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a b s t r a c t 

Optimal pharmacokinetic models for quantifying amyloid beta (A 𝛽) burden using both [ 18 F]flutemetamol and 

[ 18 F]florbetaben scans have previously been identified at a region of interest (ROI) level. The purpose of 

this study was to determine optimal quantitative methods for parametric analyses of [ 18 F]flutemetamol and 

[ 18 F]florbetaben scans. Forty-six participants were scanned on a PET/MR scanner using a dual-time window 

protocol and either [ 18 F]flutemetamol ( N = 24) or [ 18 F]florbetaben ( N = 22). The following parametric approaches 

were used to derive DVR estimates: reference Logan (RLogan), receptor parametric mapping (RPM), two-step sim- 

plified reference tissue model (SRTM2) and multilinear reference tissue models (MRTM0, MRTM1, MRTM2), all 

with cerebellar grey matter as reference tissue. In addition, a standardized uptake value ratio (SUVR) was calcu- 

lated for the 90–110 min post injection interval. All parametric images were assessed visually. Regional outcome 

measures were compared with those from a validated ROI method, i.e. DVR derived using RLogan. Visually, RPM, 

and SRTM2 performed best across tracers and, in addition to SUVR, provided highest AUC values for differen- 

tiating between A 𝛽-positive vs A 𝛽-negative scans ([ 18 F]flutemetamol: range AUC = 0.96–0.97 [ 18 F]florbetaben: 

range AUC = 0.83–0.85). Outcome parameters of most methods were highly correlated with the reference method 

( R 2 ≥ 0.87), while lowest correlation were observed for MRTM2 ( R 2 = 0.71–0.80). Furthermore, bias was low ( ≤ 5%) 

and independent of underlying amyloid burden for MRTM0 and MRTM1. The optimal parametric method differed 

per evaluated aspect; however, the best compromise across aspects was found for MRTM0 followed by SRTM2, 

for both tracers. SRTM2 is the preferred method for parametric imaging because, in addition to its good per- 

formance, it has the advantage of providing a measure of relative perfusion ( R 1 ), which is useful for measuring 

disease progression. 
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ntroduction 

Early detection of amyloid-beta (A 𝛽) plaques has become increas-

ngly relevant, in particular with respect to identifying individuals

or secondary prevention trials and monitoring disease progression in

lzheimer’s disease (AD) ( Farrar et al., 2017 , Collij et al., 2020 ). These

 𝛽 plaques can be identified in vivo with positron emission tomogra-

hy (PET) scans, using either a dichotomous classification of A 𝛽 burden

 Mallik et al., 2017 ) or a more fine-grained quantitative measure of A 𝛽,

hich is required for measuring the extent of pathology or quantita-

ively tracking disease progression ( Lammertsma, 2017 ). 
∗ Corresponding author. 

E-mail addresses: f.heeman@amsterdamumc.nl , f.heeman@vumc.nl (F. Heeman). 

m  

e  

w  

ttps://doi.org/10.1016/j.neuroimage.2021.117953 

eceived 28 October 2020; Received in revised form 12 January 2021; Accepted 5 M

vailable online 21 March 2021 

053-8119/© 2021 The Author(s). Published by Elsevier Inc. This is an open access a
For the latter quantitative applications, it has been suggested that

ynamic or dual-time window scanning protocols should be used for ob-

aining the most accurate A 𝛽 estimates ( Berckel BNM van et al., 2013 ;

ullich et al., 2018 ; Heeman et al., 2019 ) and, since amyloid pathol-

gy might not follow anatomical boundaries, voxel-wise quantitative

nalyses might be preferred as they provide more detailed spatial in-

ormation, independent of predefined regions. In addition, quantitative

arametric images allow for voxel-by-voxel analysis between groups or

s a function of time within the same subjects. Thus, comprehensive

valuation of parametric methods used for voxel-wise analysis is war-

anted. However, as different tracers have different kinetics, the opti-

al parametric method for quantification needs to be established for

ach A 𝛽 tracer separately. In addition, the ability to obtain a voxel-

ise measure of the relative tracer influx rate ( R ) could play a role
1 
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hen deciding which method is most suitable for parametric analysis.

his additional parameter can be used as a proxy for (relative) cere-

ral blood flow ( Heeman et al., 2021 ) and may therefore be considered

s a measure of disease severity or progression, as first shown by sin-

le photon emission computed tomography (SPECT) and [ 15 O]H 2 O-PET

tudies, and more recently replicated with arterial spin labelling (ASL)

 Collij et al., 2016 ; Binnewijzend et al., 2016 ; Jagust et al., 1997 ). 

For most amyloid tracers, voxel-wise quantitative approaches have

een evaluated to a certain extent ( Bullich et al., 2018 ; Yaqub et al.,

008 ; Verfaillie et al., 2021 ; Heurling et al., 2015 ). However,

 

18 F]flutemetamol and [ 18 F]florbetaben studies were performed with

ull dynamic acquisitions that did not include the recommended 90–

10 min post injection (p.i.) scanning window used for visual assess-

ent and to derive standard update value ratios (SUVR) ( Heurling et al.,

015 ; Becker et al., 2013 ). Further, only Heurling and colleagues evalu-

ted parametric methods for full dynamic [ 18 F]flutemetamol studies by

omparing results with those obtained using the gold standard, i.e. full

inetic analysis using an arterial plasma input function ( Heurling et al.,

015 ). They showed that best correlations with the gold standard were

btained using reference Logan (RLogan), the 70–90 min standardized

ptake value ratio (SUVR 70–90 ) and receptor parametric mapping (RPM)

 R 

2 > 0.94). With respect to full dynamic [ 18 F]florbetaben studies, the

erformance of two parametric methods has been evaluated only visu-

lly, while regional reference tissue models have been quantitatively

ompared with the gold standard ( Becker et al., 2013 ). It remains un-

lear whether the results from full dynamic acquisitions remain valid for

 dual-time window protocol, given that the performance of parametric

ethods could be compromised by the gap in the data. Previous work

as shown that in some cases, a gap in the data may lead to sub-optimal

urve fitting, which in turn may result in a small bias in the results

 Heeman et al., 2019 ). This impact is mediated by the effect of noise

nd may potentially affect parametric methods in different ways due

o differences in their sensitivity to noise. In addition, small interpola-

ion or coregistration errors could also affect performance of parametric

ethods. These shortened acquisition protocols are especially relevant

or fluorine-18 tracers such as [ 18 F]flutemetamol and [ 18 F]florbetaben,

onsidering that routine acquisition of lengthy dynamic scans (110 min

uration) is not feasible, especially for older participants ( Bullich et al.,

018 , Heeman et al., 2019 ). In addition to increased patient comfort,

hese protocols can increase patient throughput and result in more cost-

fficient use of tracer batch productions compared with full dynamic

cquisitions. While still less efficient than standard static acquisitions,

 dual-time window protocol can provide an additional parameter ( R 1 ),

hich can be advantageous for studies focusing on disease progression

 Tiepolt et al., 2016 ; Son et al., 2020 –, ( Daerr et al., 2016 ). These char-

cteristics seem to have increased the popularity of dual-time window

cquisitions, as can be seen by the adoption of these protocols by large-

cale studies such as AMYPAD ( Farrar et al., 2017 ). 

The present study aimed to evaluate the performance of the most

idely used parametric methods for the specific case of dual-time win-

ow scans using [ 18 F]flutemetamol and [ 18 F]florbetaben. Performance

f these parametric methods was evaluated with respect to three dif-

erent aspects: 1) visual assessment of parametric images 2) ability to

ifferentiate between A 𝛽-positive and A 𝛽-negative scans, and 3) quan-

itative accuracy and precision with respect to a reference method. 

aterials and methods 

articipants 

Forty-six cognitively unimpaired subjects were selected from the

MYPAD PNHS ( Lopes Alves et al., 2020 ). In short, all subjects un-

erwent neurological and neuropsychological assessment and had at

east one PET and one MR scan available. All PET scans were visually

ssessed by a trained nuclear medicine physician (BvB) following the
 t  

2 
ormal guidelines for reading [ 18 F]flutemetamol and [ 18 F]florbetaben

cans, as defined by the respective manufacturers. Approximately half

f the participants ( N = 24) was scanned using [ 18 F]flutemetamol and

he other half ( N = 22) using [ 18 F]florbetaben. For both tracers, 50% of

he participants was A 𝛽-positive. All participants provided written in-

ormed consent before participating in the study in accordance with the

eclaration of Helsinki. The Medical Ethics Review Committee of Am-

terdam UMC, location VUmc, approved the study protocol (EudraCT

umber: 2018–002,277–22). 

mage acquisition 

All subjects underwent a dynamic PET scan on a Philips Ingenuity

F PET/MR scanner (Philips Medical Systems, Best, The Netherlands),

ccording to a dual-time window protocol ( Heeman et al., 2019 ). This

canning protocol consisted of an initial dynamic scan from 0 to 30 min

.i. followed by a break of 60 min, and then a second scan from 90

o 110 min p.i. Prior to each of the scans, a T1-weighted gradient echo

ulse MR sequence was acquired for attenuation correction purposes. At

he start of the early PET scan, participants received a bolus injection

f either [ 18 F]flutemetamol ( N = 24, 184 ± 11 MBq) or [ 18 F]florbetaben

 N = 22, 280 ± 18 MBq), following manufacturer dosage guidelines. Next,

cans were reconstructed into 22 frames (6 × 5, 3 × 10, 4 × 60, 2 × 150,

 × 300, and 1 × 600 s for the first part of the scan, and 4 × 300 s

or the second part) with a matrix size of 128 × 128 × 90 and a

oxel size of 2 × 2 × 2 mm with a standard line-of-response–based

ow-action maximum-likelihood algorithm (LOR-RAMBLA) ( Hu et al.,

007 ) for the brain. All usual corrections, e.g. for MR-based attenua-

ion (MRAC) ( Hu et al., 2010 ), decay, scatter, randoms and dead time

ere performed. In addition, structural T1-weighted MR images were

cquired within, on average, 4.6 ± 3.0 months from the PET scan for

 

18 F]flutemetamol and 4.0 ± 2.5 months for [ 18 F]florbetaben (maximum

ifference between PET and MR scan was one year), respectively, also

n the same Philips Ingenuity TF PET/MR scanner. 

mage processing 

First, all PET scans were visually checked for between-frame move-

ent. As none showed motion, all were included for further analysis.

ext, both structural T1-weighted MR images and early PET images

0–30 min p.i.) were co-registered to their corresponding late PET im-

ges (90–110 min p.i.) and visually checked. This was carried out in

wo steps: first the T1-weighted MR and early MRAC image were co-

egistered with the late MRAC image and then, the transformation ma-

rix corresponding to the early MRAC was applied to each frame of the

arly PET image sequence. Following co-registration, the early and late

arts of the dual-time window PET scan were combined into a single

le using an in-house developed, MATLAB-based software tool. Subse-

uently, a PVE-lab-based implementation of SPM8 ( Rask et al., 2004 )

as used to segment the MR image into grey matter, white matter and

erebrospinal fluid (CSF). The reference tissue (cerebellar grey matter)

egion of interest (ROI) was delineated based on the Hammers atlas

 Hammers et al., 2003 ) and time-activity curves (TACs) were extracted.

arametric analysis 

Given that within the AMYPAD PNHS study no arterial input data

ere acquired, a regional reference tissue method was used as standard

o evaluate the performance of all parametric methods. RLogan was cho-

en as the “regional standard ” based on previous studies in which good

esults in terms of correlation and bias compared with the gold stan-

ard (arterial input) had been observed for this method, and stability

gainst variation in confounding factors had also been demonstrated

 Heeman et al., 2021 ; Nelissen et al., 2009 ). 

First, missing data points from the reference tissue TACs were in-

erpolated using the reversible two tissue compartment model (4 rate
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Table 1 

Subject demographics split by visual A 𝛽 status. 

[ 18 F]flutemetamol [ 18 F]florbetaben 

All 

( N = 24) 

A 𝜷-negative 

( N = 12) 

A 𝜷-positive 

( N = 12) 

All 

( N = 22) 

A 𝜷-negative 

( N = 11) 

A 𝜷-positive 

( N = 11) 

Age 71.7 ± 6.0 69.9 ± 5.1 73.5 ± 6.5 69.4 ± 7.4 68.1 ± 7.4 70.6 ± 7.5 

Females (%) 58.8 75.0 ∗∗ 41.7 63.6 72.7 54.5 

MMSE 28.3 ± 1.7 29.2 ± 1.1 ∗ 27.5 ± 1.9 28.9 ± 1.2 29.5 ± 0.7 ∗∗ 28.4 ± 1.4 

Values depicted as mean ± SD. 
∗ p < 0.05. 
∗∗ p < 0.10, compared with the A 𝛽-positive group. 
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onstants) with additional blood volume fraction parameter (2T4k_V b )

nd a typical, tracer-specific plasma input function, based on the inter-

olation procedure described previously ( Heeman et al., 2019 ). Next,

he PPET software tool ( Boellaard et al., 2006 ) was used to compute

ither distribution volume ratio (DVR), non-displaceable binding po-

ential ( BP ND ) or standardized uptake value ratio (SUVR) parametric

mages based on the following methods: RLogan, receptor paramet-

ic mapping (RPM), the voxel-based implementation of the two step

implified reference tissue model (SRTM2), multilinear reference tissue

odels (MRTM0, MRTM1, MRTM2), and SUVR (calculated for the 90–

10 min p.i. interval), all with cerebellar grey matter as reference tissue

 Logan et al., 1996 ; Gunn et al., 1997 ; Lammertsma and Hume, 1996 ;

u and Carson, 2002 ; Ichise et al., 2003 ). In addition, parametric rel-

tive delivery ( R 1 ) images were generated using RPM and SRTM2. For

RTM2, k 2 ’ was determined across all voxels with a BP ND higher than

.05 from a first RPM run, while this parameter was omitted in PPET’s

mplementation of RLogan. In line with previous studies, the RLogan

inearization start time ( t ∗ ) was set to 50 min p.i. for both tracers

 Heeman et al., 2021 ; Heurling et al., 2015 ; Logan et al., 1996 ). For

oth tracers, RPM’s basis function (BF) settings were first optimized.

he optimization procedure consisted of evaluating a range of BF set-

ings (see supplementary materials, Table S1) and defining the settings

hat resulted in the highest correlation and the lowest bias (as assessed

y R 

2 and slope of the regression line) between RPM and regional stan-

ard derived DVR. To allow for comparability across methods, BP ND + 1

alues (here referred to as DVR) were computed for methods with BP ND 

s outcome parameter. Finally, the following cortical grey matter vol-

mes of interest (VOIs) were superimposed on the parametric images in

rder to extract regional values for comparison with those estimated us-

ng the regional standard: anterior and posterior cingulate gyrus, middle

nd orbitofrontal gyrus, inferior and superior frontal gyrus, gyrus rec-

us, pre- and post-central gyrus, superior parietal gyrus, (infero)lateral

emainder of the parietal lobe, insula, cuneus, lateral remainder of the

ccipital lobe, medial and lateral anterior temporal lobe, posterior tem-

oral lobe, superior, middle and inferior temporal gyrus, lingual gyrus,

arahippocampal and ambient gyrus, and the fusiform gyrus. Finally,

 volume-weighted global cortical average was calculated from all re-

ional data. 

tatistical analysis 

All statistical analyses were performed in IBM SPSS Statistics for

indows Version 26.0 (IBM Corp. Armonk New York U.S.A) or Graph-

ad Prism for Windows Version 7.04, (La Jolla California U.S.A.). These

nalyses can be divided into three groups: 1) assessment of population

quivalence between [ 18 F]flutemetamol and [ 18 F]florbetaben scans, 2)

isual assessment of parametric images 3) quantitative assessment of the

erformance of parametric methods compared with the regional stan-

ard. 

opulation equivalence 

First, a between tracer comparison of potential differences in age and

ini-mental state examination (MMSE) scores of the participants was
3 
erformed using nonparametric Mann-Whitney U tests, while potential

ifferences in the proportion of males and females were compared using

 chi-square test. Subsequently, a within tracer sub-group comparison

f age and MMSE scores between A 𝛽-positive and A 𝛽-negative subjects

as performed using the same tests as described above. 

isual assessment of parametric images 

Image artifacts were identified first visually and subsequently by cal-

ulating the percentage of (extreme) outliers within total grey matter

sing a threshold that was defined based on expected clinical values:

.00 for BP ND and 3.00 for DVR and SUVR images ( Heurling et al., 2015 ,

ecker et al., 2013 ). Values larger than these thresholds were considered

o be outliers. In addition, a more lenient and more stringent threshold

ere applied to demonstrate the robustness of the analyses, i.e. 1.80,

.20 for BP ND images and 2.80, 3.20 for DVR and SUVR images. 

uantitative performance of parametric methods 

Performance of each parametric method was first determined by as-

essing possible differences in global cortical DVR, SUVR and R 1 derived

rom A 𝛽-positive and A 𝛽-negative scans. This was assessed using one-

ay analysis of variance (ANOVA) and the area under the curve (AUC)

rom a Receiver Operating Characteristic (ROC) curve which is indica-

ive of how well a parameter is able to differentiate between A 𝛽-positive

nd A 𝛽-negative scans. 

Next, linear regression analyses, corrected for age, sex and visual sta-

us, were used to assess the correlation ( R 

2 ) between binding estimates

btained using each parametric method and the regional standard. In

ddition, Bland-Altman analyses were used to assess bias compared to

he regional standard, the variability of the data based on the 95% Limits

f Agreement, and whether proportional bias was present. Any propor-

ional bias was further determined by fitting a regression line through

he Bland-Altman plot. 

esults 

opulation equivalence 

There were no significant between-tracer differences with respect

o the participant’s age, proportion of males and females or aver-

ge MMSE scores ( Table 1 ). Within each tracer group, MMSE scores

ere higher for A 𝛽-negative compared with A 𝛽-positive participants

[ 18 F]flutemetamol: p = 0.014, [ 18 F]florbetaben: p = 0.061), while there

ere no differences in age or proportion males and females ( Table 1 ). 

isual assessment of parametric images 

Representative parametric BP ND , DVR, SUVR and R 1 images of both

 𝛽-positive and A 𝛽-negative scans are presented in Fig. 1 for each tracer.

isual inspection of parametric BP ND , DVR and SUVR images showed

hat, for both tracers, most image artifacts caused by outliers (i.e. speck-

es) were present for MRTM2 and MRTM1 ( Fig. 1 ). Visually, no artifacts

ere observed in parametric R 1 images, and differences in R 1 derived

rom A 𝛽-positive and A 𝛽-negative scans were small. Furthermore, the
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Fig. 1. Parametric amyloid and relative perfusion images 

Parametric images of each of the methods for A) an A 𝛽-positive and B) an A 𝛽-negative [ 18 F]flutemetamol scan, and for C) an A 𝛽-positive and D) an A 𝛽-negative 

[ 18 F]florbetaben scan. 

Note: [ 18 F]florbetaben images are shown in colour for comparison, while grey scale is recommended for visual assessment. 

Table 2 

AUC: Models’ ability to correctly classify A 𝛽-positive and A 𝛽-negative scans. 

[ 18 F]flutemetamol [ 18 F]florbetaben 

RRLogan DVR 0.94 0.79 

RLogan DVR 0.88 0.77 

RPM DVR 0.97 0.85 

SRTM2 DVR 0.96 0.84 

MRTM0 DVR 0.94 0.80 

MRTM1 DVR 0.95 0.80 

MRTM2 DVR 0.81 0.79 

SUVR 0.96 0.83 

RPM R 1 0.54 0.45 

SRTM2 R 1 0.49 0.45 

RRLogan corresponds to the regional implementation of reference Logan (re- 

gional standard). 

Values correspond to the Area Under the Curve (AUC) from ROC analyses. 
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uantitative outlier analysis showed that for [ 18 F]flutemetamol, most

utliers were present in MRTM2, followed by MRTM1 and SUVR images

range: 0.3–2.8%, supplementary Table S2a). For [ 18 F]florbetaben, most

utliers (range: 0.6–4.7%) were present in MRTM2 followed by MRTM1

mages (supplementary Table S2b). For both tracers, results showed a

ery similar pattern using the alternative thresholds (supplementary Ta-

les S2a and S2b). 

uantitative performance of parametric methods 

For both tracers, all parametric methods showed a higher A 𝛽 burden

as shown by DVR or SUVR values) for the A 𝛽-positive group ( p < 0.05).

evertheless, RPM and SRTM2 derived DVR and SUVR yielded highest

rea under the curve (AUC) values, as shown in Table 2 . As expected,

or both tracers there were no significant differences in R 1 between

 𝛽 groups and AUC values of RPM and SRTM2-derived R 1 were low

 Table 2 ). 

With respect to [ 18 F]flutemetamol, linear regression analyses yielded

igh correlations ( R 

2 ≥ 0.87) between outcome measures from all meth-

ds and regional standard derived DVR, except for MRTM2 where the
4 
orrelation was R 

2 = 0.71 ( Table 3 and Fig. 2 A). Furthermore, compared

ith the regional standard, MRTM2 derived DVR showed a constant,

verage overestimation of 7%, as shown by the Bland-Altman analy-

es ( Fig. 3 A). On the other hand, SUVR and parametric RLogan de-

ived DVR showed a bias of 10 and − 5% compared with the regional

tandard, which was proportional to the underlying amyloid burden

SUVR slope = 0.49, p < 0.001, parametric RLogan slope = − 0.20, p < 0.001)

 Fig. 3 A). In addition, proportional bias was also observed for RPM and

RTM2 (RPM slope = 0.23, p < 0.001 (SRTM2 slope = 0.15, p < 0.001). Fur-

hermore, Bland-Altman analyses showed most variability for MRTM2

nd RPM derived DVR and SUVR ( Fig. 3 A). 

With respect to [ 18 F]florbetaben, linear regression analyses yielded

igh correlations ( R 

2 ≥ 0.94) between outcome measures of all paramet-

ic methods and regional standard derived DVR, except for MRTM2

here the correlation was R 

2 = 0.80 ( Table 3 and Fig. 2 B). Furthermore,

ompared with the regional standard, MRTM2 derived DVR showed a

onstant, average overestimation of 11%, while SRTM2 showed a con-

tant, average underestimation of 7%, as shown by the Bland-Altman

nalyses ( Fig. 3 B). On the other hand, SUVR, parametric RLogan and

PM derived DVR showed a small average bias ( < 5%), however, this

ias was proportional to the underlying amyloid burden (SUVR slope =
.31, p < 0.001, parametric RLogan slope = − 0.15, p < 0.001, RPM slope =
.15, p < 0.001) ( Fig. 3 B). Finally, Bland-Altman analyses showed most

ariability for MRTM2 derived DVR and SUVR ( Fig. 3 B). 

iscussion 

In this study, various parametric methods for voxel-wise analysis

f dual-time window [ 18 F]flutemetamol and [ 18 F]florbetaben studies

ere evaluated, considering the following three different aspects: 1) vi-

ual assessment of parametric images 2) ability to differentiate between

 𝛽-positive and A 𝛽-negative scans 3) quantitative accuracy and pre-

ision. All evaluated methods could differentiate between A 𝛽-positive

nd A 𝛽-negative scans based on DVR or SUVR measures, and they all

howed high correlations with regional standard derived DVR, except

or MRTM2. However, the quality of parametric images and the level
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Table 3 

Linear regression analysis. 

[ 18 F]flutemetamol Parametric RLogan RPM SRTM2 MRTM0 MRTM1 MRTM2 SUVR 

R 2 0.95 0.95 0.95 0.99 0.99 0.71 0.87 

Slope 0.85 1.14 1.06 0.97 0.98 0.95 1.34 

Intercept 0.20 − 0.26 − 0.18 0.05 0.06 0.15 − 0.59 

[ 18 F]florbetaben Parametric RLogan RPM SRTM2 MRTM0 MRTM1 MRTM2 SUVR 

R 2 0.98 0.97 0.95 0.99 0.98 0.80 0.94 

Slope 0.87 1.07 0.94 1.02 1.02 0.93 1.22 

Intercept 0.11 − 0.20 − 0.03 − 0.09 − 0.07 0.20 − 0.39 

Regional RLogan was used as independent variable, and linear regression analyses were corrected for age, sex and visual status. 
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f bias compared with the regional standard varied substantially across

ethods. Hence, these findings demonstrate that the most appropriate

arametric method depends on the research or clinical question to be

ddressed. 

For both tracers, high correlations ( R 

2 ≥ 0.87) were observed between

VR derived using the regional standard and the outcome measure

rom all parametric methods, except for MRTM2, which had relatively

ower correlations ([ 18 F]flutemetamol: R 

2 = 0.71 and [ 18 F]florbetaben:

 

2 = 0.80) and showed a constant, average DVR overestimation of 7%

or [ 18 F]flutemetamol and 11% for [ 18 F]florbetaben compared with the

egional standard. It should be noted, that for interpreting the bias or

ccuracy of the results, it is important to take into account whether the

ias is proportional to the underlying A 𝛽 burden. In contrast to a con-

tant bias, proportional bias cannot easily be accounted for in longitu-

inal studies and thereby pose challenges, in particular when aiming to

easure small changes over time. In that regard, while small (max. 5%)

n average (except for [ 18 F]flutemetamol SUVR), the bias observed with

he other methods was proportional to the underlying A 𝛽 burden, espe-

ially in the case of SUVR, RPM and RLogan. For SRTM2 specifically,

 small proportional bias was observed for [ 18 F]flutemetamol, while a

onstant, average underestimation of 7% was seen for [ 18 F]florbetaben.

The amyloid dependent bias, as reported above, could be explained

y a variety of factors. One possible explanation could be the assumption

f single-tissue compartment kinetics in both the target and reference

issues, which is assumed for RPM and SRTM2, but not for MRTM im-

lementations ( Gunn et al., 1997 ; Lammertsma and Hume, 1996 Wu and

arson, 2002 –, ( Ichise et al., 2003 ). In fact, it has been reported that for

hese tracers the reference tissues’ kinetics are better described by a

TC model ( Becker et al., 2013 , Nelissen et al., 2009 ), possibly explain-

ng the amyloid dependent bias for these methods, as demonstrated by

alinas and colleagues ( Salinas et al., 2015 ). This assumption may be

articularly problematic for regions with high A 𝛽 burden, explaining

he increase in bias as illustrated by Fig. 3 . With respect to RLogan,

he voxel-wise method showed marked differences with its regional

mplementation counterpart. Since all other aspects (e.g. linearization

tart time, method of interpolation for missing data-points and omis-

ion of k 2 ’) were identical between both implementations, these dif-

erences should primarily be related to a general impact of noise on

arametric imaging methods. In particular, it has been shown that un-

erestimation of the amyloid burden with RLogan-derived DVR is more

ronounced at higher noise levels and for regions with higher binding

 Slifstein and Laruelle, 2000 ). Therefore, the parametric RLogan bias

ependency on underlying A 𝛽 burden is plausibly a result of the inter-

ction between higher noise levels and a higher A 𝛽 burden ( Slifstein and

aruelle, 2000 ). 

In general, the present results are well in line with previous amy-

oid PET studies, although for some methods, such as RPM and SUVR in

ase of [ 18 F]flutemetamol, the bias was larger than previously reported

 Heurling et al., 2015 ). For example, previous work has demonstrated

n overestimation of SUVR compared with BP ND or DVR obtained using

lasma input modelling (the gold standard) ( Berckel BNM van et al.,

013 ; Verfaillie et al., 2021 ; Heurling et al., 2015 ; Becker et al., 2013 ;

ttoy et al., 2017 , Heeman et al., 2020 ). Since the reference method
5 
sed in the present study (regional RLogan) is known to underesti-

ate true binding ( Berckel BNM van et al., 2013 ; Verfaillie et al., 2021 ;

eurling et al., 2015 ; Heeman et al., 2020 ), this could explain the larger

evels of bias observed in SUVR and RPM, compared with those reported

y Heurling and colleagues ( Heurling et al., 2015 ). However, given that

he regional implementation of RLogan is less sensitive to noise com-

ared with its parametric counterpart, and the A 𝛽 burden covered by

he CU participants is expected to be slightly lower than what is typ-

cally observed in AD patients, limited impact on the results was ex-

ected. With respect to both quantitative and visual performance of

he various MRTM implementations, considerable between-tracer differ-

nces have been reported previously ( Yaqub et al., 2008 ; Verfaillie et al.,

021 ; Heurling et al., 2015 ; ( Becker et al., 2013 ). These differences in

erformance may be explained by the application (or lack) of pre- or

ost-reconstruction smoothing filters and differences in scanner resolu-

ion ( Yaqub et al., 2008 ; Verfaillie et al., 2021 ; Heurling et al., 2015 ;

ecker et al., 2013 ). Finally, small differences in the performance of

arametric methods compared with previous reports can also be at-

ributed to specific choices in processing and analysis pipelines, such

s differences in SUVR uptake times, both starting and boundary values

f fitting parameters, reference tissue selection and/or the inclusion of

ubcortical regions ( Heurling et al., 2015 ; Becker et al., 2013 ). Of note,

or a few data points, large differences were observed between MRTM2

nd the regional standard in case of [ 18 F]flutemetamol ( Fig. 3 A). All

hese data points belonged to a single subject and no large differences

ere observed for any of the other methods. Unfortunately, there is no

bvious reason why data for this subject were different only for MRTM2.

Overall, the aim of this study was to evaluate different paramet-

ic methods on three different aspects. Regarding the first: visual as-

essment of parametric images , few image artefacts were observed for

Logan, RPM, SRTM2, SUVR and MRTM0, facilitating visual assess-

ent. Furthermore, with respect to the tracer distribution, RPM and

RTM2, followed by MRTM0 images, appear most suitable. On the other

and, SUVR images showed high uptake in grey as well as white mat-

er regions, increasing the risk of false positives, while RLogan images

howed clearest underestimation of the A 𝛽 burden, increasing the risk

f false negatives, especially for [ 18 F]flutemetamol ( Fig. 1 ). Therefore,

PM and SRTM2 appear to be the methods of choice for visual assess-

ent, followed by MRTM0. The second aspect was the ability to differ-

ntiate between A 𝛽-positive and A 𝛽-negative scans . For both tracers, all

ethods could detect significant differences between A 𝛽-positive and

 𝛽-negative scans based on DVR or SUVR measures and were therefore

onsidered suitable for this purpose. However, RPM, SRTM2 and SUVR

rovided highest AUC values, making these the preferred methods for

etecting more subtle differences in A 𝛽 burden, followed by MRTM0

nd MRTM1. Regarding the third aspect, quantitative accuracy and pre-

ision , methods should show a high correlation and low bias (indepen-

ent of underlying A 𝛽 burden) compared with the regional standard

nd low measurement variability. With respect to the first characteris-

ic, all methods, except from MRTM2, would be considered appropriate,

s all of them showed excellent correlations with the regional standard

 R 

2 ≥ 0.87). Regarding the second, only MRTM0 and MRTM1 showed

oth minimal and constant bias ( < 5%), while all other methods showed
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Fig. 2. Correlations between outcome measures of all parametric methods 

and the regional standard for [ 18 F]flutemetamol and [ 18 F]florbetaben 

Correlations shown for A) [ 18 F]flutemetamol and B) [ 18 F]florbetaben, with re- 

gional RLogan DVR as regional standard for all regions of interest (ROIs). ROIs 

are colour coded based on the A 𝛽 status of the scan they belong to, i.e. A 𝛽- 

positive = red, A 𝛽-negative = blue. The dashed line corresponds to the line of 

identity and the solid line corresponds to the regression line. 

Fig. 3. Bland-Altman plots showing the agreement between outcome 

measures of all parametric methods and the regional standard for 

[ 18 F]flutemetamol and [ 18 F]florbetaben 

Bland-Altman plots for A) [ 18 F]flutemetamol and B) [ 18 F]florbetaben, showing 

the absolute difference between outcome measure of each parametric method 

and regional RLogan DVR for all regions of interest (ROIs). ROIs are colour- 

coded based on the A 𝛽 status of the scan they belong to, i.e. A 𝛽-positive = red, 

A 𝛽-negative = blue. The dashed horizontal line corresponds to the average bias, 

the dotted horizontal lines correspond to the upper and lower limit of the 95% 

Limits of Agreement for all scans and the solid line to the linear regression of 

the BA data-points. ∗ ∗ ∗ p < 0.001, ∗ ∗ p < 0.01, ∗ p < 0.05. 
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 larger and/or proportional bias to a certain degree. Finally, lowest

ariability, as shown by the Limits of Agreement of the BA analyses

 Fig. 3 ), was observed for MRTM0 and MRTM1, followed by paramet-

ic RLogan, SRTM2 and RPM, in case of [ 18 F]florbetaben. Therefore,

RTM0 and MRTM1 appear to be the most suitable methods with re-

pect to accuracy and precision. 

Of the preferred methods from the first and second aspect, RPM

nd SRTM2 have the additional benefit of providing a measure of rela-

ive perfusion ( R 1 ) compared with the MRTM implementations. In the

resent study, R 1 yielded only low AUC values for differentiating be-

ween A 𝛽-positive and A 𝛽-negative scans. However, this finding was ex-

ected, as a cognitively unimpaired population was studied and changes

n neuronal function and CBF tend to manifest at a later stage in the dis-

ase than A 𝛽 accumulation ( Jack et al., 2010 ). 

A limitation of this work is the lack of a direct comparison with

he gold standard, plasma input modelling, to determine quantitative

ccuracy and precision, which could be done by future studies. No

arge differences would be expected, as several studies have shown

hat reference tissue approaches are adequate for quantification com-

ared with the (plasma input) gold standard ( Verfaillie et al., 2021 ;

eurling et al., 2015 ; Price et al., 2005 ). In addition, good results have

een reported previously for RLogan in terms of correlation and bias

ompared with the gold standard and its robustness against confound-

ng factors ( Heeman et al., 2021 ; Nelissen et al., 2009 ). Furthermore,

he performance of the parametric methods was evaluated using cogni-

ively unimpaired subjects only. To cover a range of A 𝛽 burden, 50%

 𝛽-positive and 50% A 𝛽-negative subjects were selected. Nonetheless,

he upper end of this range may be slightly lower than what is typi-

ally observed in AD dementia patients. It should be noted that, as the

ubjects scanned according to a dual-time window protocol will unlikely

nclude patients with severe cognitive impairment (given that this is not

he target population for clinical trials or studies measuring disease pro-

ression), the present range of A 𝛽 burden was considered appropriate

or the goal of this study. 

onclusions 

The preferred parametric methods for voxel-based amyloid quan-

ification of [ 18 F]flutemetamol and [ 18 F]florbetaben dual-time window

tudies differed per evaluated aspect, but were relatively comparable be-

ween tracers. Compared with the reference standard method, regional

Logan, the best compromise across aspects was found for MRTM0, fol-

owed closely by SRTM2 which has the advantage of also providing R 1 .

iven the current interest in R 1 , SRTM2 would be the preferred para-

etric method. 
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