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Abstract

Background ['®F]flutemetamol PET scanning provides information on brain amyloid load and has been approved for routine
clinical use based upon visual interpretation as either negative (equating to none or sparse amyloid plaques) or amyloid positive
(equating to moderate or frequent plaques). Quantitation is however fundamental to the practice of nuclear medicine and hence
can be used to supplement amyloid reading methodology especially in unclear cases.

Methods A total of 2770 ['*F]flutemetamol images were collected from 3 clinical studies and 6 research cohorts with available
visual reading of ['*F]flutemetamol and quantitative analysis of images. These were assessed further to examine both the
discordance and concordance between visual and quantitative imaging primarily using thresholds robustly established using
pathology as the standard of truth. Scans covered a wide range of cases (i.e. from cognitively unimpaired subjects to patients
attending the memory clinics). Methods of quantifying amyloid ranged from using CE/510K cleared marked software (e.g.
CortexID, Brass), to other research-based methods (e.g. PMOD, CapAIBL). Additionally, the clinical follow-up of two types of
discordance between visual and quantitation (V+Q- and V-Q+) was examined with competing risk regression analysis to assess
possible differences in prediction for progression to Alzheimer’s disease (AD) and other diagnoses (OD).

Results Weighted mean concordance between visual and quantitation using the autopsy-derived threshold was 94% using pons
as the reference region. Concordance from a sensitivity analysis which assessed the maximum agreement for each cohort using a
range of cut-off values was also estimated at approximately 96% (weighted mean). Agreement was generally higher in clinical
cases compared to research cases. V-Q+ discordant cases were 11% more likely to progress to AD than V+Q- for the SUVr with
pons as reference region.

Conclusions Quantitation of amyloid PET shows a high agreement vs binary visual reading and also allows for a continuous
measure that, in conjunction with possible discordant analysis, could be used in the future to identify possible earlier pathological
deposition as well as monitor disease progression and treatment effectiveness.
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i ["®F]Flutemetamol is a PET amyloid imaging agent approved

This article is part of the Topical Collection on Neurology — Dementia for diagnostic assessment of amyloid deposits in the brain [1, 2]
and for ruling out the presence of Alzheimer disease (AD) pa-
thology in subjects with cognitive complaints [3]. The tracer has
been robustly validated against accepted CERAD pathology
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none or sparse neuritic amyloid being over 90% [5, 6]. Methods
for the visual interpretation of ['*Fflutemetamol scans as either
negative (none or sparse amyloid) or positive (moderate or fre-
quent amyloid) were formulated using scans collected in a phase
II study [7] and then developed into an electronic image read
training program using a large cohort of images from a variety of
sources (i.e. from healthy young and older volunteers, mild cog-
nitive impairment (MCI), and AD dementia) as the test sample
[8]. Training programs are available prior to physician use in
routine clinical practice in order to optimize the accurate reading
of the PET images [9].

Inspection of the ['*F]flutemetamol image entails the as-
sessment of 5 specific regions of the brain which are known to
accumulate pathology, i.e. frontal, temporal, posterior cingu-
late/precuneus, temporo-parietal and striatum [8]. Any one of
these regions can be read as positive unilaterally for the whole
scan to be deemed positive and a negative scan should have no
discernible PET signal in any of these regions. An analysis of
cases from both a clinical follow-up study in amnestic MCI
subjects and the pivotal end-of-life autopsy study showed in
the majority of cases (over 90%) ['*F]flutemetamol images
were positive in 4-5 regions and cases with only 1-2 regions
positive were limited [10].

['®*F]Flutemetamol and other amyloid PET tracers were
approved in 2013/2014 and therefore have been in routine
use for over 5 years, with utility for changing diagnosis and
increasing diagnostic confidence being demonstrated in many
studies [11, 12]. Visual inspection was the method approved
for image interpretation; however, in the intervening period,
multiple image analysis software tools have become available
which allow for the quantification of cortical amyloid load as
both composite and regional measures. Although frequently
used in the research setting, nuclear medicine physicians can
also use these quantitative tools as an objective means to pro-
vide a numerical value which relates to pathological amyloid
status. In CE marked software currently those units are either
the SUVr or Z score. In order to be consistent with current
practice, the manufacturer of ['*F]flutemetamol received per-
mission from the European regulators (EMA) to add the use of
quantitation as an adjunct to visual reading which continues to
be the primary method for image inspection [13].

Therefore, the post hoc analysis presented here examined
data from a heterogenous range of sources to measure both the
concordance and discordance between ['*F]flutemetamol im-
age reading and quantitative assessment. The agreement rate
between these measures was included as a secondary objec-
tive in some of these cohorts and in others the data was newly
generated. Additionally, other goals consisted of (1) a more
detailed examination (including clinical follow-up where
available) of discordant visual/quantitation cases where avail-
able, (2) a sensitivity analysis to examine agreement around
the visual/quantitative threshold and (3) assessing the effect of
reconstruction methods on the composite amyloid measure
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using equivocal ['*F]flutemetamol images taken from the rou-
tine clinical setting.

The data generated in this multisite analysis could be valu-
able for radiologists in the routine clinical setting as updated
regulatory instructions now include quantitative assessment in
addition to visual inspection. This study aims to demonstrate
to users who add quantitation to their ['*F]flutemetamol im-
age interpretation procedures the levels of concordance and
discordance plus give further detail to those patterns of dis-
cordance. Experience is also drawn from the Karolinska
University Hospital which has been performing these amyloid
PET scans for over 5 years and routinely uses a combination
of visual reading and quantitation when reporting scan results.

Other investigators have evaluated the value of quantitation
in supporting the visual read of amyloid PET image interpre-
tation [14—16] in smaller studies assessing up to 175 scans.
The analysis in this paper extends these observations by in-
cluding over 2700 images collected from a range of single and
multicentre studies both from research and clinical popula-
tions as well as focusing on a detailed assessment of cases
with discordance between the two methods of image
interpretation.

Methods
["®FIFlutemetamol imaging

A total of 2770 image read results from 9 studies/research reports
were collected where subjects or patients had been administered
with approximately 185 MBq ['*F]flutemetamol injection and
PET imaged for approximately 20 min at 90 min post injection.
All images were interpreted by nuclear medicine physicians or
technologists trained with instructions provided by the manufac-
turer [9].

Visual read image analysis and study details (subjects im-
aged and quantitation software) were included in multisite
analysis (Table 1).

1) GE Healthcare Development Studies (GE): 172
Vizamyl images (from Study GE-067-021, Clinical-
Trials.gov identifier NCT01672827 comprising of 33
subjects with clinical probable Alzheimer’s disease
(AD), 80 subjects with mild cognitive impairment, and
59 healthy volunteers) were visually read by 5 highly
trained independent readers and a majority negative or
positive image read recorded [17]. SUVr thresholds
were calculated using autopsy pathology as the standard
of truth. Quantification was performed using Cortex 1D
[17].

2) Karolinska Institutet/Karolinska University Hospital
(Stockholm, Sweden) (KAROLINSKA): study, 207 pa-
tients with cognitive issues, who were undergoing routine
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3)

4)

5)

6)

clinical diagnosis, received a ['®F]flutemetamol scan.
Images were visually interpreted by two of three blinded
readers (two highly trained and one moderately skilled)
according to the instructions from GE Healthcare and
consensus was reached by discussion in the case of dis-
agreement. Twenty-one of the cases were considered bor-
derline (i.e. not clear as either negative or positive) after
visual read. Semiquantitative analysis was performed
using BRASS software applying an SUVr threshold cut-
off of 0.60 (reference region was pons) [18].

Merck Study (MCK): MK-8931 study, 928 amnestic
mild cognitive impairment (aMCI) subjects underwent
['®F]flutemetamol scanning in 17 countries as part of
inclusion/exclusion criteria for a phase III Verubecestat
trial [19, 26], in over 150 imaging centres using over 25
scanner models. One of two certified neuroradiologists
interpreted the images as either normal or abnormal. All
images were quantified with FreeSurfer open source soft-
ware suite where the native space magnetic resonance
imaging (MRI) regions of interest were applied on the
co-registered PET data to calculate the SUVr values
(https://surfer.nmr.mgh.harvard.edu/). The distribution
of the SUVr pons data across the study population
confirmed a similar cut-off of 0.62 to differentiate nega-
tive and positive scans as reported in Study 1 [19, 26].
St Luc, Brussels (Investigator Sponsored Study) (SLC):
['*F]flutemetamol scans were acquired in 94 aMCI cases
(routine sequential cases), 35 SCD and 31 healthy control
subjects (7 =160) and images read visually by a single
highly trained reader. Seven of the subjects were consid-
ered borderline after visual inspection. Scans were quan-
tified using PMOD research (https://www.pmod.com/
web/?page 1d=53) software using a cortical composite
and cerebellar grey matter as the reference region [20].
Amsterdam University Medical Centre (Investigator
Sponsored Study) (AUMC): 145 clinical cases with avail-
able MRI and ['*F]flutemetamol scans were read visually
by 3 trained readers (one with high, one with moderate,
and one with low level of training), and a majority vote
decided the result. Quantitation was measured by SUVr
with grey matter cerebellum as the reference region using
whole cortex without occipital lobe, primary motor and
sensory cortex. The cut-off for positivity was calculated
for receiver operating curve (ROC) based on the cases
that were read concordantly negative (n = 42) and concor-
dantly positive (n=89). SUVr measurements derived
using the open source software based upon PVElab.
(https://nru.dk/index.php/component/jdownloads/
category/37-pvelab) [21].

Barcelona ALFA+ cohort (Investigator Sponsored
Study) (ALFA+): 361 subjects (all cognitively unim-
paired) were scanned with ['*F]flutemetamol and images
visually read by 1 of 2 trained readers (one moderately
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7)

8)

9)

and one experienced reader) using the Syngo.via viewer
contained within the console of the Siemens PET scanner.
Two of the subjects were considered borderline after vi-
sual inspection. SPM12 neuroimaging software (https:/
www.fil.ion.ucl.ac.uk/spm/software/spm12/) was used as
the quantitative tool for this cohort [22, 27].

Swedish Biofinder Lund (Investigator Sponsored Study)
(BIOFINDER): 401 ['®F]flutemetamol images were col-
lected from subjects with subjective cognitive decline
(SCD) and mild cognitive impairment (MCI). Images
were read independently by 3 trained readers with expe-
rience in neurology PET imaging and were blinded to
clinical status, diagnosis and other biomarker informa-
tion. Majority vote was defined as two of three readers
in agreement. Scans were quantified using PMOD re-
search (https://www.pmod.com/web/?page id=53)
software using a cortical composite region and
cerebellar grey matter as the reference region [23].
Invicro Read Study (INVICRO). A pool of 120 random
scans from BIOFINDER (above #7) were assessed inde-
pendently by 3 blinded readers trained using the majority
read as the comparative measure. Read results were com-
pared to amyloid load estimates (Abypyaq) from the
Amyloid'? processing pipeline developed by
Whittington and Gunn [24], which is an analytical tool
for the quantification of amyloid levels that enables clas-
sification of subjects (Ab-/Ab+). Analyses on the PET
data was performed in the absence of access to associated
structural MRI data.

AIBL study Melbourne (Investigator Sponsored Study)
(AIBL) [28]. A total of 276 subjects from the cohort of over
1100 (n = 189 controls [some with subject cognitive com-
plaints], n = 65 mild cognitive impairment, n» = 18 probable
Alzheimer’s disease and n =4 other Dementia) were
scanned with ['®F]flutemetamol and images read visually
and classified as negative or positive by a highly experi-
enced reader. Seven of the subjects were considered border-
line (with lowest level of confidence in visual reading).
Using software developed by CSIRO (Commonwealth
Scientific and Industrial Research Organisation) in combi-
nation with AIBL (CapAIBL [29]) a composite SUVT was
measured using pons as the reference region and a threshold
consistent with that reported by Thurfjell et al. [17] was
used for classification.

Quantitative image analysis

Quantitative analysis was performed via a variety of methods.
In two cases the software tool had a CE marked/510K approv-
al (Cortex ID [17] or Hermes Medical Solutions Brass [30])
and in the other 7 cases the software tool was one frequently
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used in the research setting (Freesurfer [31], PMOD [32],
PVElab [33], SPM12 [34], Amyloid'? [35] and CapAIBL
[29]. Most importantly, for each software tool, the method
for determining the threshold between a positive and negative
result was recorded too for comparative purposes. In general,
a composite cortical standard uptake value ratio (SUVr) was
used as the measure to compare to the dichotomous visual
read. Further details on the reference regions used are shown
in Table 1. Most of the differing analysis in this study used
pons as the reference region for the SUVr measure as the
majority of images used this reference region (although where
highlighted some of the cohorts used either whole cerebellum
or cerebellar grey).

The fixed cut-off for positivity used for pons reference
region (0.62) was primarily driven by the large multicentre
Merck study (n>900 clinical cases) generating this pons
threshold/cut-off from their visual inspection data.
Additionally the figure is consistent with the 0.61 validated
by comparing visual and quantitative ['*F]flutemetamol read
data to pathological levels of neuritic amyloid in the pivotal
phase III autopsy study [17]. An optimal cut-off has also been
calculated for each study using pons as reference region as
described in the following section.

Sensitivity analysis

Sensitivity analysis was performed on the combined datasets
where SUVr with pons as reference region and respective
visual reads were available. The quantitation cut-off was in-
crementally shifted and percentual agreement between visual
and quantitative methods computed. In order to include the
peak agreement of all studies included, the final range of cut-
off was from 0.55 to 0.73. The sensitivity analysis has been
performed with the datasets with visual read borderline cases
excluded as this was a negligible fraction of the overall dataset
(<1% of total number of subjects, (=16, 7 and 2 for
KAROLINSKA, AIBL and ALFA+ respectively)). Pons
was used as the primary reference for this analysis as the
region is consistently used in CE marked software and the
region was extensively validated across CERAD amyloid pa-
thology in autopsy studies as the standard of truth [16].

Statistical analysis
Concordance and discordance analysis

The concordance of the visual read and quantitative results are
presented in overall percentage terms with mean %, weighted
mean %, SD, median and range for the stated reference re-
gions. For the Pons reference region values for a fixed cut-off
and an optimized cut-off based on sensitivity analysis (see
above for methods) are presented.

For all 9 studies included, the total number of subjects
discordant (i.e. V+Q- or V-Q+) using primarily the SUVr
measure was determined; borderlines (<1% of the total num-
ber of cases) were excluded. The information was available
for all studies, apart from the MCK study (#3), where discor-
dances were derived from reference [26], by analysing the
Gaussian mixture modelling of the SUVr of the V+ and V-
groups.

Where possible the discordancy analysis also included a
clinical follow-up to assess the longer-term prognosis of these
cases (only see below for methods).

Follow-up analysis on discordant cases

Follow-up data on any clinical progression compared to the
baseline visit with [' *F]flutemetamol PET was collected from
5/8 cohorts (KAROLINSKA, SLC, AUMC, BIOFINDER,
AIBL). The diagnoses were classified as either to AD or other
diagnosis (including SCD, MCI, non-ADD, vascular diseases,
Parkinsonian diseases (Parkinson disease and progressive
supranuclear palsy), normal pressure hydrocephalus).

The follow-up data was available for the discordant cases
of KAROLINSKA, BIOFINDER and AIBL studies for the
pons reference region and for SLC, AUMC and AIBL for
the whole cerebellum (WC) reference region. The follow-up
time was restricted to 4 years (rounded) for the pons and
3 years (rounded) for the WC according to the availability of
data.

The comparisons between the two different discordant pro-
files (either V+Q- or V-Q+), borderline profiles (either BL/Q+
or BL/Q-) and the progression to a worse clinical diagnosis
(AD + other diagnosis) or AD vs other diagnosis (OD) have
been tabulated. Pons reference region results are presented for
both fixed and optimized cut-off. Competing risk regressions
(CRR) to test whether V+Q- and V-Q+ profile differ between
AD or OD discounting for the probability of the other event to
occur was performed for the pons reference region with fixed
cut-off for which there was a significant number of discordant
cases for the analysis. For the CRR analysis, the full follow-up
dataset available (up to 7 years) and censoring information
was taken in consideration [36], similarly to what is usually
performed in a survival analysis.

For all statistical analysis, R version 4.0.2 was used.

PET image reconstruction parameter analysis

Supp Table 1 describes in detail the scanner models and re-
construction types and parameters of the studies included in
this work. For the KAROLINSKA cohort, we also compared
three sets of frequently used PET reconstruction parameters
for both the discordant cases and (visually and SUVTr cut-off)
borderline cases (n =21 were available for the 3 sets of pa-
rameters) across the range 0.57—0.62 with pons as the
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reference region and measured the composite amyloid SUVr
using Hermes BRASS software. The reconstruction parame-
ters utilized were (a) 128 x 128, Gaussian filter 3 mm (Ref-
128, reference, also chosen for the main analyses), (b) 256 x
256, Gaussian filter 3 mm (alternative 1, Alt-256) and (c)
400 x 400, Gaussian filter 2 mm (alternative 2, Alt-400).

To evaluate the impact of two different pipelines with the
same reference region (Pons), we have performed the sensi-
tivity analysis on the ALFA+ dataset with two pipelines: one
quantifying SUVr values in the standard Montreal
Neurological Institute (MNI) space using the Centiloid
Global Cortical Average ROI (http://www.gaain.org/
centiloid-project) and another using as target region a
composite of regions from the AAL Atlas (https://www.gin.
cnrs.fr/en/tools/aal/) that have been brought to the subject’s
space and masked with a grey matter parcellation.

Results
1) Cohort description

Three of the cohorts (KAROLINSKA, SLC, AUMC) com-
prised of subjects with cognitive complaints collected primar-
ily from clinical routine whilst the remaining 6 (GE, MCK,
ALFA+, BIOFINDER, INVICRO, AIBL) comprised of re-
search studies covering a wider range of subjects from cogni-
tively unimpaired (CU), subjective cognitive decliners (SCD),
mild cognitive impairment (MCI) to dementia due to AD. The
pooled cohort consisted of 769 (28%) CU subjects, 158 (6%)
SCD, 1442 (52%) MCI, 237 (9%) dementia due to AD, 33
(1%) dementia due to non-AD and 131 (5%) of unknown
diagnosis (missing data) (n =2770 total).

For 6 out of 9 studies (Table 1), both pons and whole
cerebellum reference regions (RR) were available, cerebellar
grey matter RR was available for 2 out of 9 studies (GEHC
and Amsterdam UMC), and for one study amyloid load was
used (Invicro) (Table 1).

2) Assessment of agreement between visual
inspection and quantitation

A summary of the agreement rates for the various studies with
the different RRs used is shown in Table 2. Agreement rates
for all reference region/methods ranged from approximately
88 to 100% depending upon population studied and reference
region assessed. Generally, most results lie in the 93-99%
range, indicating the comparability/generalizability between
visual inspection and quantitation irrespective of the
software/camera type/image reconstruction methodology
employed. Inclusion of borderline cases and computation of
either weighted or arithmetic mean did not significantly influ-
ence the agreement rate. A higher agreement rate was
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observed for the whole cerebellum region with a mean of
96% (the cut-offs available were slightly different). The agree-
ment for the pons region was in average 94% when the fixed
SUVTr cut-off was used (Table 2) or 96.5% and 95.5% (mean
and weighted mean, respectively) when the optimized SUVr
cut-offs were used (Table 2). The cerebellar grey matter re-
sulted in a slightly higher percent agreement (98.8%). The
Invicro amyloid load method showed a 92.5% agreement.

3) Sensitivity analysis around the visual cut-off

A sensitivity analysis, comparing visual read results to a range
of cut-offs around the autopsy validated threshold [17] (pons
threshold approximately 0.58—0.62 as used in CE marked
software such as Cortex ID or Hermes Brass), was performed.
Five datasets were available (GE, KAROLINSKA, AIBL,
Biofinder and ALFA+).

Results shown in Fig. 1 indicate that, for all five studies
considered, the optimal cut-off was reached when pons is used
as the RR. Both the GE Healthcare and KAROLINSKA co-
hort had high agreement across the threshold range 0.56-0.64
(GE [97.1-99.4%], KAROLINSKA [98.4-100%]), probably
reflected by the use of similar software packages using a com-
parable region of interest for the composite cortical area [17].
The AIBL group showed a relative high agreement across a
wider range of cut-offs 0.59-0.7 [92.2-95.2%]. The
BIOFINDER population (MCI) showed most of the agree-
ment at highest cut-off threshold among the observed (0.7
[96%]) and then decreased steadily as the threshold decreased
down to 0.55 with the lowest agreement assessed among the
five cohorts [73.6%].

The ALFA+ cohort (consisting of a CU population) pre-
sented a curve skewed towards the lowest cut-offs ranges and
had its selected optimal agreement at the lowest cut-off among
the five studies (0.57 [93.3%]).

Compared to GE and KAROLINSKA, the other three stud-
ies (AIBL, ALFA+, BIOFINDER), used research-based soft-
ware tools with varying trends in the sensitivity analysis ob-
served. This may be due to different strategies used for the
creation of the cortical region of interest which may have
captured some spill-over of white matter from the non-
specific PET signal influencing overall SUVr values as well.
Another factor potentially contributing to differences among
sensitivity curves is the amount and subtype of subjects in the
range selected for sensitivity analysis testing. GE and
KAROLINSKA had less than 25 subjects in the full range
analysed, ALFA+, AIBL and BIOFINDER had respectively
32, 74 and 112 subjects in the full range (0.55-0.73) and the
subtype of population with ALFA+ characterized by only HC
(AD Offspring), AIBL including mostly HC (n = 59) and only
few MCI (n = 10) and AD (n =3), BIOFINDER included ap-
proximately equal amount of HC (n =35), SCD (n =38) and
MCI (n=39) in the range of exam.


http://www.gaain.org/centiloid-project
http://www.gaain.org/centiloid-project
https://www.gin.cnrs.fr/en/tools/aal/
https://www.gin.cnrs.fr/en/tools/aal/
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Table2  Summary of the percentage agreement between visual interpretation and quantitation across study groups using fixed and optimized cut-offs
Study Abbr. RR Pons RR Pons RR WC RR WC RR CGM RR CGM ABload ABload
(agreement, %) (cut-off) (agreement, %) (cut-off) (agreement, %) (cut-off)  (agreement, %) (cut-off)
GE 99.4% 0.59 (Optim) 98.8% 1.25 98.3% 1.57
97.7% 0.62 (Fixed)
KAROLINSKA  100% 0.60 (Optim)
99.0% 0.62 (Fixed)
MCK 94.4% 0.62 (Optim/Fixed) 94.4% 1.2
SLC 99.3% 1.35 99.3% 1.56
AUMC 96.6% 1.22
ALFA+ 93.3% 0.57 (Optim) 94.2% 1.24
88.4% 0.62 (Fixed)
BIOFINDER 96.5% 0.7 (Optim)
91.8% 0.62 (Fixed)
INVICRO 92.5% 33
AIBL 95.2% 0.65 (Optim) 95.2% 1.2
94.4% 0.62 (Fixed)
Mean 96.5% Optim 96.4% 98.8%
94.4%* Fixed
Mean (weighted) 95.5% Optim 95.4% 98.8%
93.8%* Fixed
SD 2.7% Optim 22% 0.8%
3.6% Fixed
SD (weighted) 2.1% Optim 1.7% 0.5%
2.7% Fixed
Median 95.8% Optim 95.9% 98.8%
94.4% Fixed

Borderline cases were excluded from the calculations. Where available study agreement using SUVT by different reference regions is presented. For 5/6
studies reporting pons reference region, raw data was available to perform sensitivity analysis and find optimized cut-offs. The fixed pons threshold with
a cut-off of 0.62 was used as validated via autopsy correlation with PET imaging [17] and modelling of the large Merck dataset [26], and this was the
dataset not available for further sensitivity analysis. 7-test comparing fixed and optimized cut-off was performed on both unweighted and weighted data
for pons reference region. *p < 0.05. RR, reference region; WC, whole cerebellum; CGM, cerebellar grey matter

4) Analysis of the discordant visual read and
quantitative results of the pons reference region

Figure 2a, b highlights the relative distribution of discordant
cases (V-Q+ or V+Q-) across the studies with pons as RR,
using an optimized cut-off and fixed cut-off (0.62) (GE,
KAROLINSKA, MCK, ALFA+, Biofinder, AIBL), respec-
tively. Fisher’s exact test (» < 0.001) demonstrated differences
between studies by discordant type using optimized cut-off
with especially ALFA+ having a higher number of V+Q-
(around 6% of the total cohort and 91.7% of all discordant
cases in the cohort); using a fixed cut-off of 0.62, AIBL and
BIOFINDER studies resulted having a higher number of V-
Q+ (around 9% of the total cohort), whereas the other cohorts
had a higher proportion of V+Q- discordant cases.

Across all studies, on average 4-5% of the images showed
discordance between the visual inspection read and the quan-
titative measure (Table 3a, b). It must be noted that the abso-
lute number of discordant cases is lower with variable cut-off
compared to fixed cut-off. In the studies including more overt

clinical cases (MCI, AD etc.), there was greater agreement in
the visual vs quantification measures. The greatest relative
proportion of discordant cases are seen in the research popu-
lations of ALFA+ (n=35, 9.7%) and BIOFINDER (n =33,
8.2%) suggesting that these subjects with emerging amyloid
burden need more careful inspection and analysis. The two
groups of discordant cases (V+Q- vs V-Q+) did not differ by
gender, age, nor APOE-¢4 status when using the optimized
cut-off for pons reference region. When using the fixed cut-off
(0.62), V+Q- vs V-Q+ did not differ by gender but differ by
age (67 +7 vs 73 £5, respectively, p < 0.001, range 55-91 y),
and by APOE-¢4 status, in the sense that V+Q- had 67.4%
(n=29) of carriers compared to 11.1% (n= 1) for V-Q+, for
the 51 discordant with this information (p = 0.002).

Analysis of discordant V+Q- vs V-Q+ by diagnosis
(Tables 4 and 5) with Fisher’s exact test showed differences
between the two discordant groups and their diagnosis
(p <0.05), with SCD and HC groups over-represented in the
V-Q+ discordant group using fixed cut-off (Table 5). The post
hoc tests corrected for Bonferroni multiple comparison
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78.0%

Percentual Agreement - Visual Reads vs Quantification (Excluding Borderlines)

75.0%

Selected peak performance cutoff
Kl (0.61)

GE (0.58)

AIBL (0.65)

BIOFINDER (0.7)

ALFA+ (0.57)

0000

Percentual agreement by study
== Kl (w/o BL, n=191)
== GE (n=172)
=== AIBL (w/o BL, n=269)
== BIOFINDER (n=401)
= ALFA+ (wio BL, n=359)

0.56 0.58 0.60 0.62 0.64 0.66

0.68 0.70 0.72

Quantification Pons Ref. region cut-off (SUVR)

Fig. 1 Change in % agreement between visual and quantitative image interpretation around the SUVTr pons threshold of 0.55 to 0.74 (with borderlines
(BL) excluded). Note: The number of BL cases excluded is 21, 2 and 7 for KAROLINSKA, ALFA+ and AIBL, respectively

correction produced significant differences using fixed cut-
off, in the sense that HC (AD offspring) have significantly
higher number than V+Q- than SCD and MCI.

5) Clinical follow-up of discordant cases
Pons results (KAROLINSKA, BIOFINDER, AIBL)

Tables 6 and 7 show the discordant types (V+Q- and V-Q+)
and Tables 8 and 9 show the borderline types (BL/Q- and BL/
Q+) in relation to clinical progression from baseline for the
three studies with follow-up data available until 4 years using
the two different types of cut-off. No differences between
discordant types were found when evaluating the progression
to any diagnosis or the progression to AD/Other Diagnosis
(OD) or the progression to specific diagnosis with chi-square
analysis, regardless of the cut-off used.

Nonetheless, according to competing risk regression anal-
ysis that took advantage of the full follow-up data (up to
7 years), using censoring similar to a survival analysis and
discounting the contribution of the competing events (AD
and OD progression), the V-Q+ discordant cases were 11%
(CI 95%: 4-34%) more likely to progress to AD than V+Q-
discordant cases (p <0.001).

@ Springer

WC (SLC, AUMC, AIBL)

Analysis of WC results showed no differences in the two
subtypes of discordancy or borderline when analysing for
overall progression to OD as shown in Tables 10 and 11 but
it must be noted that the sample available was limited and
progression to AD presented too few cases for further
analyses.

6) PET image reconstruction parameter analysis

A high correlation between the reference reconstruction (Ref
128 x 128 matrix) and other reconstruction methods (Alt-256:
R*=0.99, p <0.0001 and Alt-400: R*=0.95, p <0.0001) was
observed (Supp Fig. 1 a, b). Bland-Altman plots indicated
there were insignificant changes in individual SUVr results
between reconstruction methods over the SUVr range exam-
ined (Supp Fig. 2 a, b) indicating the processing of
["®F]flutemetamol images acquired at approx. 90 min post
injection for 20 min of acquisition is reasonably robust.
Supp Fig. 3 shows the sensitivity analysis plot for the
ALFA+ study performed with two different pipelines (based
on AAL and CTX atlases). The agreement has different trends
due to the different target regions, with CTX being more
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Fig.2 Representation of number of discordant cases by study with a) variable (maximal performance) pons cut-off and b) fixed cut-off (0.62) (both with
borderlines excluded). Orange bars are visual negative/quantitation positive, green bars are visual positive/quantitation negative

affected by white matter and having on average higher SUVr
values that shift the optimal cut-off to the right of the probed
range of cut-offs. Despite these differences, it can be observed
that using the pre-specified threshold of 0.62 the agreement
against visual reads with either of the two pipelines is very
high (>90%), thus supporting the validity of the approach in
this work, irrespective of absolute differences in SUVr values
that may arise from different quantification pipelines or image
reconstruction settings.

Discussion

In this multicentre study including over 2700 scans, the binary
visual inspection of ['*F]flutemetamol had a very high agree-
ment to a composite quantified measure of brain amyloid with
the majority of analysis reporting a 93—-99% agreement. This
was observed irrespective of the reference region used or

processed by a multitude of software tools (some CE
marked/510K approved and others used for research purposes
only) showing the high generalizability/utility of the two mea-
sures when considered for a pathology threshold relative to
current clinical practice [6, 17].

Knowing that the accuracy of visual inspection is high, the
value of quantitation lies in its ability to support image inter-
pretation in cases where there is a lower confidence in the
read, for example where the amyloid deposition may be close
to the pathology threshold or for readers who may lack expe-
rience in routine image interpretation or for those readers who
process scans on a less frequent basis. Quantitation could also
provide future value beyond supporting simple dichotomy of
image interpretation [37] if developing levels of amyloid be-
come clinically relevant for therapy intervention or monitor-
ing [38].

Quantitative software can provide information about the
regional distribution of amyloid, the comparison of an
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Table 3 a Summary of discordant and concordant scans when examining visual vs SUVr (Pons, optimized cut-off). b Summary of discordant scans
when examining visual vs SUVr (Pons, 0.62 cut-off)
Study Total ~ Total Total Total % Disc Total Total Agreement
cases  concordant concordant discordant borderline/Q+  borderline/Q-
V+Q+ V-Q-
a
GE 172 71 100 1 1% - - 99.4%
KAROLINSKA 207 94 97 0 0% 7 9 100%
MCK 928 634 242 52 6% - - 94.4%
ALFA+ 361 24 311 24 7% 1 1 93.3%
BIOFINDER 401 117 270 14 3% - - 96.5%
AIBL 276 96 160 13 5% 2 5 95.2%
Total 2345 1036 1180 104 4% (mean) 10 15 94.4% (mean)
b
GE 172 67 101 2% - - 97.7%
KAROLINSKA 207 92 97 2 1% 5 11 99.0%
MCK 928 634 242 52 6% - - 94.4%
ALFA+ 361 11 313 35 10% 1 1 89.4%
BIOFINDER 401 121 247 33 8% - - 91.8%
AIBL 276 99 155 15 5% 4 3 94.4%
Total 2345 1024 1155 141 5% (mean) 10 15 94.4% (mean)

The agreement is calculated on the total number of cases excluding borderlines

individual case to a range of normal cases (using Z scores) and
regional and composite standard uptake volume ratios
(SUVTrs) or Aby o,q (in the case of AmyloidIQ). Both the latter
techniques would be most similar to a binary visual read.
Much data has been accumulated since the approval of
['®F]flutemetamol and other amyloid PET tracers, to show
the concordance between visual inspection and quantitative
methods using both CE marked software and other widely
available processing tools.

Table 4 Discordant visual read/quantitation cases with diagnostic
information combined (Pons, optimized cut-off)

V+Q- n=37) V-Q+ (n=14) Total (n=51) p value

Diagnosis 0.014
HC 7 (50%) 7 (50%) 14

HC(ADO) 22 (91.7%) 2 (8.3%) 24

SCD 2 (40%) 3 (60%) 5

MCI 4 (66.7%) 2 (33.3%) 6

AD 1 (100%) 0 (0%) 1

Non-AD 1 (100%) 0 (0%) 1

Abbreviations: HC, healthy control; ADO, offspring of AD parent(s);
SCD, subjective cognitive decline; MCI, mild cognitive impairement;
AD, Alzheimer’s disease; non-AD, non-AD dementia

p value is from Fisher’s exact test. Post hoc with Bonferroni correction
did not produce significant results
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The use of continuous quantitative cortical amyloid
measures (both as composite and regional assessments)
is long practiced in the research setting but is less well
characterized as an adjunct to the approved visual reading
methods practiced for clinical routine. More recently stud-
ies such as that from Chincarini et al. [14] have begun to
assess how quantitative assessment can supplement the
dichotomous visual read of amyloid PET in particular to
give confidence to read situations where the scan could be

Table 5 Discordant visual read/quantitation cases with diagnostic
information combined (Pons, 0.62 cut-off)

V+Q- (n=45) V-Q+ (n=40) Total (n=85) p value
Diagnosis <0.001
HC 2 (13.3%) 13 (86.7%) 15
HC(ADO) 35 (100%) 0 (0%) 35
SCD 2 (11.8%) 15 (88.2%) 17
MCI 2 (15.4%) 11 (84.6%) 13
AD 3 (75%) 1 (25%) 4
Non-AD 1 (100%) 0 (0%) 1

Abbreviations: HC, healthy control; ADO, Offspring of AD parent(s);
SCD, subjective cognitive decline; MCI, mild cognitive impairement;
AD, Alzheimer’s disease; non-AD, non-AD dementia

p value is from Fisher’s exact test. Post hoc with Bonferroni correction

produced significant results for the comparisons HC(ADO) vs SCD and
MCI (separately)
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Table 6 Follow-up data (up to 4
y) available for pons reference V-Q+ (N=06) V+Q- (N=3) Total (N=9) p value
region (optimized cut-off) (only
discordant cases) Progression to any clinical diagnosis 0.134
Clinical progression 3 (50.0%) 3 (100%.0%) 6 (66.7%)
Stable 3 (50.0%) 0 (0.0%) 3(33.3%)
Progression to AD/other diagnosis 0.223
Progression to AD 2 (33.3%) 1.(33.3%) 3(33.3%)
Progression to other diagnosis 1 (16.7%) 2 (66.7%) 3(33.3%)
Stable 3 (50.0%) 0 (0.0%) 3(33.3%)
Progression in detail 0.240
HD to SCD 0.(0.0%) 1.(33.3%) 1 (11.1%)
MCI to AD 1 (16.7%) 1.(33.3%) 2 (22.2%)
SCD to AD 1 (16.7%) 0 (0.0%) 1 (11.1%)
SCD to MCI 0 (0.0%) 1.(33.3%) 1 (11.1%)
SCD to Parkinsonian 1 (16.7%) 0 (0.0%) 1 (11.1%)
Stable 3 (50.0%) 0 (0.0%) 3(33.3%)

classified as mildly negative or positive or to borderline
cases.

There was discordancy in the results in approximately 4—
5% of cases (with pons reference region), with higher agree-
ment rates found in general in those subjects which had been
included in routine clinical practice rather than those in re-
search, whose amyloid would have been evolving rather than
established.

There was some variability observed when analysing the
cohorts in more detail and performing the sensitivity analysis
to find optimal cut-off values. One explanation for the vari-
ability of the cut-offs seen between the cohorts may be due to
differing strategies around the composition of the cortical

regions of interest used for the SUVr analysis. If some spill-
over of white matter signal is captured, this could lead to
increased SUVTr values for example as seen in BIOFINDER,
whereas software using a more conservative ‘narrow’ mask
could maximize the distance between white and grey matter
border with resulting lower SUVr values. Additionally, the
number and composition of subjects in the region of the sen-
sitivity range would influence the analysis.

The follow-up information evidenced that in our dataset of
discordant subjects in the pons region, there were similar pro-
portions which either remained stable over time or progressed
to any clinical diagnosis. Interestingly, in the dataset with no
borderlines, the discordant type V-Q+ was 11% more likely to

Table 7 Follow-up data (up to 4

y) available for pons reference V-Q+ (N=21) V+Q- (N=4) Total (N=25) p value
region (0.62 fixed cut-off) (only
discordant cases) Progression to any clinical diagnosis 0.524
Clinical progression 14 (66.7%) 2 (50.0%) 16 (64.0%)
Stable 7 (33.3%) 2 (50.0%) 9 (36.0%)
Progression to AD/other diagnosis 0.322
Progression to AD 8. (38.1%) 0 (0.0%) 8 (32.0%)
Progression to other diagnosis 6 (28.6%) 2 (50.0%) 8 (32.0%)
Stable 7 (33.3%) 2 (50.0%) 9 (36.0%)
Progression in detail 0.206
HD to SCD 1 (4.8%) 1 (25.0%) 2 (8.0%)
MCI to AD 4 (19.0%) 0 (0.0%) 4 (16.0%)
MCI to Parkinsonian 2 (9.5%) 0 (0.0%) 2 (8.0%)
SCD to AD 4 (19.0%) 0 (0.0%) 4 (16.0%)
SCD to MCI 0 (0.0%) 1 (25.0%) 1 (4.0%)
SCD to Parkinsonian 1 (4.8%) 0 (0.0%) 1 (4.0%)
SCD to vascular 2 (9.5%) 0 (0.0%) 2 (8.0%)
Stable 7 (33.3%) 2 (50.0%) 9 (36.0%)
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Table 8 Follow-up data (up to 4

y) available for pons reference BL/Q- (N=5) BL/Q+ (N=4) Total (V=9) p value
region (optimized cut-off) (only
BL cases) Progression to any clinical diagnosis 0.343
Clinical progression 5 (80.0%) 4 (100.0%) 8 (88.9%)
Stable 1 (20.0%) 0 (0.0%) 1 (11.1%)
Progression to AD/other diagnosis 0.358
Progression to AD 4 (80.0%) 3 (75.0%) 7 (77.8%)
Progression to other diagnosis 0 (0.0%) 1(25.0%) 1(11.1%)
Stable 1 (20.0%) 0 (0.0%) 1 (11.1%)
Progression in detail 0.358
HC to SCD 0 (0.0%) 1 (25.0%) 1 (11.1%)
MCI to AD 4 (80.0%) 3 (75.0%) 7 (77.8%)
Stable 1 (20.0%) 0 (0.0%) 1 (11.1%)

progress to AD than V+Q-, indicating, even with a relatively
small effect, that in case of discordance between visual read
and quantitation, the quantitation provides the positivity rele-
vant to progression for AD. This was true even without taking
into account of regionality that most likely would increase the
value of the discrimination of the grey zone.

Practical experience from the KAROLINSKA site indi-
cates that in general the majority of ['*F]flutemetamol scans
have a straightforward uptake pattern based on visual reading
alone. A minor number of scans, however, were found to be
borderline primarily when the cortical tracer uptake is not
global but appears in only few regions, such as the
precuneus/posterior cingulate or frontal cortex, or sometimes
the pattern is uncertain due to cortical atrophy. Due to the high
impact an amyloid PET may have on the final diagnosis and
treatment, a definite conclusion of positivity/negativity of am-
yloid scan is however highly desirable.

In this sense, quantification of amyloid uptake as a second
opinion can supplement the visual appreciation and enhance
confidence in the image result. This support is also valuable
in cases with definite uptake patterns to increase the output

of reads in the nuclear medicine department but is even
more important for visual read cases close to the pathology
threshold. Examples of borderline cases (see Fig. 3) show
quantitative values close to the threshold and in these cases;
quantification was able either to make a conclusion or to
report the method limitations and report true uncertainty.

Generic discussion on the use of quantitative
methods in amyloid imaging

From a practical perspective, there are some general points to
remember when performing quantitation to supplement visual
reading. Volume of interest placement over cortical regions
needs to be accurate [39] and the influence of atrophy could
dilute the value of the PET measure [40]. Enlarged ventricles
cause thinning of the cortical ribbon (and hence the CT or
MRI scan should also be assessed) whilst local uptake in a
single region (for example elevated PET uptake in striatum
has been seen in presenilin cases [41]) could be missed in an
overall composite cortical measure. Finally, amyloid levels
close to the threshold may render the scan difficult to interpret

Table 9 Follow-up data (up to 4

y) available for pons reference BL/AQ- (N=6) BL/Q+(N=3) Total (N=9) p value
region (0.62 fixed cut-off) (only
BL cases) Progression to any clinical diagnosis 0.453
Clinical progression 5 (83.3%) 3 (100.0%) 8 (88.9%)
Stable 1 (16.7%) 0 (0.0%) 1 (11.1%)
Progression to AD/other diagnosis 0.276
Progression to AD 5 (83.3%) 2 (66.7%) 7 (77.8%)
Progression to other diagnosis 0 (0.0%) 1 (33.3%) 1(11.1%)
Stable 1 (16.7%) 0 (0.0%) 1(11.1%)
Progression in detail 0.276
HC to SCD 0 (0.0%) 1 (33.3%) 1 (11.1%)
MCI to AD 5(83.3%) 2 (66.7%) 7 (77.8%)
Stable 1 (16.7%) 0 (0.0%) 1 (11.1%)
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Table 10 Follow-up data (up to
3 yrs) available for WC reference V-Q+ V=1) V+Q- (N=6) Total V=7) p value
region (only discordant cases)
Progression to any clinical diagnosis 0.350
Clinical progression 0 (0.0%) 3 (50.0%) 3 (42.9%)
Stable 1 (100.0%) 3 (50.0%) 4 (57.1%)
Progression to AD/otherwise diagnosis 0.646
Progression to AD 0 (0.0%) 1 (16.7%) 1 (14.3%)
Progression to other diagnosis 0 (0.0%) 2 (33.3%) 2 (28.6%)
Stable 1 (100.0%) 3 (50.0%) 4 (57.1%)
Progression in detail 0.831
HC to SCD 0 (0.0%) 1 (16.7%) 1 (14.3%)
MCI to AD 0 (0.0%) 1 (16.7%) 1 (14.3%)
SCD to MCI 0 (0.0%) 1 (16.7%) 1 (14.3%)
Stable 1 (100.0%) 3 (50.0%) 4 (57.1%)

using visual inspection alone [5]. In this instance quantitation
may be used to support the read although it is suggested that
systematic careful visual inspection should be performed with
the above points in mind.

Whilst simple dichotomous reads are currently the standard
and sufficient in clinical routine, recent work has shown the
possible value of assessing amyloid burden beyond the binary
classification of scans and the possibility to use different
SUVr cut-off values for different clinical questions [22, 42].
In addition to SUVr measures (as well as Z scores when a
normal database is included), the Centiloid (CL) measure is
now standard in research practice [43] and studies have iden-
tified specific cut-offs for emerging amyloid pathology
(CL~12) compared to post-mortem [44] established AD pa-
thology (~30) compared to CSF measures [22]. The CL
threshold for visual inspection of ['®F]flutemetamol was
shown to be approximately 40 units in a clinical study with
MCT subjects [20]. In relation to predicting cognitive decline,
the AIBL team followed a healthy volunteer cohort and found
increasing CLs from 25 to over 100 corresponded to a ten-fold
increased risk of progression to MCI over a 5-year observation
period [25]. The St Luc team had an equally long follow-up

period of 6 years with a CL level of 26 optimally predicting
progression to dementia from earlier clinical stages [20].
Considering these different CL cut-offs and their possible
clinical value, it is of interest to investigate the value of re-
gional visual assessment (i.e. number of positive regions) and
their respective CL burden, to further optimize the utility of
['®F]flutemetamol reads in the clinical routine. Taken togeth-
er, it would be valuable to collate more cohorts with available
regional visual assessment and long-term clinical follow-up in
order to more accurately predict the value of baseline amyloid
status to future cognitive decline with the aim of more optimal
patient management. More novel techniques for image inter-
pretation such as machine learning algorithms could also be
implemented [45, 46] although a most recent study [46] still
reports a discordant rate of 8% between the visual read and the
automated read with a large sample size of over 330 subjects.

Limitations
This study is not without limitations. The SUVr unit (or

Aby aq for AmyloidIQ) was used rather than the more recently
introduced Centiloid measure which is now routine for

Table 11 Follow-up data (up to

3 yrs) available for WC reference BL/Q- (N=3) BL/Q+ (N=3) Total (N=6) p value
region (only BL cases)
Progression to any clinical diagnosis 0.273
Clinical progression 0 (0.0%) 1(33.3%) 1 (16.7%)
Stable 3 (100.0%) 2 (66.7%) 5(83.3%)
Progress to AD/other diagnosis 0.273
Progression to other diagnosis 0 (0.0%) 1(33.3%) 1 (16.7%)
Stable 3 (100.0%) 2 (66.7%) 5(83.3%)
Progression in detail 0.273
HC to SCD 0 (0.0%) 1(33.3%) 1 (16.7%)
Stable 3 (100.0%) 2 (66.7%) 5(83.3%)
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SUVR 0.46

SUVR 0.60

Fig.3 Transaxial images at the level of striatum and the upper level of the
brain as well as coronal image at the posterior cingulate/precuneus level
(top, middle and bottom row, resp). a shows a clear negative scan, whilst
d and e show clear positive scans with different level of diffuse
flutemetamol uptake in the brain cortex and striatum. b and ¢ present

research studies [43]. Since the majority of CE marked amy-
loid PET image analysis tools do not yet analyse amyloid
levels in Centiloids, we used SUVT or Aby .4 for our analysis,
particularly as the analysis was focused upon a single PET
tracer ['*F]flutemetamol and the information contained in
clinical work. It would have been preferable too to include
more image concordance data too from routine use, though
these cohorts are not frequently available because the advent
of quantification has only recently been introduced into rou-
tine practice. Hence, we used data from a selection of other
studies, some of which used MCI and AD cases which would
have advanced and widespread amyloid deposition, but also
from some cohorts which included at risk of AD and subjec-
tive cognitive decline which might have ‘developing’ amyloid
and hence introduce some variability into the analysis.
Although we showed that changing the PET reconstruction
settings for a single camera did not impact the SUVr measure,
we cannot assume this would be consistent across the multi-
tude of camera types used and hence multisite initiatives such
as AMYPAD (www.amypad.eu) are systematically
examining this in further detail. The impact of camera types,
reconstruction settings and the fit of the cortical mask for
assessing the composite amyloid load may be even more
critical if small longitudinal changes in amyloid load are
measured for therapy monitoring [40] or if subthreshold

@ Springer

SUVR 0.62

SUVR 0.71 SUVR 1.12

d e

borderline cases with possible uptake in the precuneus/posterior
cingulate (b) and asymmetrically enhanced cortical uptake on the right
side (c¢), both reported as possible positive scans (note patient in b showed
a clearer positive finding at follow-up scan some years later)

levels of amyloid are required for early target engagement
approaches with new therapies [47].

Some of the studies reported ‘borderline’ cases where an
exact negative or positive read result was not recorded. The
fraction of this borderlines compared to the total number of
cases was <1% and they were excluded from cross-sectional
analyses as inclusion as either negative or positive did not
impact the overall results.

The comparison of the different reconstruction param-
eters highlighted the relative stability of the SUVr mea-
surement for the pons region and justified pooling together
different studies with slightly different methods of recon-
struction. Regardless, the pooled statistics were always
assessed within each study first and then the aggregated
measures pooled together (i.e. number of discordant
cases). Finally, it is not possible to comment on the com-
parative performance of the different quantitative ap-
proaches because of the high agreement of all methods
with visual reads and a number of important factors that
varied by study, e.g. different subject populations, differ-
ent readers and processing pipelines with and without ad-
junct MR data. Further studies involving application of the
different analytical pipelines to the same dataset would be
required in order to elucidate any more subtle differences
in performance between the approaches.


http://www.amypad.eu

Eur J Nucl Med Mol Imaging (2021) 48:2183-2199

2197

Conclusion

In summary, quantitation of composite brain amyloid
shows a very high agreement (~93-99%) vs binary visual
reading and also allows for a continuous measure that could
be used in the future to qualify subthreshold levels or mon-
itor disease progression and be indicative or predictive of
future cognitive decline. From a routine clinical perspec-
tive, the physician could choose to use CE marked software
tools to supplement their read methodology but should still
retain the careful inspection of an image by visual means.
Analysis of discordancy and the added value of considering
visually negative and quantitative positive cases as poten-
tially more at risk adds a tool to the routine evaluations. The
future utility of PET amyloid quantitation could also be
valuable for identifying early amyloid deposition if therapy
intervention in preclinical cases becomes a reality. There
also might be value in standardized approaches for image
quantitation methodology particularly for cases which are
close to the amyloid pathology threshold.
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