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Abstract

INTRODUCTION: Assessing the potential sources of bias and variability of the

Centiloid (CL) scale is fundamental for its appropriate clinical application.

METHODS: We included 533 participants from AMYloid imaging to Prevent

Alzheimer’s Disease (AMYPAD DPMS) and Alzheimer’s Disease Neuroimaging Ini-

tiative (ADNI) cohorts. Thirty-two CL pipelines were created using different com-

binations of reference region (RR), RR and target types, and quantification spaces.

Generalized estimating equations stratified by amyloid positivity were used to assess
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2 SHEKARI ET AL.

the impact of the quantification pipeline, radiotracer, age, brain atrophy, and harmo-

nization status on CL.

RESULTS: RR selection and RR type impact CL the most, particularly in amyloid-

negative individuals. The standard CL pipeline with the whole cerebellum as RR is

robust against brain atrophy and differences in image resolution, with 95% confidence

intervals below± 3.95 CL for amyloid beta positivity cutoffs (CL< 24).

DISCUSSION: The standard CL pipeline is recommended for most scenarios. Confi-

dence intervals should be considered when operationalizing CL cutoffs in clinical and

research settings.

KEYWORDS

age, Alzheimer’s disease, amyloid PET accuracy, biomarker validation, brain atrophy, clini-
cal applications, clinical trials, context of use, diagnosis, disease-modifying therapies, image
harmonization, radiotracers, white matter

Highlights

∙ We developed a framework for evaluating Centiloid (CL) variability to different

factors.

∙ Reference region selection and delineation had the highest impact on CL values.

∙ Whole cerebellum (WCB) and whole cerebellum plus brainstem (WCB+BSTM) as

reference regions yielded consistent results across tracers.

∙ The standard CL pipeline is robust against atrophy and image resolution variation.

∙ Estimated within- and between-pipeline variability (95% confidence interval) in

absolute CL units.

1 BACKGROUND

Positron emission tomography (PET) imaging enables the measure-

ment of cerebral amyloid beta (Aβ) pathology load and spread, a

defining characteristic of Alzheimer’s disease (AD). In addition to visual

read (VR) assessment, quantification of Aβ PET is used in clinical

trials studying anti-Aβ disease-modifying therapies; thus, it is being

considered for clinical use.1

The quantification of amyloid PET is usually performed through the

standard uptake value ratio (SUVr), the ratio between an amyloid-avid

region of interest (ROI) and a reference region (RR), devoid of specific

binding sites. However, SUVr values are not comparable when using

dissimilar tracers, ROIs, or image-processing algorithms (also known as

“pipelines”).2 To overcome these limitations, the Centiloid (CL) method

was proposed to render standard units of Aβ load that is insensitive

to these confounders.3 The availability of standard units enables the

derivation of generalizable CL cutoffs that can be applied in clinical

and research settings. For example, CL values below10–12 are optimal

for ruling out the presence of amyloid pathology, whereas CL values

over 30 relate to established Aβ pathology.4–6 Clinical trials of anti-Aβ
disease-modifying treatments have shown reductions of 65–90 CL.7

Notably, the U.S. Food and Drug Administration (FDA) now recognizes

the reduction in Aβ load as a surrogate endpoint of drug efficacy.8

CL cutoffs have been set a priori to guide dose selection and treat-

ment cessation.9 Finally, prevention trials such as the AHEAD 3-45

recruit cognitively unimpaired participants based on their CL values.10

Together these use cases support theCL as awell-establishedmetric of

Aβwith potential clinical application.
However, the robustness of CL cutoffs to image quantification

pipeline, age, brain atrophy, and image harmonization has not been

well established in sufficiently representative samples. To address this

issue, we assessed the sensitivity of this metric, in absolute CL units,

to these factors in a typical memory clinic sample. In total, 32 differ-

ent pipelines were implemented, validated, and assessed. In addition,

we quantified the impact of age, brain atrophy, image harmoniza-

tion, and their interactions with the three approved amyloid tracers.

Finally, we provide recommendations for the optimal pipeline design

options.

2 METHODS

2.1 Subjects and Aβ PET image acquisition

A total of 533 participants from the AMYPADDPMS (Amyloid Imaging

to Prevent Alzheimer’s Disease – Diagnostic and Patient Management

 15525279, 0, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.13883 by U

niversity O
f C

alifornia, W
iley O

nline L
ibrary on [26/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



SHEKARI ET AL. 3

Study) and the ADNI (Alzheimer’s Disease Neuroimaging Initiative)

were included.

AMYPAD DPMS recruited participants representative of a typical

clinical population.11 We included all available AMYPADDPMS partic-

ipantswith valid baseline T1-weighted 3Tmagnetic resonance imaging

(MRI) and Aβ PET scans acquired with either 18F-Flutemetamol

(FMM; Vizamyl) or 18F-Florbetaben (FBB; Neuraceq). To minimize

between-scanner differences, all PET images were harmonized

using Hoffman phantom scans to achieve an 8 mm effective image

resolution.12

To include all approved Aβ PET tracers, we also included 18F-

Florbetapir (FBP) PET scans from ADNI with available T1-weighted

MRI. For ADNI participants, isotropic T1-weighted MRI scans were

acquired with 1.5T or 3T scanners. All ADNI PET images were har-

monized a priori to an 8 mm effective image resolution.13 A total of

86718F-Florbetapir amyloid PET scans were initially available from

the ADNI study. However, to prevent overrepresenting FBP tracer

in the analysis, a subsample of ADNI scans was selected using SPSS

(version 29.0.2.0) case–control matching.14 This subsample was

chosen to match the age, sex, clinical diagnosis, and prevalence of

amyloid positivity between ADNI and AMYPAD DPMS as closely as

possible. As a result, a total of 203 cases from ADNI were matched

with the AMYPAD DPMS subjects. More details can be found in

Table S1.

2.2 Aβ PET quantification

Quantification of the PET images was performed following the CL

framework and using the respective MRI scans. A detailed descrip-

tion of the CL calibration methodology is provided in Supplementary

information. Then, using the standard Statististical Parametric Map-

ping (SPM) Centiloid pipeline from the Global Alzheimer’s Association

Interactive Network (GAAIN) Centiloid project website (https://www.

gaain.org/centiloid-project) as the reference, we created 32 different

variations, all based on SPM12, consisting of all possible combinations

of the following design options: reference region (RR: whole cere-

bellum [WCB], cerebellum gray matter [CGM], pons and whole cere-

bellum plus brainstem [WCB+BSTM]), RR type (GAAIN and “subject-

based”), cortical target definition (GAAIN and “subject-based”), and

quantification space (Montreal Neurological Institute [MNI] and sub-

ject space). All CL pipelines were calibrated for 18F-Flutemetamol,
18F-Florbetaben, and 18F-Florbetapir and validated according to the

standard criteria.3 Details on RR and cortical target definition, as

well as conversion equations and the results of the validation pro-

cess, can be found in the Supplementary information. Preprocessing

steps used for CL quantifications are available on https://github.com/

MahnazShekari/Centiloid-pipeline. For the DPMS, CL values were cal-

culated for both original (un-harmonized) and harmonized PET scans

resulting in 64 measurements per subject. For the ADNI cohort,

only harmonized PET scans were available, and 32 CL values were

calculated for each scan.

RESEARCH INCONTEXT

1. Systematic review: We reviewed the literature using

PubMed. Although there have been several publications

on the application of Centiloid (CL) in the research con-

text, the impact of different technical factors, age, and

brain atrophy on CL variability has not been well estab-

lished in sufficiently representative samples.

2. Interpretation: Our results indicated that optimal

pipeline design is essential for deriving robust CL values

under different clinical and research settings. The 95%

confidence interval of within-pipeline differences should

be consideredwhen operationalizing CL cutoffs.

3. Future directions: Applying our framework to the longi-

tudinal positron emission tomography images to evaluate

the impact of technical factors, age, brain atrophy, and

harmonization status on different CL pipelines longitudi-

nally.

2.3 Quality control

Quality control of preprocessing steps and outputs of the pipelineswas

done visually for all images prior to calculating CL values.

2.4 Statistical analysis

Descriptive statistics were calculated for the main demographic vari-

ables of the participants grouped by tracer. Parametric or nonparamet-

ric group comparison statistics were calculated as appropriate.

Analyses were stratified by amyloid positivity, considered if

CL > 2415 as calculated with the standard CL pipeline (see

Supplementary information).

Generalized estimating equations (GEEs) were used to evaluate the

impact of the different pipeline design factors on CL values. Two types

of models were computed: “bias models” and a “precision model.” The

main bias model included all technical factors to assess their individual

impact on CL values and their interaction with tracer. Secondary bias

models additionally assessed the impact of age, brain atrophy (both

between-subject factors), and image harmonization (within-subject),

and their interaction with tracer and pipeline design factors on CL.

Themain bias model was the following:

CL ∼ Intercept + Clinical_diagnosis + Tracer + RR + RR type

+ Space + Ttype + Tracer + Tracer ∗ RR + Tracer ∗ RR type

+Tracer ∗ Ttype + Tracer ∗ Space (1)

Pipeline design factors, namely RR selection, RR type, cortical tar-

get type (Ttype), and quantification space (Space) were introduced
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4 SHEKARI ET AL.

to the model as within-subject factors, both independently and in

interactionwith tracer to evaluate possible impact of tracer onCL vari-

ability. Tracer and clinical diagnosis were entered into the model as

between-subject factors.

The three secondary “bias models” were as follows:

CL∼ Intercept + Clinical_diagnosis + Tracer + RR + RR type

+T type + Space + Age + Tracer ∗ RR + Tracer ∗ RR type

+Tracer ∗ T type + Tracer ∗ Space + Age ∗ RR + Age ∗ RR type

+Age ∗ T type + Age ∗ Space (2)

CL ∼ Intercept + Clinical_diagnosis + Tracer + Brain_Atrophy

+RR + RR type + Ttype + Space + Tracer ∗ RR

+Tracer ∗ RR type + Tracer ∗ Ttype + Tracer ∗ Space

+Brain_Atrophy ∗ RR + Brain_Atrophy ∗ RR type

+Brain_Atrophy ∗ Ttype + Brain_Atrophy ∗ Space (3)

CL ∼ Intercept + Clinical_diagnosis + Tracer + Image_Harmonization

+RR + RR type + T type + Space + Tracer ∗ RR + Tracer ∗ RR type

+Tracer ∗ T type + Tracer ∗ Space + Image_Harmonization ∗ RR

+ Image_Harmonization ∗ RRtype + Image_Harmonization ∗ Ttype

+ Image_Harmonization ∗ Space (4)

Brain atrophy was defined as total GM volume normalized to total

intracranial volume (TIV) (Supplementary information).

The “precision model” aimed to establish within- and between-

pipeline 95% confidence intervals (95% CIs) of CL values, as

follows:

CL ∼ Intercept + Pipeline (5)

Where “Pipeline” is a within-subject factor that refers to one specific

CL pipeline (Table S2). Between-pipeline and within-pipeline vari-

abilities and corresponding 95% CIs were calculated for both the

amyloid-negative and amyloid-positive groups. Finally, using linear

interpolation, 95% CIs were calculated for the range of typical cutoff

values for amyloid positivity, ranging from CL = 125,6 to CL = 24,15 as

well as between 0 and 100 CL.

The main outcome measure of our models is the marginal mean

difference (and 95% CIs) in CL units between different levels of the

studied within-subject factors (e.g., the CL differences when using dif-

ferent RRs), which are expected to be zero. Differences below 3 CL

were considered as irrelevant as this is the estimated test–retest vari-

ability of Aβ PET in CL units.16,17 The relative influence of factors

is denoted by Wald chi-square values denoting the relative amount

of variability in CL values that is accounted for by each factor (e.g.,

whether RR is associated with larger CL within-subject differences

thanquantification space). Similarly,we comparedWald chi-square val-

ues of a particular factor across main and secondary models to assess

whether the variability in the main model can be accounted for by

another factor in the secondary model (e.g., whether differences in

the RR can be explained by age). The intraclass correlation coefficient

(ICC) was calculated for comparing CL values before and after harmo-

nization, and the Bland–Altman plot was used to show the impact of

harmonization status on CL values as a function of RR selection. P-

values < 0.05 were considered statistically significant. All statistical

analyses were performedwith SPSS.

3 RESULTS

Table 1 shows demographics, clinical diagnosis, and CL values for

participants stratified by PET tracer. Figure S1 shows a box-and-

whiskers plot of the SUVr and CL values for the amyloid-negative and

amyloid-positive groups for all RRs and tracers.

3.1 Main bias model

Table 2 shows the results of the “bias” GEE model for Aβ-negative
and Aβ-positive scans. Tracer had no statistically significant effect

on CL values for either amyloid-negative or amyloid-positive groups

(Table 2A,B). Consequently, comparable CL marginal means were

observed for both groups across tracers. Clinical diagnosis was statisti-

cally significant only for the amyloid-positive group,with higher CL val-

ues for more severe clinical stages: subjective cognitive decline (SCD):

64.63± 4.10CL; mild cognitive impairment (MCI): 76.29± 2.71CL; and

AD: 88.04± 2.99CL.

Regarding pipeline design factors, RR, its interaction with tracer,

and RR type accounted for most of the CL variability in both groups,

as reflected by higher Wald chi-square values. CL marginal means

for RR selection, RR type, target type, and quantification space strat-

ified by amyloid status are shown in Table 2C,D. In the amyloid-

negative group, using the pons as RR resulted in the lowest mean

CL values (Figure 1A). A similar behavior was observed in the pos-

itive group, albeit with smaller effects. Figure 1C shows a similar

behavior across all 3 tracers (∆CLPons-WCB: FMM = −3.13 ± 0.71;

FBB = −15.97 ± 1.56; FBP = −7.48 ± 1.38) in the amyloid-negative

group. In contrast, for the for amyloid-positive group, between-tracer

differences were prominent, with smaller effects for FMM and FBP

(∆CLPons-WCB: FMM = 4.19 ± 1.65; FBP = 2.50 ± 2.28). Subject-

based RR rendered lower CL values than GAAIN RRs (∆CL: amyloid-

negative = −4.44 ± 0.31 and amyloid-positive = −2.68 ± 0.36]. Using

subject-based cortical target ROI yielded slightly higher CL values

(∆CL: amyloid-negative= 3.46± 0.45, amyloid-positive= 1.13± 0.36).

Quantification space had a minor impact on CL (∆CL∼2.43) for both

groups (Table 2C,D).
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SHEKARI ET AL. 5

TABLE 1 Demographic information per cohort and tracer.

Demographic

Cohort AMYPADDPMS ADNI

Tracer FMM FBB FBP P-value Total

N 207 123 203 NA 533

Age 70.4± 7.0 70.7± 7.5 72.1± 5.7 0.08 71.1± 6.7

Sex (female%) 99 (47.8%) 39 (31.7%) 83 (40.9%) 0.02 221 (41.46%)

Clinical status

CU+SCD 79 (38.2%) 31 (25.2%) 60 (29.6%) <0.001 170 (31.9%)

MCI 90 (43.5%) 44 (35.8%) 104 (51.2%) 238 (44.6%)

Dementia 38 (18.4%) 48 (39%) 39 (19.2%) 125 (23.5%)

Centiloid (Mean±SD) 36.9± 40.7 52.2± 45.1 46.84± 45.9 0.001 45.9± 46.0

Note: The p-value represents the result of the between-group comparison for demographic criteria.

Abbreviations: AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative; CU, cognitively unimpaired; FBB, 18F-Florbetaben; FBP, 18F-

Florbetapir; FMM, 18F-Flutemetamol;MCI, mild cognitive impairment; NA: Not applicable; SCD, subjective cognitive decline.

Bold values indicate P-values< 0.05.

3.2 Secondary bias models

3.2.1 Age

The main effect of age was not associated with the CL values in either

of the groups (Table S3). However, its interaction with the choice of

RR significantly reduced the Wald chi-square values for RR for both

groups, indicating thatmost of the variability associatedwithRRcanbe

accounted for by age-related effects. Indeed, in the amyloid-negative

group, significant negative correlations were found between age and

CL differences derived from different RRs (∆CL(WCB-WCB+BSTM):

[rho = −0.22, p < 0.001] or ∆CL(WCB-Pons): [rho = −0.20, p = 0.002])

(Figure 1E). In the amyloid-positive group, a significant positive corre-

lation was observed between ∆CL(CGM-WCB) and age (rho = 0.16,

p = 0.01), whereas an inverse association between age and ∆CL was

observed when using WCB+BSTM versus WCB as RR (rho = −0.12,
p= 0.04), (Figure 1F).

3.2.2 Brain atrophy

Brain atrophy was not significantly associated with CL values in

either the amyloid-negative or amyloid-positive group (Table S4). In

this model, a statistically significant interaction between atrophy and

technical factors were observed for RR, RR type, and target type,

respectively. Figure 1G shows that there is no significant correlation

betweenCLvalues calculatedusing a predefinedGAAINcortical target

(rh = −0.02, p = 0.87) versus subject-based cortical target (rh = 0.01,

p = 0.90) as a function of brain atrophy. However, the subject-based

cortical targetwas compared to theGAAIN cortical target for amyloid-

positive participants diagnosed with dementia, a mean difference of

ΔCL = 3.99 ± 8.21 was observed (Figure 1H). In addition, a negative

correlation was observed between brain atrophy and differences in CL

when using subject-based cortical target versus GAAIN cortical tar-

get (r = −0.35; p < 0.001), confirming that in the presence of atrophy,

the use of GAAIN cortical ROI resulted in lower Aβ load estimates by

∼10CL in the subjects with the highest atrophy.

3.2.3 Image harmonization

The choice of RR and target type had a significant effect on CL

values depending on harmonization status, whereas quantification

space did not (Table S5). Notably, the use of pons as the RR had

a substantial impact on the marginal means after harmonization for

both the amyloid-negative (ΔCL = 7.25 ± 0.34) and amyloid-positive

(ΔCL = 4.58 ± 0.19) groups. Furthermore, when CGM was used as

the RR, harmonization of PET images resulted in a difference of

ΔCL = −8.29 ± 0.31 specifically within the amyloid-positive group

(Table 3). Subject-based cortical target ROI demonstrated greater sen-

sitivity to harmonization, leading to a difference of ΔCL = 3.62 ± 0.54

for the amyloid-negative group and ΔCL = −3.63 ± 0.24 for the

amyloid-positive group.

The ICC of CL values before and after harmonization was over

0.97 (p < 0.001) for all pipelines. Figure 2 shows Bland–Altman plots

corresponding to differences in the CL values before and after har-

monization using standard GAAIN pipeline and subject-based pipeline

per RR. For GAAIN standard pipelines, using WCB and WCB+BSTM
as RRs, yielded the highest agreement between harmonized and

original CL values (WCB = 0.47 ± 2.18 [95% CI: 0.24 to 0.71] and

WCB+BSTM = 1.80 ± 1.93 [95% CI: 1.59 to 2.01]). In contrast, using

CGM and pons as RRs resulted in a difference of ∆CL = −3.58 ± 3.43

(95% CI: −3.95 to −3.21) and ∆CL = 6.49 ± 2.43 (95% CI: 6.23

to 6.76) between harmonized and original CL values, respectively.

Using subject-based cortical target and subject-based RRs resulted in

higher CL differences before and after harmonization (∆CL [95% CI]:
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6 SHEKARI ET AL.

TABLE 2 Results for the base GEEmodel for amyloid-negative and amyloid-positive groups, respectively (A and B).

Amyloid-negative group Amyloid-positive group

(A) BiasModel (B) BiasModel

Type III Type III

Source

Wald

chi-square df Sig. Source

Wald

chi-square df Sig.

(Intercept) 2.10 1 0.15 (Intercept) 1568.10 1 <0.001

Tracer 1.19 2 0.55 Tracer 0.73 2 0.70

Clinical diagnosis 0.85 2 0.65 Clinical diagnosis 22.26 2 <0.001

Reference region (RR) 318.02 3 <0.001 Reference region (RR) 102.40 3 <0.001

RR type 198.87 1 <0.001 RR type 54.62 1 <0.001

Target type 59.22 1 <0.001 Target type 9.83 1 0.002

Space 5.44 1 0.020 Space 47.04 1 <0.001

Tracer * RR 224.01 6 <0.001 Tracer * RR 116.78 6 <0.001

Tracer * RR type 13.22 2 0.001 Tracer * RR type 10.53 2 0.005

Tracer * Target type 24.08 2 <0.001 Tracer * Target type 30.34 2 <0.001

Tracer * Space 56.53 2 <0.001 Tracer * Space 86.85 2 <0.001

(C)Marginal means comparison (D)Marginal means comparison

Tracer Mean (95%CI) Tracer Mean (95%CI)

FMM 2.40 (−0.37 to 5.16) FMM 76.91 (71.01 to 82.80)

FBB 2.77 (−1.92 to 7.46) FBB 74.06 (67.04 to 81.08)

FBP 1.11 (−1.89 to 4.12) FBP 78.01 (72.03 to 83.98)

RR Mean (95%CI) ∆CL (95%CI) RR Mean (95%CI) ∆CL (95%CI)

WCB 4.70 (1.88 to 7.52) Reference WCB 77.85 (74.03 to 81.66) Reference

CGM 5.53 (2.81 to 8.26) 0.84 (0.19 to 1.48) CGM 76.26 (72.33 to 80.19) −1.59 (−2.47 to−0.71)

WCB+BSTM 2.36 (−0.49 to 5.21) −2.34 (−2.67 to−2.00) WCB+BSTM 76.87 (73.08 to 80.67) −0.97 (−1.54 to−0.40)

Pons −4.22 (−7.50 to−0.94) −8.92 (−10.63 to−7.48) Pons 74.32 (70.01 to 78.63) −3.53 (−6.04 to−1.01)

RR type Mean (95%CI) ∆CL (95%CI) RR type Mean (95%CI) ∆CL (95%CI)

GAAIN 4.31 (1.43 to 7.20) Reference GAAIN 77.66 (73.90 to 81.43) Reference

Subject-based −0.13 (−2.94 to 2.68) −4.44 (−5.06 to−3.82) Subject-based 74.98 (71.16 to 78.80) −2.68 (−3.39 to−1.97)

Target type Mean (95%CI) ∆CL (95%CI) Target type Mean (95%CI) ∆CL (95%CI)

GAAIN 0.36 (−2.49 to 3.22) Reference GAAIN 75.76 (71.98 to 79.54) Reference

Subject-based 3.82 (0.95 to 6.70) 3.46 (2.58 to 4.34) Subject-based 76.88 (73.08 to 80.70) 1.13 (0.42 to 1.83)

Space Mean (95%CI) ∆CL (95%CI) Space Mean (95%CI) ∆CL (95%CI)

MNI 0.88 (−1.37 to 3.12) Reference MNI 77.54 (73.64 to 81.45) Reference

Native 3.31 (−0.31 to 6.93) 2.44 (0.39 to 4.48) Native 75.11 (71.43 to 78.79) −2.43 (−3.13 to−1.47)

Notes: The technical factors demonstrating statistical significance are highlighted in red. Marginal means and 95% confidence intervals for tracer, RR selec-

tion, RR type, target type, and quantification space for amyloid-negative (C) and amyloid-positive (D) groups. The last columns of (C) and (D) show differences

between marginal means with respect to the reference technical design (RR: WCB; RR type: GAAIN; Target type: GAAIN; Space: MNI). Marginal mean

differences exceeding± 3CL are indicated in red.

Abbreviations: CGM, cerebellum gray matter; CL, Centiloid; FBB, 18F-Florbetaben; FBP, 18F-Florbetapir; FMM, 18F-Flutemetamol; RR, Reference Region;

WCB, whole cerebellum;WCB+BSTM, whole cerebellum plus brainstem.

Bold values indicate P-values< 0.05.

WCB = −0.80 ± 5.22 [95% CI: −1.36 to −0.23]; CGM = −6.17 ± 6.55

[95% CI: −6.88 to −5.46]; WCB+BSTM = 0.78 ± 4.95

[95% CI: 0.25 to 1.32]; pons = 5.98 ± 4.59 [95% CI: 5.48

to 6.48]).

3.3 Precision model

For the GAAIN standard pipeline, 95% CI of within-pipeline variabil-

ity was ± 2.70CL for the amyloid-negative group and ± 7.43CL for
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8 SHEKARI ET AL.

TABLE 3 Pairwise comparisons of themarginal means and 95% confidence interval for technical factors including reference region (RR),
target type, RR type, and quantification space before and after harmonization.

Pairwise comparisons

(A) Amyloid-negative group (B) Amyloid-positive group

Estimates Estimates

Harm_Status ∆CL (Harmonized-Original) (95%CI) Harm_Status ∆CL (Harmonized-Original) (95%CI)

Harmonized-Original 2.88 (1.84 to 3.91) Harmonized-Original −1.90 (−2.25 to−1.55)

Reference region (RR) ∆CL (Harmonized-Original) (95%CI) Reference region (RR) ∆CL (Harmonized-Original) (95%CI)

WCB 2.24 (3.38 to 1.10) WCB −2.79 (−3.18 to−2.42)

CGM −1.70 (−3.11 to−0.29) CGM −8.30 (−8.92 to−7.68)

WCB+BSTM 3.45 (2.44 to 4.47) WCB+BSTM −1.10 (−1.44 to−0.76)

Pons 7.52 (6.84 to 8.20) Pons 4.59 (4.21 to 4.96)

Target type ∆CL (Harmonized-Original) (95%CI) Targettype ∆CL (Harmonized-Original) (95%CI)

Subject-based 3.62 (2.55 to 4.68) Subject-based −3.63 (−4.16 to−3.10)

GAAIN 2.14 (1.12 to 3.16) GAAIN 2.14 (1.12 to 3.16)

RR type ∆CL (Harmonized-Original) (95%CI) RR type ∆CL (Harmonized-Original) (95%CI)

Subject-based 3.01 (2.17 to 3.85) Subject-based −2.02 (−2.38 to−1.67)

GAAIN 2.75 (1.52 to 3.98) GAAIN −1.77 (−2.14 to−1.41)

Space ∆CL (Harmonized-Original) (95%CI) Space ∆CL (Harmonized-Original) (95%CI)

Native 3.31 (3.02 to 3.60) Native −1.89 (−2.24 to−1.54)

MNI 2.45 (0.56 to 4.34) MNI −1.91 (−2.27 to−1.55)

Abbreviations: CGM, cerebellum graymatter; RR, reference region;WCB, whole cerebellum;WCB+BSTM, whole cerebellum plus brainstem.

Bold values indicate P-values<0.05.

the amyloid-positive group. Because the within-pipeline 95% CI was

dependenton theCLvalue,weestimated the95%CI for twocommonly

used CL cutoffs with linear interpolation. For the cutoff to rule out the

absence of amyloid pathology (CL = 12), the estimated within-pipeline

95% CI was ± 3.22CL and was ± 3.95CL for the cutoff corresponding

to VR positivity (CL = 24) (Supplementary information). The 95% CIs

for between-pipeline variability were ± 6.47CL and ± 4.68CL for the

amyloid-negative and amyloid-positive groups, respectively (Table S6).

4 DISCUSSION

In this study, we assessed the variability of the CL metric to common

technical quantification factors and their interactions with the Aβ PET
tracer, as well as its sensitivity to the effects of age, brain atrophy, and

resolution of the PET scans. Our approach allowed the estimation of

the uncertainly and the bias introduced by these factors in absolute

CL units with the aim of providing CIs to reference CL cutoff values

for clinical and research use. Our results confirmed that the standard

CL pipeline, using eitherWCBorWCB+BSTMas RRs, is robust against

all studied factors. It is notable that the effect of the tracer on CL val-

ues was not significant. Subject-based delineation of the target region

allowed for increased robustness to brain atrophy, but just when prop-

erly harmonized PET scans are available or in single-center studies.

Within-pipeline variability (95% CI) ranged from ± 3.22 to ± 3.95 CL

for the range of useful CL cutoff values for concluding the presence of

abnormal Aβ deposition (12–24 CL). We advocate that these CIs are

taken into consideration for the operationalization of CL cutoff values

in research settings and potential future clinical use.

With respect to technical factors, the choice of theRRhad the great-

est impact on CL values. Of interest, there was an association between

CLvalues and thepercentageofwhitematter in theRR, suggesting that

F IGURE 1 Themarginal means of Centiloid (CL) values for each reference region for amyloid-negative (A) and amyloid-positive (B) group. C
andD show the difference inmarginal means for each Reference Region (RR) versusWhole Cerebellum (WCB) per tracers for amyloid-negative
and amyloid-positive groups, respectively. Differences in the CL betweenWCB and Cerebellar GrayMatter (CGM),Whole Cerebellum plus
Brainstem (WCB+BSTM), and pons as a function of age for amyloid-negative and amyloid-positive groups, respectively (E, F). G shows CL (95%CI)
values extracted from two different pipelines using predefined GAAIN cortical target ROI and subject-based cortical target Region of Interest
(ROI). (H) Scatter plot showing the differences (95%CI) in the calculated CLwhen using subject-based cortical target versus predefined GAAIN
cortical target ROI as a function of global brain atrophy (normalized graymatter volume) for participants diagnosedwith dementia, andwith
positive amyloid status. CGM, cerebellum graymatter; CL, Centiloid; FBB, 18F-Florbetaben; FBP, 18F-Florbetapir; FMM, 18F-Flutemetamol; ROI,
region of interest; RR, reference region;WCB, whole cerebellum;WCB+BSTM, whole cerebellum plus brainstem.
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SHEKARI ET AL. 9

F IGURE 2 Bland–Altman plots show the difference in themeasured Centiloid (CL) between harmonized and original positron emission
tomography (PET) images when using (A) whole cerebellum (WCB); (B) cerebellum graymatter (CGM); (C) whole cerebellum plus brainstem
(WCB+BSTM); and (D) pons as reference region. It should be noted that all CL values were calculated using predefined GAAIN reference regions
and GAAIN cortical target, inMNI space. All graphs include two pipeline types. Gray circles present GAAIN standard pipeline when predefined
GAAIN RRs and cortical target ROI are used, and quantification has been done inMNI space. Green circles represent subject-based pipelines,
which have been defined based on subject-based reference regions and cortical target ROI, in native space. ROI, region of interest; RR, reference
region.

the observed differences are driven by factors affecting white matter

uptake. Because age has been described to be a strong factor affecting

white matter uptake with Aβ PET tracers,18,19 we confirmed the effect

of age in a secondarymodel. It is important to note that the pons, being

primarily composed of white matter, showed the highest discrepancy

with age and, therefore, is not optimal for CL scaling. Supplementary

analyses showed that the association with age of the pons/WCB ratio,

an indicator of white matter uptake, differs significantly by the tracer

(Figure S2). It is noteworthy that the same pattern was observed for

the elderly individual in the GAAIN data set (Figure S3). Observed age-

relatedwhitematter uptake is not driven directly by the average age of

the young control group, but by the relative composition of elderly indi-

viduals who are amyloid negative for each tracer’s reference data set,

whichmay introduce some extent of bias in the estimation of the inter-

cept of the conversion equation for thepons. The extent of bias can also

vary by the tracer as a function, not only of the percentage of elderly

negative individuals in the reference data sets, but also by the differ-

ential effect of age on white matter uptake for each of the tracers. The

second most important technical factor is the way the RR was defined

with the GAAIN ROIs rendering higher CL values. This may reflect the

different composition of gray and white matter depending on how the

RR is defined. In turn, target region definition was associated with dif-

ferences of 3.46CL (95%CI: 2.58 to 4.34) for the amyloid-negative and

1.13CL (95%CI: 0.42 to 1.83) for the amyloid-positive group. On top of

thepresenceofwhitematter in theGAAINcorticalROI, in this case, dif-

ferences might stem from the better delineation of individual cortical

morphology in subject-based cortical target ROI.

For a CL pipeline to be applicable in the clinical setting in AD, it

should be robust to the presence of brain atrophy. Overall, global brain

atrophy did not significantly impact CL measurements. Still, a notable

difference of ΔCL = 3.99 ± 8.21 was observed between CL values

derived using subject-based versus predefined GAAIN cortical target

ROIs in amyloid-positive participants diagnosed with dementia, reach-

ing an average of 10CL in those showing the largest extent of atrophy.

Note that these participants have an average CL of 90 and, therefore,

this difference is not expected to be relevant in practice.
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10 SHEKARI ET AL.

Inmulticenter studies lacking harmonizedbrainPET scans, choosing

an appropriate pipeline design that is minimally influenced by differ-

ences in image resolution is of the utmost importance. Our results

suggest that the standardGAAINpipelinewithWCBorWCB+BSTM is

robust against differences in image resolution and is, therefore, recom-

mended in this scenario. On the other hand, when using CGM or pons

as RR, the CL pipeline became highly sensitive to harmonization sta-

tus. Because these two RRs consist primarily of gray matter or white

matter, they are more prone to signal contamination (“spill-in”) caused

by image resolution variations; therefore they are not suitable RRs for

CL quantification in multicenter studies if not accompanied by proper

image harmonization procedures. A subject-based cortical target ROI

rendered CL values more sensitive to the harmonization status, which

is attributable to the spill-in effect from white matter uptake to the

cortical target.

In this study, we selected 18F-Florbetapir scans in ADNI to match

the pooled 18F-Flutemetamol and 18F-Florbetaben subsamples in

AMYPAD-DPMS, to obtain balanced estimates of the studied effects

across the three clinically approved 18F-based amyloid PET tracers.

Additional analyses were performed to assess the sensitivity of our

results to using different statistical models (repeated-measures anal-

ysis of variance [ANOVA], rather than GEEs), analyzing the sample

without stratification by amyloid status and stratified by tracer. The

results of these sensitivity analyses are not included in the article for

the sake of brevity and to confirm the robustness and generalizabil-

ity of the main analyses. We also calculated the analyses including all

available scans from ADNI, but the main estimates leaned to over-

represent the effects of 18F-Florbetapir and underrepresent those of
18F-Flutemetamol.

Our results are in line with the existing literature on the topic.

Su et al. explored the capacity of the CL transform to bring several

amyloid PET measurements into a common scale, with a focus on

the impact on cutoff values.20 The observed between-pipeline 95%

CI for the amyloid-negative group in our work (± 6.47CL) encom-

passes the variation in CL cutoffs for 95% CI specificity in Su et al.

when using different analytic approaches (5.7 to 11.9CL). Bourgeat

et al. shows that CapAIBL, a PET-only quantification method, renders

robust and comparable CL estimates than the standard CL pipeline.21

They showed that compared to the standard GAAIN pipeline, CapAIBL

produced CL values with a negligible bias for PiB, 18F-Florbetapir,

and 18F-Flutemetamol. However, larger biases were found for Flor-

betaben (−14%), which was attributed mostly to the use of different

scanners between the calibration scans and the ones used in the

study. In this regard, we observed that 18F-Florbetaben was the tracer

most sensitive to the effect of age. Finally, it is important to note

that alternative ways of estimating the CL transformation have been

proposed. Schwarz et al proposed using Deming regression, which

accounts for error on both axes, and performing separate regres-

sions for differences in acquisition and analysis methods, rather than

direct single-regression approach.22 Still, their results show that these

two alternative approaches had performance very similar to that

of the standard CL method and within the recommended tolerance

thresholds.

Based on the results of these analyses, we propose the following

practical recommendations:

1. Using WCB or WCB+BSTM as RR provides comparable results

across different tracers and is robust to differences in image

resolution.

2. TheGAAINcortical target is robust to thepresenceof brain atrophy

and less sensitive to differences in image resolution in multicenter

studies.

3. In the case of a single scanner or available harmonized PET scans,

the subject-basedCLpipeline (RR: subject-basedWCB;Target type:

subject-based; Space: Native) can be preferred. This pipeline allows

for modeling atrophy in the subject-based cortical target ROI, pro-

vides better RR delineations, and allows quantification of PET

images in the native space.

4. Whenever possible, use the same CL pipeline when pooling CL val-

ues or in longitudinal studies to minimize CL variability. Consistent

pipelines help to avoid incorporating biases that may arise from

different pipeline designs, and it provides more reliable results.

5. It is recommended that 95% CI of within-pipeline differences be

incorporated to improve the precision of CL cutoffs for different

research purposes.

In this study, we did not have access to a head-to-head data set for

directly comparing the three different amyloid tracers. Therefore, the

finding of no significantmain effect of tracer does not necessarilymean

there is no difference in the ability of these tracers to quantify amy-

loid load with CLs. However, independent studies carried out by our

group indicate that the CL transform can accurately account for tracer

differences.23 In addition, our estimation of the between-pipeline vari-

ability of±4.68 to±6.47 is likelyunderestimatedbecauseall evaluated

pipelines were implemented with SPM12 image-processing pipelines.

Nevertheless, previous studies assessing the variability across sev-

eral commercial CL quantification tools rendered similar results.24 It

is important to note that longitudinal PET images were not available

for the analyses and that further research is necessary to evaluate the

performance of different CL pipelines longitudinally. Despite the lim-

itations, our study contributes important information regarding the

performance of various CL pipelines and their applicability in different

scenarios.

The standard CL method is robust against image resolution differ-

ences and the presence of atrophy when using WCB or WCB+BSTM
as RR. Subject-based delineation of the target region allowed for

even increased robustness to brain atrophy, but just in when properly

harmonized PET scans are available or in single-center studies.Within-

pipeline variability ranged from ± 3.22 to ± 3.95CL across the range

of proposed cutoffs for Aβ abnormality (12–24CL). We recommend

considering these CIs to account for the precision of CL values when

operationalizing CL-based cutoff values in a clinical setting or research

studies.

The findings of this study have been incorporated into the

Biomarker Qualification Opinion (BQO) issued by the European

Medicines Agency (EMA).25
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