert 6-point score (Figure 2b,c).

Semi-quantitative visual characterization of the global amyloid load

The VSS correlated significantly with the CL score for each of the three settings for visual
scoring: Spearman correlation coefficient = 0.48, 0.54 and 0.64 for setting A, B and C,

respectively (all p < 0.0005).

The area under the ROC curve of the VSS for differentiating between CL-AR-positive and CL-
Al-negative cases was 0.87, 0.91, and 0.93 for setting A, B and C, respectively (Figure 3). None

of the pairwise differences were statistically significant (p > 0.298).

The broken-stick fits of the relationship between VSS and CL scale are shown in Figure 4. The
broken-stick provided a better fit than a straight line for all three settings (AIC = 195 versus 197,
161 versus 174, and 174 versus 182 in setting A, B, and C, respectively). The break-point of the
broken-stick was at 13.2, 14.9, and 13.2 CL for setting A, B, and C, respectively. The slope of
the broken-stick beyond the break-point was 0.81, 1.01, and 1.06 VSS points per CL point for

setting A, B, and C.

Within- and between-raters variability
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The results on Fleiss within- and between-raters kappa of the regional Likert 6-point score across
all ROls and of the binary global visual interpretation are shown in Figure 5. The only significant
setting effects were higher between-raters kappa of the Likert 6-point score for setting C (kappa
=0.193, 83.4%-CI [0.171, 0.215]) compared to setting A (0.125, [0.103, 0.147]) and compared

to setting B (0.102 [0.080, 0.124]).

Between-raters agreement on individual categories was best for the Likert score +3 (most likely
AR-positive) followed by the Likert score -3 (most likely AR-negative) in all settings (Likert
score = +3: kappa = 0.368, 0.238 and 0.531 for settings A, B and C; Likert score = -3: kappa =

0.203, 0.200 and 0.322 for settings A, B and C).

The Fleiss kappa values for between- and within-rater variability of the Likert 6-point score for

different ROIs are shown in Supplementary Figure 1.

Amongst the CL-ARB-negative/positive FMM-PET, the proportion of visually ‘certain’ cases was
36/38%, 19/63%, and 36/63% for setting A, B, and C, respectively (Figure 6). The lower
proportion of visually certain cases amongst the CL-AR-negative FMM-PET with setting B
reached trend level statistical significance compared to settings A and C (both p = 0.087). All

other pairwise differences were not significant (p > 0.317).

Discussion

The current study tested the utility of the early perfusion image to support the visual assessment
of the late AR-image in FMM-PET (setting C) compared to visual inspection of the AR-image
alone (setting A) or accompanied by a co-registered individual high-resolution T1w-MRI (setting
B). The clinical relevance of this research question arises out of the fact that MRI is not always
available in clinical routine. The results support the use of the early FMM-PET perfusion image

as suitable alternative to the T1w-MRI for visual interpretation of the late AR-image.
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The primary finding of the analyses was a setting effect on the regional Likert 6-score that was
statistically significant when comparing setting C with setting A and reached trend level
significance in the full model including all settings (Table 1). The setting effect was driven by
highest certainty with setting C both in excluding AR plaques in CL-AR-negative cases (lowest
Likert scores among all settings) as well as in detecting AR plaques in CL-AR-positive cases
(highest Likert scores). The difference in (estimated marginal means of) the regional Likert 6-
point scores between CL-AR-positive and CL-AR-negative cases increased from 1.66 in setting
Ato 1.83 in setting B to 2.10 in setting C (Figure 2a), indicating that setting C provided the best
power for discrimination of CL-AR-negative and CL-AR-positive cases. This finding was
corroborated by the tests of the VSS to discriminate between CL-AR-positive and CL-AR-
negative cases, as the ROC analyses demonstrated the highest area under the curve for setting C,

although the difference to the two other settings did not reach statistical significance.

The improvement by setting C was most pronounced in CL-Al-negative cases: the certainty for
the exclusion of regional AR plaques in CL-AR-negative cases was 0.39 points higher for setting
C compared with setting A and 0.16 points compared with setting B. This level of improvement
might be considered clinically relevant considering that the dynamic range of negative Likert

score covers only 2.0 points (from -3 to -1).

Further support for setting C was provided by the within- and between-raters analysis. Fleiss
between-raters kappa was significantly higher in setting C compared to both other settings
(Figure 5). In line with this, the proportion of visually ‘certain’ cases, that is, cases with consistent
binary global visual interpretation across all reads, was largest in setting C (Figure 6). The higher
proportion of certain cases amongst the CL-AR-negative cases in setting C compared to setting

B reached trend level significance (p = 0.087).

The setting effect significantly differed between ROIs, and the ROI-dependence of the setting
effect significantly depended on CL-AR-status. The improvement in the certainty to exclude AR

plaques in CL-AR-negative cases from setting A to B to C was most pronounced in the frontal
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and temporal lobe and in the striatum. In CL-AR-positive scans, the certainty for detecting AR
plaques improved from setting A to B to C for the frontal lobe and the PCC/PC. Interestingly,
the PCC/PC assessment shifted from a negative mean Likert score (suggesting no local AR
burden) for settings A and B to a positive Likert score (suggesting local AR burden) for setting
C. For the other ROIs (i.e., temporal, parietal, striatum) there was no change or even a small
decrease of the Likert score starting from negative values in setting A to more strongly negative
values in settings B and C. A possible explanation for this is that these ROIs were actually AR-
negative in some (or most) of the globally CL-AR-positive FMM-PET. This is not surprising, as
most CL-AR-positive scans were close to the cut-off of 21 CL, which is indicative of relatively
low and likely focal AR-burden, most often visually detectable first in the frontal lobe [27].
Overall, the added value of setting C was largest in the frontal lobe and in the PCC/PC, where it
improved the certainty of both, exclusion of AR plaques in CL-AR-negative cases and detection
of AR plaques in CL-AR-positive cases. This is practically relevant, given that the frontal lobe is
most often perceived as difficult to assess, leading to the greatest doubt for final classification

[32].

Further evidence for an added value of setting C was provided by the analyses regarding the
utility of the VSS for the semi-quantitative assessment of the global AR load. Spearman analyses
revealed the highest correlation between the VSS and the CL for setting C. When the relationship
of the VSS with the CL scale was modelled by a broken-stick, the break point ranged between
13-15 CL in all settings (Figure 4), in excellent agreement with the 12 points CL cut-off to
exclude AR-pathology reported previously [33]. Below the breakpoint, the VSS was more or less
constant and, therefore, not useful to characterize global AR load. From the breakpoint onwards,
the VSS seems to be a useful proxy of the CL scale, probably most useful when using setting C

which resulted in the steepest linear relation between VSS and CL after the break point.

The utility of the early perfusion image to support the visual interpretation of the AR-image in
FMM-PET has been shown before by Belohlavek and colleagues who segmented grey matter

areas on the early perfusion image and overlaid the resulting grey matter mask onto the AR-image.
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This procedure improved between-raters agreement of visual scoring compared to conventional

scoring of the AR-image alone, but it was not compared to support by MRI [16, 17].

A secondary finding of the current study was the generally quite high within- and between-raters
variability of the visual scoring, despite the fact that all 3 raters had successfully completed the
FMM reader training. The ANOVA (full model) revealed that almost 50% of the total variance
of the Likert 6-point score was explained by between-sessions (= within-raters) variability
(20.4%) and between-raters variability (25.6%) (Table 1). This finding was reiterated by the
Fleiss kappa analyses. Even for the global binary visual interpretation, within-raters agreement
was only moderate to substantial and between-raters agreement was only fair to moderate (Figure
5). In part, this can be explained by the rather fine-grained 6-point Likert score implemented in
the current study, as Fleiss kappa does not take into account the magnitude of differences, that is,
minor discrepancies in the Likert 6-point score (e.g., -3 versus -2) were weighted the same as
major discrepancies (e.g., -3 versus +3). Furthermore, the patient sample of the current study was
enriched with borderline cases (CL interquartile range 7-19). Together these two factors explain
the larger within- and between-raters variability as reported in previous studies [16, 23, 32, 34].
It is important to note that the proportion of borderline cases in typical patient samples referred
to amyloid-PET in clinical routine is only about 10% [2-4]. Thus, the high within- and between-
raters variability in the current patient sample, that was strongly enriched with borderline cases,
does not directly translate to typical clinical patient cohorts. Nevertheless, it might be useful to
extend amyloid-PET reader trainings to give more detailed recommendations regarding
borderline cases and to include more such cases in the test dataset to be scored for successful

completion of the training.

Finally, we hypothesize that the findings of the current study apply also to other F-18 labelled
amyloid tracers with similar brain kinetics early after intravenous injection (to allow perfusion
imaging) and similar grey-to-white matter contrast in the amyloid image, such as [*®F]florbetaben

and [‘®F]florbetapir.
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Limitations of the current study include the following. First, the CL scale was used as reference
for AR-pathology, as post-mortem histopathological data were not available. Second, the use of
21 points as cut-off on the CL scale to dichotomize AR load led to a rather unbalanced sample
with respect of AR-status. This might have limited the statistical power of the study for the
detection of further actual effects. Finally, the readers were not asked to perform a global
interpretation of the FMM-PET that was binary from the start, which is the standard procedure

in clinical practice.

In conclusion, the perfusion image is a suitable alternative to high-resolution Tlw-MRI to

support the visual interpretation of the late AR image in FMM-PET.
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Tables

Table 1 Within-subjects effects according to repeated measures ANOVA of the regional Likert

6-point score including all levels of all factors (full model, 2" column), with setting C removed

(for post-hoc comparison of settings A and B, 3™ column), with setting B removed (setting A

versus C, 4" column), with setting A removed (setting B versus C, 5" column), and restricted to

the scores from the second scoring session (to eliminate putative learning effects, 6™ column).

The table specifies the partial eta-squared characterizing the proportion of the variance of the

Likert 6-point score explained by the considered factor after accounting for the variance

explained by all other factors. All p-values are corrected for non-sphericity using the Greenhouse-

Geisser method. Significant effects are indicated by bold type. (“p = 0.000” = p < 0.0005, n.a. =

not applicable)

Partial eta-squared (p-value)

Factor Eull model Setting B Setting C Setting C 2nd _scoring
versus A versus A versus B session only
setting 0.054 0.055 0.078 0.003 0.010
(0.078) (0.100) (0.050) (0.718) (0.582)
- 0.075 0.018 0.122 0.093 0.066
Setting*CL-AR-status (0.030) (0.350) (0.013) (0.031) (0.048)
setting RO 0.052 0.012 0.319 0.090 0.069
(0.005) (0.720) (0.054) (0.000) (0.000)
- 0.051 0.043 0.419 0.022 0.044
Setting*ROI*CL-AB-status 6 (0.054) (0.005) (0.375) (0.018)
Settingrater 0.083 0.127 0.047 0.109 0.069
(0.007) (0.003) (0.323) (0.005) (0.015)
Setting*raterCL-AR- 0.097 0.131 0.203 0.006 0.058
status (0.002) (0.002) (0.005) (0.719) (0.033)
Setting*session 0.092 0.035 0.130 0.083 N
(0.013) (0.192) (0.010) (0.042)
Setting*session*CL-AR- 0.002 0.001 0.003 0.002 na
status (0.898) (0.869) (0.722) (0.772) 2
ol 0.248 0.234 0.828 0.231 0.240
(0.000) (0.000) (0.000) (0.000) (0.000)
0.121 0.092 0.685 0.143 0.114
ROI*CL-AR-status (0.000) (0.002) (0.000) (0.000) (0.000)
tor 0.256 0.239 0.258 0.273 0.145
(0.000) (0.000) (0.001) (0.000) (0.002)
N 0.073 0.037 0.057 0.135 0.038
Rater*CL-AR-status (0.031) (0.168) (0.250) (0.002) (0.164)
Session 0.204 0.351 0.127 0.041 o
(0.001) (0.000) (0.011) (0.160)
- 0.011 0.018 0.006 0.003
Session*CL-AR-status (0.468) (0.356) (0.579) (0.693) n.a.
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Figures

a

| i C
Setting A: AR image alone : Setting B: AR image & MRI i Setting C: AR & perfusion image

Figure 1 Example displays used for visual scoring of the AR image alone (setting A, a), of the
AR image together with the co-registered T1w-MRI (setting B, b), and of the AR image together
with the perfusion image (setting C, c¢). In settings B and C, the raters were asked to use the
corresponding cross-hairs to support anatomical localization of the FMM signal in white or gray
matter in the corresponding ‘anatomical’ image (MRI or perfusion). The example shown with
setting A is one of the 50 test cases (male, 65 years, ApoE E4 positive, Minimental State
Examination Score 29, Centiloid scale 18). The global visual binary interpretation was ‘visually
AR-positive’ in 3 of the 6 scoring sessions (3 raters x 2 sessions), it was ‘visually AR-negative’
in the remaining 3 scoring sessions. The examples shown with settings B and C are clearly AR-
positive (Centiloid = 95) and clearly AR-negative (Centiloid = -11) training cases not included in

the test dataset.
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Figure 2 Marginal means of the Likert 6-point score for the different visual scoring settings

estimated by repeated measures ANOVA (full model). The marginal means are presented

according to CL-AR-status (a), ROl (average of left and right hemisphere), separately in CL-AR-

negative (b) and CL-AR-positive (c) cases, rater, separately in CL-AR-negative (d) and CL-AR-

positive (e) cases, and according to scoring session (f). In part a, ‘separation’ indicates the

difference of the marginal mean of the Likert 6-point score between CL-AR-positive and CL-AR-

negative cases according to the secondary (right) vertical axis. (setting A = AB-PET only, B =

AR-PET & T1w-MRI, C = AR-PET & perfusion-PET)
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Figure 3 ROC curves for the differentiation between CL-AR-positive and CL-AR-negative

FMM-PET by the visual sum scores for each of the three tested settings.
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Figure 4 Scatter plots of the visual scum scores versus the Centiloid scale in the three settings
for visual scoring. The dashed lines indicate the broken-stick model fit. The black rhombus

indicates the break-point of the broken-stick.
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Figure 5 Left: Fleiss kappa of within-raters agreement regarding the regional visual Likert 6-

point score (across all ROIs and across all readers) and the global binary visual score (across all

readers). Right: Fleiss kappa of between-raters agreement for the second scoring session

regarding the regional visual Likert 6-point score (across all ROIs) and the global binary visual

score. The error bars represent the 83.4%-confidence interval. (*: p < 0.05)
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Figure 6 Proportion of cases with ‘certain’ global binary visual score (i.e., all 6 reads either

‘visually AB-positive’ or ‘globaly AR-negative’). (f: p < 0.10)
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Supplementary Material
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Supplementary Figure 1 Fleiss kappa of within-rater (left) and between-raters (right) variability
of the regional visual Likert 6-point score for the different ROIs and of the global binary visual
interpretation. Within-raters kappa values were averaged over the 3 raters and over left and right

hemisphere (ROIs only). Between-raters kappa values were averaged over both scoring sessions

and both hemispheres (ROIls only).
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