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Abstract

INTRODUCTION: The Centiloid scale aims to harmonize amyloid beta (Aβ) positron
emission tomography (PET) measures across different analysis methods. As Centiloids

were created using PET/computerized tomography (CT) data and are influenced by

scanner differences, we investigated the Centiloid transformation with data from

Insight 46 acquired with PET/magnetic resonanceimaging (MRI).

METHODS:We transformed standardized uptake value ratios (SUVRs) from 432 flor-

betapir PET/MRI scans processed using whole cerebellum (WC) and white matter

(WM) references, with and without partial volume correction. Gaussian-mixture-

modelling–derived cutpoints for Aβ PET positivity were converted.
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this report. See Appendix for full list of ADNI

investigators. RESULTS: The Centiloid cutpoint was 14.2 for WC SUVRs. The relationship between

WM and WC uptake differed between the calibration and testing datasets, produc-

ing implausibly low WM-based Centiloids. Linear adjustment produced a WM-based

cutpoint of 18.1.

DISCUSSION: Transformation of PET/MRI florbetapir data to Centiloids is valid. How-

ever, further understanding of the effects of acquisition or biological factors on the

transformation using aWM reference is needed.

KEYWORDS

Alzheimer’s disease, amyloid beta, centiloid, florbetapir, positron emission tomography/magnetic
resonance imaging

HIGHLIGHTS

∙ Centiloid conversion of amyloid beta positron emission tomography (PET) data aims

to standardize results.

∙ Centiloid values can be influenced by differences in acquisition.

∙ We converted florbetapir PET/magnetic resonance imaging data from a large birth

cohort.

∙ Whole cerebellum referenced values could be reliably transformed to Centiloids.

∙ Whitematter referenced values may be less generalizable between datasets.

1 BACKGROUND

In vivo estimation of amyloid beta (Aβ) burden using positron emis-

sion tomography (PET) is crucial for accurate clinical diagnosis of

Alzheimer’s disease (AD), characterizing disease progression, and

assessment of eligibility and efficacy in therapeutic trials.1,2

To understand the complex pathologies underlying AD, we must

use data from many cohorts. One such study is Insight 46, the neu-

roimaging substudy of the Medical Research Council National Survey

ofHealth andDevelopment (NSHD), initially comprising5362 individu-

als born inmainland Britain during the sameweek inMarch 1946. Each

participant has rich life course data, which has been coupled with neu-

roimaging, fluid biomarker, and cognitive assessments from age ≈70

onward.3 Insight 46 is a single-site PET/magnetic resonance imaging

(MRI) study and standardization of Aβ PET measures would improve

comparability between the study and other large datasets such as the

Alzheimer’s Disease Neuroimaging Initiative (ADNI).

Aβ PET standardization is complicated by the number of differ-

ent processing methods used. While the standardized uptake value

ratio (SUVR) is widely used for analyzing Aβ PET images,4 this mea-

sure is dependent on many factors, including the choice of radiotracer,

data acquisition parameters, target and reference regions, and analysis

methodology.5–7 Deviations in these factors can impede compari-

son of results across studies or between centers. There are multiple

approaches for harmonizing datasets that can be applied toAβPET; the
most widely implemented to date is the Centiloid scale.8,9

The Centiloid Project provides a common scale to standardize Aβ
PET measurements using a post hoc linear transformation.9 Anchor

points at 0 and 100 Centiloid units (CL) correspond to the mean

SUVR in groups of young healthy controls and patients with typical

AD, respectively. However, the Centiloid conversion can be affected

by various factors such as image acquisition methodology including

differences in scanner type.10

Here, we explore the implementation of the Centiloid scale

for [18F]florbetapir data acquired on a combined PET/MRI sys-

tem. PET/MRI scanners have only recently become widely avail-

able but reduce burden to the participant through simultaneous

acquisition. This concerns particularly clinical research studies using

advanced imaging protocols with longer acquisition times. However,

there are substantial differences between PET/MRI and conventional

PET/computed tomography (CT) that could affect the Centiloid trans-

formation, such as how to perform attenuation correction without

acquiring CT11 or the longer axial field of view (FoV). While previous

studies have explored PET/MRI differences in SUVRs,12,13 and a study

has included a small PET/MRI dataset in Centiloid transformations,14

we believe this study is the first to assess the effects of Centiloid scale

transformation using data from a PET/MRI scanner.

2 METHODS

2.1 Participants

We used three separate datasets. The Centiloid Project “Standard

PiB” and “Florbetapir Calibration” datasets were downloaded from

the Global Alzheimer’s Association Interactive Network website. The
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Standard PiB dataset is described in detail in Klunk et al.9 Briefly, the

YC-0 group consists of 34 young cognitively normal (YCN) individu-

als and the AD-100 group consists of 45 AD patients. These groups

form the anchor points at 0 and 100 Centiloids. The Florbetapir Cali-

bration dataset is described in Navitsky et al.15 and is made up of 46

participants across the Aβ continuum: a group of YCN (N = 13, aged ≤

35 years) and elder subjects (ES; N = 33, aged > 50 years) with mixed

diagnoses.

PET/MRI data comes from the Insight 46 study.3 From the larger

birth cohort, 502 participants were recruited, 471 of which had

PET/MRI data available. After quality control, 432 had both MRI and

list-modePETdata required for this investigation (see Figure S1 in sup-

porting information). Table 1 shows demographic information for all

cohorts.

2.2 Image acquisition

All three datasets contain static Aβ PET images and volumetric T1-

weightedMRI (full acquisitiondetails canbe found in Laneet al.,3 Klunk

et al.,9 andNavitskyet al.15). TheStandardPiBdataset consists ofPitts-

burgh compoundB (PiB) data acquired 50 to 70minutes post-injection.

The Florbetapir Calibration dataset contains both PiB (50–70minutes)

and florbetapir (50–60 minutes) data, all acquired in 5-minute frames.

Data from the Insight 46 cohort were acquired on a single 3T Siemens

Biograph mMR PET/MRI scanner. The MRI sequences included a

volumetric T1-weightedmagnetization-prepared rapid acquisitiongra-

dient echo (repetition time [TR] = 2000 ms, inversion time [TI] = 870

ms, FoV = 282 × 282 mm, 1.1 mm isotropic resolution) and a 3D

T2-weighted Turbo Spin Echo (TR = 3200 ms, TE = 409 ms, FoV =

282 × 282 mm, 1.1 mm isotropic resolution). Dynamic PET data were

acquired in list mode format after intravenous injection of ≈370 MBq

florbetapir. Static PET images from 50 to 60 minutes post-injection

were reconstructed from list mode data on Siemens e7 tools with

a 3D ordered-subset expectation-maximization algorithm consisting

of three iterations and 21 subsets, smoothed with a 4 mm Gaus-

sian kernel. For attenuation correction, pseudo CT (pCT) images were

synthesized through a widely validated multi-atlas approach using a

database of paired MRI and CT scans.11,14 For comparison with an

alternative approach to PET/MRI attenuation correction that is avail-

able from the vendor and thus does not require off-line processing, PET

images were also reconstructed directly on the scanner console at the

time of scanning using ultrashort echo-time (UTE) attenuation correc-

tion. The pCT reconstruction was used in the main analysis and is the

recommended method, as pCT has previously been shown to produce

results most consistent with CT compared to UTE and other methods

of attenuation correction for PET/MRI.13

2.3 Imaging analysis

When a “non-standard” approach is used to generate a Centiloid trans-

formation, values must first be calibrated to the standard approach

RESEARCH INCONTEXT

1. Systematic Review: We reviewed the literature using

PubMed and Google Scholar. Articles relating to the

Centiloid standardization of amyloid beta (Aβ) positron
emission tomography (PET) were reviewed and rele-

vant publications are cited appropriately. While previous

studies have highlighted the effects of acquisition and

cohort characteristics on Centiloid transformations, we

found no studies focusing on conversion of data acquired

on PET/magnetic resonance imaging (MRI) scanners to

Centiloids.

2. Interpretation: Our findings show that the Centiloid

method can be applied to florbetapir data acquired on

PET/MRI scanners, and we provide Centiloid values for

the Insight 46 cohort. White matter–referenced stan-

dardized uptake value ratio (SUVR) values may be less

generalizable than whole cerebellum referenced SUVRs.

3. Future Directions: This work allows researchers to draw

better comparisons between a rich life-course dataset

and other cohorts, helping to elucidate the role of Aβ in
Alzheimer’s disease. Future methodological work should

further our understanding of the differences in flor-

betapir SUVRs using a white matter reference region

between cohorts.

(STD) used in Klunk et al.9 before scaling to CL. We compared our

SUVR analysis methods to the STD processing using the Standard PiB

dataset. We then used the Florbetapir Calibration dataset to calibrate

non-standard florbetapir SUVRs to PiB SUVRs processed using the

standard pipeline. The Standard Centiloid processing method,9 was

reimplemented for processing on the Insight 46 dataset using SPM8

(revision number 4290).

All three datasetswere processedwith the in-houseGeodesic Infor-

mation Flows (GIF) pipeline. For each individual, the T1-weighted

image was parcellated with GIF, an automated multi-atlas propagation

algorithm.16 TheT1-weighted andPET imageswere then co-registered

using an affine block matching registration algorithm.17 The GIF

parcellations were resampled into PET space using the affine trans-

formations generated by the registration. SUVR images were then

created by dividing all voxels by mean uptake in whole cerebellum

(WC) or subcortical white matter (WM) with an erosion of one PET

voxel. As a common approach in many studies is to combine reference

regions, we performed a supplementary analysis using SUVRs calcu-

lated with a composite reference consisting of WC and WM regions

combined.18 Another version of the GIF pipeline incorporated par-

tial volume correction (PVC), in which the PET image was resampled

to native MR space, and the Iterative Yang PVC algorithm was per-

formed using the T1 parcellation, with parameters optimized for our

PET/MRI dataset (Gaussian kernel of 6.8 mm full width half maximum,
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TABLE 1 Demographic characteristics for each cohort.

Standard PiB Florbetapir calibration

YC-0 AD-100 YCN ES Insight 46

N 34 45 13 33 432

Female sex %* — — 53 36 48

APOE ε4: carrier/total (%)a 8/32 (25) 28/44 (64) 1/10 (10) 14/22 (63) 129/430 (30)

MeanMMSE (SD)b — — 29.5 (0.5) 24.7 (5.1) 29.2 (1.0)

Mean Age (SD) 31.5 (6.3) 67.5 (10.5) 27.0 (4.3) 70.2 (9.6) 70.6 (0.7)

Abbreviations: AD-100, Alzheimer’s disease group; APOE, apolipoprotein E; ES, elder subject group; MMSE, Mini-Mental State Examination; PiB, Pittsburgh

compound B; SD, standard deviation; YC-0, young control group; YCN, young cognitively normal group.
aAPOE ε4 carrier is defined as carrying at least one APOE ε4 allele and is unknown for the following numbers in each group: YC-0 = 2, AD-100 = 1, YCN = 3,

ES= 11, Insight 46= 2.
bMMSEwas unknown for three participants in the YCN group. Data regardingMMSE for the Standard PiB dataset was not published in Klunk et al.9

*Data regarding the sex of participants in the Standard PiB dataset was not published in Klunk et al.9

10 iterations).19–22 For consistency, identical PVC parameters were

applied to all Centiloid and ADNI datasets.

In all GIF pipelines, mean SUVR values were extracted from a large

cortical composite target region that corresponds to the widely used

composite region based on FreeSurfer,7 including frontal, cingulate,

lateral parietal, and lateral temporal cortical regions.

We have adapted the nomenclature set out by the Centiloid project

to label results from eachmethodology, in the following format:

{RADIOTRACER} _ {PIPELINE} _ {REFERENCE} _{PVC}{UNIT}

where {RADIOTRACER} is either PiB or florbetapir (FBP); {PIPELINE}

is STD or GIF processing; {REFERENCE} is WC, WM, or COMP; {PVC}

indicates that PVC is applied; and {UNIT} is SUVR or CL. For exam-

ple, the standard SUVR approach is PiB_STD_WCSUVR. In total, six

variants of the GIF SUVR pipeline were evaluated for calibration to

the Centiloid scale: GIF_WCSUVR, GIF_WC_PVCSUVR, GIF_WMSUVR,

GIF_WM_PVCSUVR, GIF_COMPSUVR, and GIF_COMP_PVCSUVR. SUVR

values that are estimated using linear regression are denoted by
calcxSUVR.

2.4 Statistical analysis

First, we investigated whether our in-house GIF pipeline could be cal-

ibrated to the Centiloid scale using the procedure laid out in Klunk

et al.9 for “Level 2” analysis of a non-standardmethod. The associations

between our non-standard GIF pipelines (y) and PiB_STD_WCSUVR (x)

were assessed using linear regression in the Standard PiB dataset,

checking that the reliability threshold specifiedby theCentiloid project

(R2 > 0.7) was satisfied.9 We then calculated conversion equations

using the paired Florbetapir Calibration dataset, calibrating for differ-

ences in both radiotracer (florbetapir to PiB) and processing method

(GIF to STD) in a single step. FBP SUVRs from each GIF pipeline (y)

were regressed against PiB_STD_WCSUVR (x), and the reliability of

the conversion process for each of the pipelines was assessed. The

slope and intercept of these relationships were used to transform

each set of non-standard SUVRs to estimated SUVRs for the standard

pipeline,
calcPiB_STD_WCSUVR.
calcPiB_STD_WCSUVR values were then scaled to Centiloids using

equation 1.3b in Klunk et al.,9 substituting group mean values for

YC-0 = 1.00 and AD-100 = 2.07 (PiB_STD_WCSUVR anchor points

published inNavitsky et al.15). Finally, to derive direct conversion equa-

tions, Centiloid values were regressed against original SUVR values in

amanner similar to Navitsky et al.15

The transformation from florbetapir SUVR to Centiloid units for

each pipelinewas then applied to the Insight 46 florbetapir data. SUVR

Aβ positivity cutpoints for the Insight 46 PET/MRI dataset were esti-

mated using Gaussian mixture modeling (GMM) in MATLAB R2018a

Statistics and Machine Learning toolbox. Models with one, two, and

three Gaussians were compared, and the two-Gaussian model was

selected as the optimalmodel based onBayesian information criterion.

All other statistical analyses were performed in R version 3.6.3. The

cutpoint valuewas defined as the 99th percentile of the lower (Aβ neg-
ative) distribution and the equivalent Centiloidwas determined. Fleiss’

Kappa was used to report agreement in Aβ positivity between each

non-standardmethod and the FBP_STD_WCSUVR.

2.5 Complementary analysis in ADNI dataset

The Florbetapir Calibration dataset differs from the Insight 46

dataset in both image acquisition and sample characteristics. To

examine the Centiloid conversions in an independent age-matched

PET/CT dataset, T1-weighted MRI and florbetapir images from

93 controls aged 68 to 72 years were downloaded from ADNI

(adni.loni.usc.edu) and processed with GIF pipelines. The conversion

equations were then applied to SUVRs in ADNI and Centiloid results

compared.
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PiB_STD_WC

(A) (B)

(C) (D)

F IGURE 1 The relationship between non-standard SUVRs (y-axis) with GIF_WC (A), GIF_WC_PVC (B), GIF_WM (C), and GIF_WM_PVC (D)
processing and standard processing PiB SUVRs (all x-axis) in the Standard PiB dataset. The dashed line represents x= y and the black line is the
linear regression fit with gray area representing 95% confidence interval. AD-100, Alzheimer’s disease group; GIF, Geodesic Information
Flows-based pipeline; PiB, Pittsburgh compound B; PVC, partial volume corrected; STD, standard Centiloid pipeline; SUVR, standardized uptake
value ratio;WC, whole cerebellum reference;WM, erodedwhite matter reference; YC-0, young control group.

3 RESULTS

UTE console reconstruction produced results that were highly corre-

lated with pCT (see Figure S2 in supporting information). The Insight

46 dataset was also processed with a local implementation of the

STD_WCSUVR pipeline, which was validated through replication of the

“Level 1” analysis using the Standard PiB dataset (R2 = 0.9994; see

Figure S3 in supporting information).

3.1 Reliability of non-standard approaches

3.1.1 Standard PiB dataset

Strong correlations (R2 between 0.91 and 0.99, Figure 1A-D)

were observed between the non-standard GIF pipelines and the

STD_WCSUVR pipeline in the Standard PiB dataset, well above the

established Centiloid criteria of R2 > 0.7. Information on the coeffi-

cient of variation (CoV) and effect size of each method is provided in

Table S3.

3.1.2 Florbetapir calibration dataset

All GIF pipelines using florbetapir data reached the pre-specified

Centiloid criteria for reliability (all R2 > 0.7, Figure 2). The sec-

ond equation in parts A-D of Figure 2 was used to convert SUVRs

from each approach to calcPiB_STD_WCSUVR values, which were

then scaled to Centiloids. The relative variance of Centiloid val-

ues in young controls are presented in Table S4 in supporting

information.
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F IGURE 2 Paired FBP and PiB SUVR data from the Florbetapir Calibration dataset. Plots show the relationship between FBP SUVRs (y-axis)
processed using GIF_WC (A), GIF_WC_PVC (B), GIF_WM (C), and GIF_WM_PVC (D) pipelines and PiB SUVRswith STD_WC processing (all x-axes).
The dashed line represents x= y and the black line is the linear regression fit with gray area representing 95% confidence interval. Conversion
equations and R2 are displayed on the plots. All non-standardmethods exceed the reliability threshold (R2 > 0.7) set by Klunk et al.9 and are
therefore suitable for Centiloid conversion. ES, elder subjects group; FBP, florbetapir; GIF, Geodesic Information Flows-based pipeline; PiB,
Pittsburgh compound B; PVC, partial volume corrected; STD, standard Centiloid pipeline; SUVR, standardized uptake value ratio;WC, whole
cerebellum reference;WM, erodedwhite matter reference; YCN, young cognitively normal group.

3.2 Centiloid conversion of PET/MR data

3.2.1 Whole cerebellum reference region

In Insight 46 (N = 432), the SUVR cutpoint, Centiloid cutpoint, and Aβ
positivity rates for eachmethod were, respectively: 1.150, 19.2, 15.7%

(FBP_STD_WCSUVR, Figure 3A); 1.077, 14.2, 16.2% (FBP_GIF_WCSUVR,

Figure3B); and1.031, 11.8, 23.8% (FBP_GIF_WC_PVCSUVR, Figure3C).

All participants that were positive with FBP_GIF_WC were also pos-

itive with FBP_GIF_WC_PVC. Agreement (Kappa scores) in Aβ status
between each method compared to the FBP_STD_WC were 0.95 for

FBP_GIF_WCSUVR and 0.75 for FBP_GIF_WC_PVCSUVR. Figure 3A-C

shows the direct transformation equations and the resulting dis-

tribution of Insight 46 SUVRs and Centiloids are presented in

Figure 3D-E.

3.2.2 Eroded WM reference region

The Aβ positivity rates were 18.3% (FBP_GIF_WMSUVR, Kappa= 0.75)

and 18.1% (FBP_GIF_WM_PVCSUVR, Kappa = 0.75). Converting the

FBP_GIF_WMSUVR Insight 46 data, the SUVR cutpoint of 0.610 cor-

responded to –23.0 CL and the mean (SD) Centiloid value was –48.3

(39.5) (see Figure 4A). For FBP_GIF_WM_PVCSUVR, the SUVR cutpoint

of 0.671 equated to +26.7 CL, with a mean (SD) Centiloid value of

+10.5 (30.0; see Figure 4C). Post hoc analyses were performed to

investigate these unexpected results.

Further analyses indicated a differential relationship between WM

and WC uptake in Insight 46 compared to the Florbetapir Calibra-

tion dataset. The regression line between FBP_GIF_WMSUVR (y) and

FBP_GIF_WCSUVR (x) had a smaller slope and higher intercept in

the Florbetapir Calibration compared to the Insight 46 dataset (see
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F IGURE 3 The Centiloid conversion of florbetapir PET/MRI data from Insight 46 (N= 432) processed using the whole cerebellum reference
region. The direct linear transformation from SUVRmethod to Centiloid values and conversion equations are shown for FBP_STD_WC (A),
FBP_GIF_WC (B), and FBP_GIF_WC_PVC (C). For comparison, the distribution of SUVR (D), and Centiloid (E) are shown for each processing
method. Dashed lines represent cutpoints derived using Gaussianmixturemodelling in Insight 46. CL, Centiloid units; FBP, florbetapir; GIF,
Geodesic Information Flows-based pipeline;MRI, magnetic resonance imaging; PET, positron emission tomography; PVC, partial volume
corrected; SD, standard deviation; STD, standard Centiloid pipeline; SUVR, standardized uptake value ratio;WC, whole cerebellum reference.

Figure S5 in supporting information). Therefore, the linear equation

from the Florbetapir Calibration dataset gives higher estimates of
calcFBP_GIF_WMSUVR than is appropriate for the Insight 46 dataset.

As a result, the reverse transformation from FBP_GIF_WMSUVR to
calcFBP_GIF_WCSUVR leads to underestimated Centiloid values in

Insight 46. To adjust for this, we implemented a dataset-specific adjust-

ment to convert WM normalized SUVRs from Insight 46 to Centiloids.

To bring the WM values in line with the GIF_WCSUVR, we added an

initial step to convert WM-referenced SUVRs to estimated WC val-

ues. Figure 5 outlines the process for conversion without (Figure 5A)

and with the initial adjustment (Figure 5B). The adjustment equations

for non-PVC and PVC SUVRs were as follows: calcFBP_GIF_WCSUVR

= (FBP_GIF_WMSUVR - 0.145)/0.424 and calcFBP_GIF_WCSUVR =

(FBP_GIF_WM_PVCSUVR + 0.234)/0.838. After this adjustment, the

FBP_GIF_WCSUVR to Centiloid equation was applied to adjusted val-

ues (CL =
calcFBP_GIF_WCSUVR × 194.0 – 194.7). The adjusted

cutpoints were 18.1 CL and 17.0 CL for FBP_GIF_WMSUVR and

FBP_GIF_WM_PVCSUVR, respectively (see Figure 4B and 4D). The dis-

tibution of SUVRs and Centiloids (with and without adjustment) are

presented in Figure 4E-F.

Using the composite reference region (GIF_COMP), Centiloid val-

ues fell between values from pipelines using either region separately,

bothwith andwithout adjustment (seeFigure andText S6 in supporting

information).

3.3 Complementary analysis in ADNI dataset

In the ADNI dataset, the GMM-derived cutpoint for FBP_GIF_WCSUVR

was 1.123, which scaled to 23 CL. For FBP_GIF_WMSUVR, the SUVR

cutpointwas0.691,whichequated to20.3CLusing theCentiloid trans-

formation. The relationship between WM and WC uptake in ADNI

was similar to the Florbetapir Calibration dataset (see Figure S7 in

supporting information).
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F IGURE 4 The Centiloid conversion of florbetapir PET/MRI SUVRs from Insight 46 (N= 432) processedwith an erodedwhite matter
reference region, without (A-B) andwith PVC (C-D), with both unadjusted (A, C) and adjusted Centiloid values (B, D), conversion equations and
cutpoints are presented. SUVR values (E) can be compared to both adjusted and unadjusted Centiloid values (F). Dashed black lines represent
cutpoint values derived using Gaussianmixturemodelling in Insight 46. Dashed lines represent cutpoints derived using Gaussianmixture
modelling in Insight 46. CL, Centiloid units; FBP, florbetapir; GIF, Geodesic Information Flows-based pipeline;MRI, magnetic resonance imaging;
PET, positron emission tomography; PVC, partial volume corrected; SD, standard deviation; STD, standard Centiloid pipeline; SUVR, standardized
uptake value ratio;WC, whole cerebellum reference.

4 DISCUSSION

In this study, we found that florbetapir data acquired on a combined

PET/MRI scanner—in particular SUVR using aWC reference—can suc-

cessfully be transformed to the Centiloid scale. After calibration of

four non-standard SUVR methods to Centiloids, including the use of

an eroded WM reference region and PVC, we converted florbetapir

PET/MRI data from a large cohort of ≈70-year-old individuals. For

SUVRs using aWC reference, Aβ positivity cutpoints fell within a range
of 11.8 to 19.2 Centiloids. These data-driven cutpoints are consis-

tent with other studies using different methodologies.23–26 However,

the same conversion process when applied to WM-referenced SUVRs

resulted in unexpected cutpoint values of –23.0 Centiloids with-

out and +26.7 Centiloids with PVC. These results are likely due to

a differential relationship between WM and WC uptake between

the Florbetapir Calibration and Insight 46 datasets. We therefore

introduced an adjustment step based on this relationship before scal-

ing Insight 46 data to Centiloids. This resulted in more plausible

cutpoints of 18.1 Centiloids without and 17.0 Centiloids with PVC.

The Centiloid method compresses or stretches results into a similar

range, and it is important to report information regarding the reliabil-

ity of the conversion and precision of each non-standard approach.9

In the current study, we applied the Centiloid conversion to SUVRs

with an eroded WM reference region and with PVC applied. These

extra degrees of separation from the Standard Centiloid process-

ing approach could reduce the reliability of transformations. In the

Standard PiB dataset, SUVRs from all GIF pipelines were strongly

associated with the Standard Centiloid processing (all R2 > 0.90), indi-

cating a reliable conversion between methods. The linear association

between values from GIF WC and Standard Centiloid pipelines was

particularly strong (R2 = 0.99), with a slight underestimation for the

GIF pipeline compared to the Standard Centiloid processing approach
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F IGURE 5 Diagram outlining the steps for calibration of non-standard whole cerebellum referenced SUVRs to Centiloids (A). An additional
adjustment is required for conversion of SUVRs using a white matter reference region (B). Dashed lines represent cutpoints derived using
Gaussianmixturemodelling in Insight 46. CL, Centiloid units; FBP, florbetapir; GIF, Geodesic Information Flows-based pipeline; PVC, partial
volume corrected; STD, standard Centiloid pipeline; SUVR, standardized uptake value ratio;WC, whole cerebellum reference.

(Figure 1A). This underestimation could be due to greater inclusion of

WM within the Montreal Neurological Institute space Standard Cen-

tiloid target region in the AD group (due to gray matter atrophy),

compared to the subject-specific cortical GIF target region. In the Flor-

betapirCalibrationdataset, the conversion across both radiotracer and

processing method were highly reliable for WC reference (R2 > 0.87,

Figures 2A and 2B) and lower, but still above the Centiloid threshold

for WM reference (R2 = 0.75, Figures 2C and 2D). In young controls

presumed to have no Aβ accumulation, the relative variance between

non-standard Centiloids compared to Standard PiB Centiloids reflects

both the relative dynamic range and precision of the non-standard

method.9 Similar to Navitsky et al.15 we found that florbetapir SUVRs

had a dynamic range of about half that of PiB when using the Stan-

dard Centiloid processing (slope = 0.482 in Figure 3A), resulting in

a doubling of the variance ratio between florbetapir and PiB SUVRs

when scaling to Centiloids. We found that a WM reference reduced

the dynamic range of florbetapir further (slope = 0.175 in Figure 2C)

and PVC increased it for both WC (slope = 0.874 in Figure 2B) and

WMreferenced values (slope= 0.455 in Figure 2D), although PVC also

increased variability in the YCN group.

While Centiloid values can appear more consistent than SUVR,

this harmonization process is still affected by the analysis technique

and cohort.10 In the current study, we could not generalize between

datasetswhen converting SUVRswith an erodedWMreference region

without implementing adataset-specific linear adjustment. This adjust-

ment does not change Aβ positivity rates but brings WM-referenced

SUVRs into the same range as WC-referenced SUVRs before scal-

ing to Centiloids. We hypothesize two potential sources of variation

that could be contributing to the differences between datasets: (1)

the method of image acquisition or reconstruction and (2) the bio-

logical characteristics of the cohorts. Neither of these are accounted

for with the Centiloid approach, in which equations are calculated on

a calibration dataset and applied to an independent dataset. Studies

have previously observed lower longitudinal intra-individual variability

when using a WM reference region compared to the cerebellum. This,

in part, could be due to increased noise and signal dropout that occurs

in peripheral brain structures, such as the cerebellum, which are posi-

tioned near the edge of the FoV.5,27–31 The PET/MRI scanner used in

Insight 46 has a large axial FoV (25.8 cm) compared to the scanners

used for the Florbetapir Calibration and ADNI datasets, which were
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typically≈16 cm.32 It is possible that these differences in axial FoV con-

tribute to the differing relationships between reference region uptake

observed in PET/MRI and PET/CT datasets (see WM to WC ratios

in Text S7). However, given that the WC-referenced SUVRs appear

more similar across cohorts compared to WM-referenced SUVRs, we

believe the differences between datasets are driven mostly by WM

signal, rather than the WC. Differences in attenuation correction

between PET/MRI and PET/CT datasets could be a contributing fac-

tor, although differences in attenuation correction are mainly found

in the cerebellum, so we do not expect this to be contributing to the

observed bias within the WM values. Biological characteristics of the

cohorts, including ageanddisease status, canaffect radiotracerdynam-

ics through changes in cerebral blood flow, which differentially affects

cerebellum and WM regions.33,34 There are differences between the

Florbetapir Calibration dataset (a wide range of age and disease sta-

tus from control to AD) and Insight 46 (community aging cohort in

tight age range 68–72), and these difference in biological character-

istics could contribute to the differential relationship between WM

and cerebellum uptake.35 We aimed to address some of these dif-

ferences with a subset of ADNI (PET/CT) data consisting of controls

matched in age to Insight 46. The relationship between WM and WC

uptake in the ADNI dataset was more similar to the Florbetapir Cali-

bration dataset than the Insight 46 dataset, suggesting that PET/MR–

differences may be playing a role. However, theWM-referenced mean

Centiloid (–3.1) is lower than that of WC-referenced values (12.9) in

the ADNI dataset, suggesting there may also be some underlying dif-

ference between Florbetapir Calibration and ADNI. ADNI has stricter

recruitment criteria against WM disease compared to the Insight 46

community sample,which could result in differences in florbetapirWM

uptake.36,37 Several studies have attributed high Aβ tracer binding in

WM to an affinity for myelin basic protein and have explored their use

in multiple sclerosis.37–42 This myelin involvement is a potential con-

founder of WM as a reference region and could lead to differences

in SUVR dependent on sex, age, and WM disease.43 Furthermore, as

WM uptake is higher in 18F-labelled tracers compared to PiB, these

differences could affect the Centiloid conversion of WM-referenced

results.44

A limitation of this paper is that we are unable to identify the

exact source of variation between datasets, which leads to the lack

of generalizable WM-referenced SUVRs. Ideally sources of variation

from acquisition and sample could be characterized with further

paired (PiB and florbetapir) calibration datasets controlling for all

other factors; however, it is unfeasible, due to PiB radiotracer avail-

ability, to collect these data. We found a balance between logistics

and generalizability by adjusting GIF WM-referenced SUVR values to

GIF WC-referenced values within the Insight 46 dataset, then linking

these values to the Centiloid scale using theWC-referenced equations

from the independent calibration dataset. Another limitation is that

the PVC parameters in the pipeline were kept consistent between

datasets, using the parameters optimized for the PET/MRI florbetapir

dataset.20 While the Siemens Biograph mMR PET/MRI scanner used

in the current study has similar spatial resolution to other modern

PET/CT equivalents,45 the older scanners (e.g., Siemens HR+) used

to acquire the Florbetapir Calibration dataset data have lower spatial

resolution and are therefore undercorrected for partial volumeeffects.

The reliability of the Centiloid conversion of PVC values may also be

reduced due to use of PET images from three different scanners in the

Florbetapir Calibration dataset. The PiB scans will also have slightly

poorer resolution compared to florbetapir due to the higher energy

of Carbon-11 positrons.46 We also note that the correlation between

FBP_GIF_WC and FBP_GIF_WM SUVRs in the Insight 46 dataset

(R2 = 0.6 for PVC and non-PVC, Figure S5) is slightly lower than in

the calibration set (R2 = 0.71 for non-PVC and 0.68 for PVC). This

relationship is used for the adjustment of WM Centiloids and should

be consideredwhen using adjustedWMCentiloid values.

Futureworkwill explore theCentiloid implementationwith longitu-

dinal follow-up data in this PET/MRI dataset. The relationship between

WMand cerebellum florbetapir uptakewill be examined further, which

will be important for the standardization of SUVR results using a WM

reference region.

In summary, we implemented the Centiloid scale in a large florbe-

tapir PET/MRI dataset froma community birth cohort datawith full life

course data. Our results suggest that the Centiloid conversion of WC-

referenced SUVRs can be generalized to PET/MRI datasets. However,

careful consideration to underlying differences between datasetsmust

be given, as they can produce implausible conversions to Centiloids,

particularly when using aWM reference region. We show that a linear

dataset-specific adjustment can facilitate conversion of values should

differences between datasets arise.
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Duygu Tosun-Turgut, PhD University of California, San

Francisco

Stephanie Rossi Chen, BA NCIRE / The Vererans Health

Research Institute

(Continues)

Mark Choe, BS NCIRE / The Vererans Health

Research Institute

Karen Crawford University of Southern

California School of

Medicine
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Investigator

BryanM. Spann, DO, PhD – Past

Investigator
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University of California–SanDiego:

James Brewer, MD, PhD

University of Southern

California:

Helen Vanderswag, RN

Adam Fleisher, MD – Past Investigator

University ofMichigan:

Jaimie Ziolkowski, MA, BS, TLLP

Judith L. Heidebrink, MD,MS
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Susan Rountree, MD – Past Investigator

Mimi Dang,MD – Past Investigator

Columbia UniversityMedical Center:

Yaakov Stern, PhD

Lawrence S. Honig, MD, PhD

AkivaMintz, MD, PhD

Washington University, St. Louis:
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McGill Univ., Montreal-Jewish General Hospital:

Howard Chertkow,MD

Susan Vaitekunis, MD

Chris Hosein, MEd

SunnybrookHealth Sciences, Ontario:

Sandra Black, MD, FRCPC

Bojana Stefanovic, PhD

Chris (Chinthaka) Heyn, BSC, PhD,MD, FRCPC

U.B.C. Clinic for AD&Related Disorders:

Ging-Yuek Robin Hsiung, MD,MHSc, FRCPC

Ellen Kim, BA

BenitaMudge, BS

Vesna Sossi, PhD

Howard Feldman,MD, FRCPC – Past Investigator

Michele Assaly, MA – Past Investigator
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PaulineMaillard, PhD
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University of Iowa College ofMedicine
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Jonathan D. Drake, MD

Cleveland Clinic Lou Ruvo Center for Brain Health:

Marwan Sabbagh,MD

Aaron Ritter, MD

Charles Bernick, MD,MPH – Past Investigator
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Abigail O’Connelll, MS, APRN, FNP-C
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Stephen Salloway,MD,MS

PaulMalloy, PhD

Stephen Correia, PhD

Neurological Care of CNY:

Smita Kittur, MD – Past Investigator

Hartford Hospital, Olin Neuropsychiatry Research Center:
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Robert B. Santulli, MD – Past Investigator

Cornell University

Norman Relkin, MD, PhD – Past Investigator

Gloria Chiang, MD – Past Investigator

Athena Lee, PhD

Michael Lin, MD – Past Investigator

Lisa Ravdin, PhD – Past Investigator
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John C.Morris, MD Washington University St.
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Jennifer Salazar, MBS University of Southern California
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Jeremy Pizzola, BA University of Southern California
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Marwan Sabbagh,MD – Past Investigator

Howard University:

ThomasO. Obisesan, MD,MPH
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