
Received: 30 September 2020 Revised: 21 January 2021 Accepted: 31 January 2021

DOI: 10.1002/alz.12317

R E S E A RCH ART I C L E

AMYQ: An index to standardize quantitative amyloid load
across PET tracers

Jordi Pegueroles1,3 VictorMontal1,3 Alexandre Bejanin1,3

Eduard Vilaplana1,3 Mateus Aranha1,3 Miguel Angel Santos-Santos1,3

Daniel Alcolea1,3 Ignasi Carrió2 Valle Camacho2 Rafael Blesa1,3

Alberto Lleó1,3 Juan Fortea1,3 for the Alzheimer Disease Neuroimaging Initiative*

Australian Imaging, Biomarkers and Lifestyle Research Group#

1 Sant PauMemory Unit, Department of

Neurology, Hospital de la Santa Creu i Sant

Pau, Biomedical Research Institute Sant Pau,

Universitat Autònoma de Barcelona,

Barcelona, Spain

2 Department of NuclearMedicine, Hospital de

la Santa Creu i Sant Pau, Universitat Autònoma

de Barcelona, Barcelona, Spain

3 Centro de Investigación Biomédica en Red

sobre Enfermedades Neurodegenerativas

(CIBERNED), Madrid, Spain

Correspondence

JuanForteaOrmaechea,MemoryUnit,Depart-

mentofNeurology,Hospital of SantPau. Sant

AntoniMaríaClaret, 167. 08025.Barcelona.

Spain.

Email: jfortea@santpau.cat

*Dataused inpreparationof this article

wereobtained fromtheAlzheimer’sDis-

easeNeuroimaging Initiative (ADNI) database

(adni.loni.usc.edu). As such, the investigators

within theADNI contributed to thedesignand

implementationofADNIand/orprovideddata

butdidnotparticipate in theanalysis orwrit-

ingof this report.A complete listingofADNI

investigators canbe foundat: http://adni.loni.

usc.edu/wp,content/uploads/how_to_apply/

ADNI_Acknowledgement_List.pdf
#https://aibl.csiro.au/about/

aibl-research-team

Abstract

Introduction: Positron emission tomography (PET) amyloid quantification methods

require magnetic resonance imaging (MRI) for spatial registration and a priori refer-

ence region to scale the images. Furthermore, different tracers have distinct thresh-

olds for positivity. We propose the AMYQ index, a newmeasure of amyloid burden, to

overcome these limitations.

Methods: We selected 18F-amyloid scans from ADNI and Australian Imaging,

Biomarker & Lifestyle Flagship Study of Ageing (AIBL) with the corresponding T1-MRI.

A subset also hadneuropathological data. PET imageswere normalized, and theAMYQ

was calculated based on an adaptive template.We comparedAMYQwith theCentiloid

scale on clinical and neuropathological diagnostic performance.

Results: AMYQwas related with amyloid neuropathological burden and had excellent

diagnostic performance to discriminate controls from patients with Alzheimer’s dis-

ease (AD) (area under the curve [AUC] = 0.86). AMYQ had a high agreement with the

Centiloid scale (intraclass correlation coefficient [ICC]= 0.88) and AUC between 0.94

and 0.99 to discriminate PET positivity when using different Centiloid cutoffs.

Discussion: AMYQ is a newMRI-independent index for standardizing and quantifying

amyloid load across tracers.

KEYWORDS

Alzheimer’s disease, amyloid burden standardization, amyloid pet, amyloid pet quantification,
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1 INTRODUCTION

Amyloid beta (Aβ) is one of the pathophysiological markers of

Alzheimer’s disease (AD).1,2 Amyloid imaging with positron emission

tomography (PET) enables the in vivo evaluation of Aβ deposition in
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the brain.3–5 Several radiotracers have been developed for this pur-

pose. 11C-Pittsburgh compound B (PiB), the first tracer, has been used

widely since its inception.5 However, due to the short half-life of car-

bon11, several fluorine-18 (18F)–labeled radioligandswere developed:
18F-AV45, 18F-Florbetaben, or 18F-Flutemetamol. These PET tracers
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have proved to be a reliable alternative with wider application, and

have therefore been accepted by theUSFood andDrugAdministration

(FDA) and the EuropeanMedicines agency (EMA).4,6,7

Quantification of amyloid deposition in the brain is generally per-

formed using a standardized uptake value ratio (SUVr).8 This method-

ology is used widely in both cross-sectional and longitudinal amyloid

PET studies.9–12 However, it has some requirements and presents sev-

eral caveats. First, this procedure depends on two regions of interest,

one target cortical region in which to quantify amyloid and one refer-

ence region that should not be susceptible to amyloid pathology, used

to intensity scale the PET images.13 The choice of the reference region

is a source of variability, yielding different SUVr depending on which is

used.13,14 Second, due to the low anatomical information of the amy-

loid PET images, the SUVr methodology typically requires an individ-

ual 3D magnetic resonance image (MRI) for spatial normalization and

segmentation.15 Finally, the different amyloid tracers are not directly

comparable and have different thresholds for amyloid positivity.15,16

To overcome these limitations, the Centiloid Working Group was

createdwith the aim of scaling all non-standardmethodologies of amy-

loid PET quantification into a standard Centiloid scale.17 This scale has

shown good results across the different amyloid tracers.16,18–22 The

Centiloid scale has been tested against the neuropathological results

to determine amyloid positivity thresholds.19,23,24 However, the trans-

formation of the SUVr values into Centiloid requires a structural MRI,

a reference region, and a set of linear transformations.

Given that structural MRI is not systematically available, and that

MRI motion artifacts could influence the accuracy of region of inter-

est (ROI) definition,25 MRI-independent approaches have been devel-

oped recently to quantify amyloid deposition based on a spatial

normalization process that does not require MRI.26,27 Some authors

have proposed automated adaptive template methods, where a com-

bination of different images is used to create a single template to mit-

igate the bias when a mean-single template is used.28–33 However,

the methodologies developed thus far do not obtain standard amyloid

measures across different tracers.

Our objectives were to develop a methodology that would be able:

(1) to normalize amyloid PET data without the use of MRI, and (2) to

quantify amyloid deposition in a reproducible manner across tracers

(AMYQ), that does not require the use of a priori reference regions,

or transformations between tracers. We assessed the relationship of

AMYQwith standard neuropathological scales, and we compared it to

the commonly used Centiloid scale.

2 METHODS

2.1 Participants

We selected a total of 751 subjects with available 18F-AV45 PET scans

and 225 subjects with available 18F-Florbetaben PET scans from the

Alzheimer’s Disease Neuroimaging Initiative (ADNI) cohort and 198

subjects from the Australian Imaging, Biomarker & Lifestyle Flagship

Study of Ageing (AIBL) data set with available 18F-Flutemetamol PET

scans. Participants were cognitive normal, had mild cognitive impair-

ment (MCI), or an AD dementia diagnosis. All participants had a 3T

RESEARCH INCONTEXT

1. Systematic review: The literature was reviewed using

PubMed to identify publications on methodologies of

quantification of amyloid positron emission tomography

(PET) imaging.

2. Interpretation: This work proposes a new index that

overcomes some of the limitations and practical difficul-

ties that have limited the implementation of amyloid PET

quantification methods in clinical practice. AMYQ is con-

sistent across tracers and does not require MRI or the

definition of a priori reference and cortical regions of

interest. These featureswould facilitate its use in the clin-

ical practice.

3. Future directions: Standardization of the quantification

of amyloid burden across PET tracers is essential in

Alzheimer’s disease (AD) studies. The proposed method-

ology should be replicated in other amyloid PET samples

and longitudinal sensitivity should be assessed in order to

establish the validity of this measure.

T1-weighted MRI obtained <1 year apart from the PET acquisition.

More details about acquisition and pre-processing steps on PET and

MRI data can be found at adni.loni.usc.edu and aibl.csiro.au.

2.2 Neuropathology assessment

Twenty-six subjects with 18F-AV45 PET had also a neuropathologi-

cal assessment in ADNI (the mean interval between PET acquisition

and death was 0.93 + -0.26 years). Pathological data included several

amyloid quantification scales: the Consortium to Establish a Registry

for Alzheimer’s Disease (CERAD) score,34 the Thal phase pathologic

criteria,35 and the Alzheimer’s disease neuropathic change (ADNC).36

TheCERADscore reflects the amyloid plaque density, particularly neu-

ritic plaques in selected cortical areas, whereas the Thal phases reflect

the topography of the amyloid plaques. This last assessment does not

distinguish between compact and diffuse amyloid deposits. The ADNC

is a composite score that uses theCERAD score and the Thal andBraak

neurofibrillary tangle stages to classify the ADNCs. More information

can be found at adni.loni.usc.edu.

2.3 Image processing with MRI

All PET images were co-registered to their corresponding MRI using

a rigid body registration and warped into the Montreal Neurological

Institute (MNI) space using an MRI-based affine transformation fol-

lowed by a non-linear registration using the Advanced Normalization

Tools (ANTs) software.37 SUVrs were calculated from the spatially

normalized images using the defined cortical volume of interest as a

composite and the whole cerebellum plus brainstem as the reference

region.14,17 Finally, SUVrs for the different tracers were transformed
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F IGURE 1 (A) Flow-chart of the template creation. (B) Adaptive template pipeline to normalize PET scans to theMNI space. (1) Affine
transformation from native space to theMNI with the first component of the template. (2) Entering in the normalization optimization process.
(3) and (4) Optimize the β0 and β1 to create an adaptive template that minimize the error with the individual PET. (5) Non-linear transformation to
refine the normalization with the template. Steps 3, 4, and 5 are repeated until betas do not change

into the Centiloid scale (Supplementary Material). Of note, we also

tested other volumes of interest provided by the Centiloid working

group (http://www.gaain.org/Centiloid-project; Supplementary

Material).

2.4 Template creation

To normalize the amyloid PET scans to the MNI regardless of MRI, we

createdaPET template in theMNI space. For each tracer,we iteratively

and randomly selected 50 subsamples of MNI-normalized and scaled

PET images of 15 controls, 10 MCI, and 15 AD subjects. For each sub-

sample, we applied a principal component analysis (PCA) to obtain the

main components. The final PCA template for each tracer was created

as the mean of the 50 permutations of the previously obtained com-

ponents. For all three tracers, the first two components of the PCA

explained >90% of the variance of the data (Figure 1A). The visual

inspection of each component identified the first component (PC0) as

the non-specific binding of the amyloid tracer (ie, mainly white matter

binding), whereas the second one (PC1) represented the specific cor-

tical binding. More details about template creation are provided in the

SupplementaryMaterial.

2.5 Image processing with adaptive template and
AMYQ index

All 1174 individual amyloid PET scans were normalized to the MNI

space using a linear combination of the two components of the PCA

template. Figure 1B shows the complete process. The native PET image

was initially normalized with an affine registration to the PC0 using

mutual information as similarity measure. To refine the normalization

to MNI space, we performed an optimization process. First, we gen-

erated a subject-specific adaptive template optimizing the two betas

of the two principal components of the PCA template (β0 for the non-

specific component, and β1 for the cortical component) by maximizing

the global correlationbetween the voxel intensities of the spatially nor-

malized amyloid PET image and the adaptive template. Therefore,

PETMNI-normalized = 𝛽0 ∗ PC0 + 𝛽1 ∗ PC1

We then repeated the normalization step using the generated adap-

tive template using non-linear transformation from ANTs. Then we

recomputed the betas to generate a new adaptive templatewithwhich

to again normalize the images. This process was iteratively conducted

until the betas were optimized and did not change from the previous

normalization step. The algorithm finally created aunique amyloid-PET

template for each subject using the optimal estimated betas for each of

the two components of the template.

We assessed the normalization procedure of each tracer with the

corresponding tracer-specific template (ie, data-driven specific and

unspecific binding), but we also used the different tracer-specific

templates in the other tracer subsamples. We compared the global

Pearson’s correlation between templates, and they showed high

correspondence between their specific and unspecific binding com-

ponents (Supplementary Material). The 18F-Flutemetamol template

outperformed the two other templates (ie, higher agreement with

the Centiloid scale) in all subsamples. Therefore, we present the

results using the PCA template created using 18F-Flutemetamol for

all the analyses. For completeness, the results using the two other two

templates are shown in the SupplementaryMaterial.

The AMYQ index was determined as the β1/β0 ratio. We used the

first component (or PC0) as a data-driven reference region to scale the

cortical component and the second (or PC1) as the data-driven region

http://www.gaain.org/Centiloid-project
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in which to measure amyloid deposition. The ratio was then trans-

formed into a 100-point scale using the same approach as that used by

Klunk et al.17 Taking advantage of the 18F amyloid data set fromGlobal

Alzheimer’s Association Interactive Network (GAAIN),20–22 we calcu-

lated themean β1/β0 ratio in the young controls and in theADpatients.

The β1/β0 ratio of the young controls was mean centered to 0 AMYQ

and to 100 AMYQ in AD patients. Thus the AMYQ for each individual

was defined as:

AMYQ = 100 ∗
𝛽1∕𝛽0ind − 𝛽1∕𝛽0YC
𝛽1∕𝛽0AD − 𝛽1∕𝛽0YC

As with the Centiloid scale, higher values of AMYQ represent high

amyloid burden (ie, AD subjects mean scaled to 100 AMYQ), whereas

values around zero represent low amyloid burden (ie, young controls

mean scaled to zero). AMYQ, as the Centiloid scale, can exceed these

limits.

2.6 Statistical analysis

Analyseswere performedwith theR statistical software (v 3.6.3; https:

//www.r-project.org). To assess the quality of the spatial normaliza-

tion of the adaptive templatemethodology, we computed the similarity

structural image similarity (SSIM)38 index between the two normalized

images.

To assess the relationship of AMYQ with post-mortem amyloid

deposition, we computed the Spearman correlation between the four

neuropathologic scales and both the AMYQ and the Centiloid scores.

Kruskal-Wallis and Dunn tests were performed to test differences

with the neuropathologic assessments for both measures. In addition,

paired Wilcoxon signed-rank tests were performed within each score

of the neuropathological scales to test differences betweenAMYQand

Centiloid measures.

To derive AMYQ thresholds, receiver-operating characteristic

(ROC) curves were calculated to assess the ability of AMYQ and Cen-

tiloid to distinguish between controls and AD dementia patients in

the three subsamples separately, and in the combined amyloid sample.

Youden indexwas used to establish the optimal thresholds. In addition,

the DeLong test was used to compare the performance of both amy-

loid measures to distinguish controls from AD. Then, between-clinical

group effect sizes (Hedges g) were calculated for both AMYQandCen-

tiloid measures.

To assess the agreement between AMYQ and Centiloid, we com-

puted the ICC between both metrics for each tracer separately and

in the combined amyloid sample. In addition, Bland-Altman plots were

used to compare both metrics. Finally, ROC curves were conducted to

assess the power of AMYQ to discriminate between positive and nega-

tive amyloid-PET scans. To dichotomize the data into amyloid-positive

and amyloid-negative individuals, we used a Centiloid cutoff of 12.2,

which has been reported to identify Aβ-detectable Thal phases and to
identify “moderate/frequent”CERADamyloid burden.24 Other thresh-

olds were also used and are reported in the SupplementaryMaterial.

3 RESULTS

3.1 Participants

PET images were successfully normalized with the adaptive template

in 1148 subjects (of 1174) in contrast to the 1106 scans (of 1174),

whichwhere correctly warped to theMNIwith theMRI-based normal-

ization. Of note, 12 subjects failed with both methodologies; 56 failed

only with the MRI-based normalization, whereas only 14 failed partic-

ularly with the adaptive template approach. Details on the normaliza-

tion failure are provided in the SupplementaryMaterial. Therefore, the

normalizationprocesswas successfulwith bothmethodologies in 1092

subjects. Table 1 summarizes the demographics of these 1092 partici-

pants included in the subsequent analyses: 434 (39.7%) were cognitive

normal, 505 (46.3%) had MCI, and 153 (14.0%) had an AD dementia

diagnosis.

3.2 Assessing quality control of normalization
procedure

The estimated similarity between the spatially normalized PET images

warped using MRI and the PCA template was accurate across trac-

ers (SSIMAV45= 0.85 + −0.06, SSIMFlorbetaben= 0.85 + −0.05, and

SSIMFlutemetamol= 0.91+−0.04.

3.3 AMYQ correlates with the different
neuropathological scales

Figure 2 shows the distribution of AMYQ and Centiloid scores

across the different post-mortem amyloid quantifications. Both mea-

sures increased significantly with higher scores in the four neu-

ropathologic scales (ρAMYQ= 0.474, ρCentiloid= 0.562; ρAMYQ= 0.443,

ρCentiloid= 0.551; ρAMYQ= 0.392, ρCentiloid= 0.546; and ρAMYQ= 0.610,

ρCentiloid= 0.660 for Thal phases, ADNC, and CERAD neuritic and dif-

fuse, respectively).

AMYQ and the Centiloid scale showed similar results in all the

amyloid neuropathological stages. There were no statistically signifi-

cant differences between the Thal phase 0 and phase 1, “none” ver-

sus “low” ADNC, or “none” versus “sparse” amyloid pathology using

CERAD. Both AMYQ and Centiloid showed differences with the other

Thal phases, when compared with Thal phase 0 or “none” pathology

(P = .025 and P = .022 vs phase 4; P = .025 and P = .013 vs phase

5); with the ADNC scores (P = .012 and P = .010 vs “intermediate”;

P = .024 and P = .015 vs “high”); and for both CERAD neuritic “fre-

quent” (P= .029 and P= .005), and diffuse “frequent” plaques (P= .020

and P = .014 for AMYQ and Centiloid, respectively). The Wilcoxon

ranked test did not reveal significant differences between AMYQ and

the Centilod scales in any of the scores of the four neuropathological

scales.

https://www.r-project.org
https://www.r-project.org
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F IGURE 2 Boxplots showing the distribution of the AMYQ and
Centiloid measures through the different neuropathological scales
Thal phases, AD neuropathological change (ADNC), CERAD neuritic
plaques, and CERAD diffuse plaques. *Indicates significant differences
between scores of the different scales with bothmeasures (AMYQand
Centiloid) at P< .05

3.4 AMYQ distinguishes between clinical groups

The ROC curve using AMYQ for the discrimination between clinical

groups did not show significant differences between AMYQ and the

Centiloid scales. Both showed a good performance across the three

tracers for the discrimination between controls and AD dementia

patients. The effect sizes for between-group comparisons were simi-

lar acrossmethods and tracers (Table 2). Both AMYQand the Centiloid

scale had high accuracy in the discrimination between controls and AD

dementia patients in the combined amyloid sample (AUCAMYQ= 0.84,

AUCCentiloid= 0.86, P > .05). The threshold for positivity derived from

the Youden index were 48.9 for AMYQ and 41.9 in the Centiloid scale.

3.5 Good agreement between the AMYQ and
Centiloid scales

The AMYQ index had a high agreement with the Centiloid for

the different PET tracers separately (Figure 3; ICCAV45= 0.88,

ICCFlorbetaben= 0.88, and ICCFlutemetamol= 0.89), and in the combined

sample (ICC = 0.88). The Bland-Altman plot showed a bias of vari-

ances across the measurement range (P < .001). When stratifying by

amyloid positivity (as determined by a 12.2 Centiloid), the negative

subsample showed a wider heterogeneity within the range of values

(r = −0.71; P < .001), whereas no bias was found in the positive sub-

sample (r= 0.08; P> .05).
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F IGURE 3 In the upper row, scatterplots showing the agreement between the AMYQ and Centiloid scales in the three tracer subsamples
(from left to right: AV45, Florbetaben, and Flutemetamol) and the overall sample (on the right). In the lower row, Bland-Altman plots showing the
difference between Centiloid and AMYQby tracer and in the overall sample

The discriminatory power of AMYQ to detect amyloid positivity

was very high in the combined sample and in the three samples sep-

arately (AUCCombined= 0.94, AUCAV45= 0.94, AUCFlorbetaben= 0.97,

and AUCFlutemetamol= 0.89). An AMYQ threshold of 15.6 discriminated

between amyloid positivity groups, with 92% specificity and 84% sen-

sitivity in the combined sample. The aforementioned PET-positivity

threshold of 15.6 AMYQ had a sensitivity of 86% and a specificity of

68% in the discrimination between controls and AD dementia patients

in the overall sample. Of note, other established Centiloid thresholds

to determine PET positivity23,39 yielded AUCs of AMYQ between 0.97

and 0.99 (SupplementaryMaterial).

4 DISCUSSION

The AMYQ index is a new metric to quantify brain amyloid load that

does not require an MRI. AMYQ can be immediately computed in

the nuclear medicine departments after the amyloid PET acquisition,

providing a quantitative assessment that could help in clinical prac-

tice, which currently usually relies only on a visual read. Furthermore,

AMYQ is interchangeable across tracers, and thus provides a standard-

ized measure for amyloid quantification that could facilitate the com-

parison of studies in which different tracers are used and in clinical

practice.

AMYQ is based on a synthetic amyloid template generated using

PCA. The topographical pattern of this template is in agreement with

previous tracer-specific works where one component represents the

unspecific binding, mostly comprising white matter regions, and a

second component that shows the neocortical uptake.32,33 Applying

a linear combination of the specific and non-specific components by

iteratively optimizing the weights of the two components of the PCA

template, we created a unique adaptive template for each amyloid

scan that will work as standard space to warp the individual image.

By computing the ratio between these two weights, we obtained

a measure of amyloid burden that accounts for the differences of

intensity scale between PET acquisitions. One of the main advantages

of this methodology is that it does not depend upon predefined flat

(non-weighted) regions of cortical load or reference region to scale

the PET. It is important to note that the weighted data-driven regions

derived from the PCA analysis allow the assigning of more weight to

key spatial regions related with the amyloid uptake pattern (eg, for

the precuneus or medial frontal regions). Therefore, this approach

removes the variability associatedwith the selection of distinct regions

(both the reference region and the cortical region), and facilitates the

harmonization between methods. To ensure the robustness of our

results, we created a data-driven template for each tracer and com-

pared the performance of each template onto all subsamples. All had

good performances when applied to the other tracers, which is not
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surprising given that all tracers have been related with Aβ neu-

ropathology and share both the specific and unspecific binding (as

shown in Supplementary Material). The 18F-Flutemetamol template

had a higher non-specific binding in the white matter than the other

two tracers, as described previously.11,40–42 In this respect, a recent

study using fluorodeoxyglucose (FDG)-PET, reported a remarkable

biaswhen intensity normalizationmethodswere used (instead of data-

driven methods), and recommended the use of reference regions with

large volume and good stability.43 Accordingly, the data-driven refer-

ence regions derived from the 18F-Flutemetamol subsample proved

to be superior to those derived from the other two subsamples. It is

important toemphasize thatAMYQ,which canbeassimilated toadata-

driven SUVr, is based in larger and more stable cortical and reference

regions than those commonly used in a priori reference regions.11–13,15

AMYQ was related to post-mortem amyloid pathology, both with

CERAD the Thal phases, thus indicating that AMYQ is related with

not only the abundance of neuritic plaques but also with the spatial-

temporal distribution of amyloid deposition. The correlation between

post-mortem amyloid pathology and the AMYQ and Centiloid scales

was similar, and in agreement with previous Centiloid reports.21,23,24

These data highlight the association between the amyloid PET quanti-

tative measure and the severity of the neuropathology staging, which

supports the concept of monitoring AD disease progression through

amyloid PET.

The discriminatory power of AMYQ when differentiating between

AD dementia patients and controls showed excellent accuracy, equiv-

alent to that of the Centiloid scale. For all three tracers, the AMYQ

and the Centiloid scale index showed similar effect sizes and AUC

to discriminate between the different diagnoses. In previous studies,

Whittington et al.33 have shown a very good diagnostic performance

of their amyloid load measure in 18F-AV45 samples. Their measure

showed a higher sensitivity than the commonly used SUVr in all

comparisons.33,44 Of note, in the 18F-AV45 subsample of our work,

AMYQ showed effect sizes similar to those reported by the Whitting-

ton measure. The agreement between the AMYQ and Centiloid values

was excellent, both when assessed for the three tracers separately and

when assessed in the combined sample. This yielded similar thresholds

for AMYQ and the Centiloid scale when comparing controls and AD

dementia patients. Of note, the thresholds were similar to those

reported in other studies using the Centiloid scale.45 Of note, these

thresholds were also similar to those reported when assessing agree-

mentwithCSF p-Tau/Aβ42 and t-Tau/Aβ42 ratios in theADNI cohort.39

Despite the high correspondence betweenmeasures, we observed dis-

sociation of values between the AMYQ and Centiloid in the subsample

with low amyloid burden, but not in the amyloid-positive range.

The ability of AMYQ to detect amyloid positivity using different

Centiloid cutoffs was also very high, with AUCs systematically above

0.94 in the overall sample and in the three subsamples separately.

Using the Centiloid cutoff of 12.2 as the gold standard (this cutoff

has been proposed to differentiate none/sparse from moderate/high

CERAD scores and to identify Aβ-detectable Thal phase),24 our analy-
ses identified a very similar cutoff of 15.6 for AMYQ.When this thresh-

old was used to differentiate patients with clinical diagnosis of AD
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dementia from controls, it proved very sensitive but with lower speci-

ficity for both scales; this low specificity is probably due to the high per-

centage of controls with amyloid pathology (40.8%). Higher Centiloid

thresholds, between 23.5 and 26.0, might be better suited to identify

intermediate/higher ADNC24 and, importantly, to correlatewith visual

reads.23,39

Automated adaptive template methods have been used typically to

normalize amyloid PET images, but not to replace the use of refer-

ence region to scale the intensity of the image. One of the most widely

used methodologies to normalize amyloid PET without MRI is the

CapAIBL,18,19,28 which reported excellent normalization results. Oth-

ers have also reported an improved normalization using their respec-

tive adaptive templates in 18F-Flutemetamol scans32,46 or 11C-PiB.26

The PCA-template normalization showed a good similarity with the

MRI normalization, and showed very good agreement between SUVr in

the three tracer subsamples and similar performance to thosemethods

reported in the literature.

The advantage of AMYQover the aforementioned automated adap-

tive template methods is that it provides a quantitative assessment

of the amyloid load that does not require MRI and is interchange-

able across tracers. Thus, AMYQ can be immediately computed in the

nuclear medicine departments after the amyloid PET acquisition, and

be used to complement the visual read. Visual reads have been clas-

sically implemented as a binary assessment. However, the number of

borderline cases is non-negligible and, considering that the subthresh-

old Aβ positivity could be indicative of faster AD pathology accumu-

lation, the dichotomization may overlook those at-risk individuals.47

Thus, AMYQ could aid in clinical practice as an immediate tool for PET

quantification readily available at the nuclearmedicine department. By

using AMYQ, the practical difficulties imposed by the need ofMRI usu-

ally acquired in a different visit in a different department or center,

whichhave contributed to the limited implementationof quantification

methods in clinical practice,48 are avoided.

Some limitations should be considered. First, this work proves that

the AMYQ index is consistent using different templates randomly gen-

erated fromawide heterogeneous sample, but does not discard bias on

homogenous samples. To determine whether the use of the “universal”

Flutemetamol template is preferable over a single tracer template, we

would require calculatingAMYQindices in a sample submittedwithdif-

ferent radiotracers and PET scanners. Such samples were not available

in this study. In addition, this work does not definitely solve whether

the “universal” template should always be used instead of a specific

template created for a particular study. The later approachmight prove

to be more accurate within a specific cohort, but it could compromise

the comparability of the indices calculated. Second, the relationship

between AMYQ and Centiloid in the amyloid-negative subjects should

be further explored against a pathological gold standard. Moreover,

this index has not been assessed in cohorts with other amyloid trac-

ers such as 18F-NAV-469 or 11C-PiB and it should be tested in other

replication cohorts to validate the reported thresholds, and evaluated

longitudinally to assess its sensitivity to change in timeas this is a cross-

sectional study. Despite the big sample size in some of the analysis,

most of the sample had absence of neuropathological confirmation,

which was in addition restricted to the 18F-AV45 subsample. Further

analyseswith larger sample sizewith neuropathological data should be

assessed. Finally, Centiloid is widely used in research settings. While

AMYQcouldbequickly implemented innuclearmedicinedepartments,

its use in research settings in whichMRIs are usually acquired simulta-

neously will depend on its validation and proof of potential additional

advantages, such as tomeasure longitudinal amyloid load or to capture

early amyloid deposition.

In summary, our study provides a new index of global amyloid load

that does not require a structuralMRI and is independent from a priori

reference regions. AMYQ could be used directly in clinical practice to

quantify amyloid load consistently across amyloid tracers.
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SUPPORTING INFORMATION

Additional supporting informationmay be found online in the Support-

ing Information section at the end of the article.
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