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Abstract

INTRODUCTION: A key goal of the Alzheimer’s Disease NeuroImaging Initiative

(ADNI) positron emission tomography (PET) Core is to harmonize quantification of

β-amyloid (Aβ) and tau PET image data across multiple scanners and tracers.

METHODS: We developed an analysis pipeline (Berkeley PET Imaging Pipeline, B-

PIP) for ADNI Aβ and tau PET images and applied it to PET data from other multisite

studies. Steps include image pre-processing, refacing, magnetic resonance imaging

(MRI)/PET co-registration, visual quality control (QC), quantification of tracer uptake,

and standardization of Aβ and tau standardized uptake value ratios (SUVrs) across

tracers.

RESULTS: Measurements from 10,105 cross-sectional and longitudinal Aβ and tau

PET scans acquired in several studies between 2010 and 2024 can be processed,

harmonized, and directly merged across tracers and cohorts.

DISCUSSION: The B-PIP developed in ADNI is a scalable image harmonization

approach used in several observational studies and clinical trials that facilitates

rigorous Aβ and tau PET quantification and data sharing.
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Institutes of Health; NIH/NIA, Grant/Award

Numbers: U24 AG072122, AG067418 Highlights

∙ Quantitative results fromADNI Aβ and tau PET data are generated using a rigorous,
scalable image processing pipeline

∙ This pipeline has been applied to PET data from several other large,multisite studies

and trials

∙ Quantitative outcomes are harmonizable across studies and are shared with the

scientific community

1 INTRODUCTION

Over the past 20 years, positron emission tomography (PET) imag-

ing in Alzheimer’s disease (AD) has grown from a specialized research

approach used only in a handful of research centers to a more broadly

accessible tool that has played a pivotal role in observational studies,

clinical trials, andpatient assessment.1 This increasedusehas led to the

need for acquisition and analysis approaches that are scalable, repro-

ducible, and maximize measurement sensitivity and accuracy in the

face of potential sources of noise and bias related to the use ofmultiple

scanners and tracers. The Alzheimer’s Disease Neuroimaging Initiative

(ADNI) PET Core has aimed to meet these needs by developing tools

for quantitative β-amyloid (Aβ) and tau PET analysis and making these

data available to the scientific community.

In this study, we describe the ADNI PET Core processing stream

for Aβ and tau image analysis (Berkeley PET Imaging Pipeline [B-PIP])

and its application to all ADNI baseline and longitudinal Aβ and tau

PET scans acquired between 2010 and 2024.While B-PIP has evolved

over time, a major emphasis has been the development of strategies

that account for multisite and multitracer imaging. Key features of

harmonization include standardized image acquisition and reconstruc-

tion parameters, followed by application of B-PIP image processing

that results in a common spatial resolution and voxel size, quantitative

tracer uptake outcomes using anatomically-defined regions, and har-

monization of these quantitative data to account for different tracer

characteristics. The primary pipeline involves quantification in native

space using a contemporaneousMRI (“MRI-dependent”) to define PET

regions of interest (ROIs), but there is a parallel template space quan-

tification pathway to accommodate PET scans without an available

MRI (“MRI-free”). Resulting MRI-dependent or MRI-free standardized

uptake value ratios (SUVrs) canbeharmonizedusing tracer-specific lin-

ear transformations. Finally, Aβ PET SUVrs are converted to Centiloids
(CL) using tracer-specific and region-specific equations developed for

use with this pipeline. Tau PET standardization across tracers is still

under development; several approaches are currently being evaluated

and are compatible with future use with B-PIP.

B-PIP was developed in ADNI and the Berkeley Aging Cohort Study

(BACS),2 and has been adopted by other studies and trials. This effort

has resulted in a large amount of harmonized quantitative Aβ and tau

PET image outcomes that are directly comparable within and across

studies, facilitating multicohort analyses. Here, we present all avail-

able ADNI Aβ and tau PET data alongside harmonized Aβ and tau PET
data from several studies led by ADNI PET Core investigators, includ-

ing the SCAN project (Standardized Centralized Alzheimer’s & Related

Dementias Neuroimaging), the U.S. POINTER imaging substudy (study

to PrOtect brain health through lifestyle INTErvention to Reduce risk),

and the BACS. Additional information related to harmonization (e.g.,

CL thresholds, conversion equations to account for tracer-related dif-

ferences or use of an MRI for SUVr quantification) is provided. All

of the image data presented in this paper have been acquired and

processed using B-PIP, and all data are available to the scientific com-

munity. Finally, we describe future goals of the ADNI PET Core related

to furthermulticohort image analysis, facilitating access to harmonized

quantitative outcomes by the research community.

2 METHODS

2.1 Study design and cohorts

We analyzed Aβ and tau PET scans acquired in ADNI, POINTER Imag-

ing, SCAN, and BACS that were available as of April 2024. Participant

characteristics are described in Table 1 and each included cohort is

described below. Protocols for each cohort were approved by local

and central institutional review boards (IRBs), and written informed

consent was obtained from all participants. Study cohorts included

participants who had at least one Aβ and tau PET scan, with other

cohort-specific inclusion or exclusion criteria noted below. To assess

clinical status and cognitive performance, we used study-specific clini-

cal diagnoses and, when available, the global Clinical Dementia Rating

Scale (CDR) measured closest in time to the baseline Aβ and/or tau

scan.

2.1.1 ADNI

ADNI is a longitudinal natural history study of AD that includes a vari-

ety of neuroimaging, cognitive, and fluid biomarker assessments, and is

designed to serve as a model for clinical trials.3 Participants included

individuals who had ≥ 1 Aβ PET scan with 18F florbetapir (FBP) or 18F

florbetaben (FBB) and/or tau PET scans with [18F]Flortaucipir (FTP)

and a contemporaneous MRI. ADNI participants are between ages 55
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and 90 years at baseline, had completed at least 6 years of education,

were fluent in Spanish or English, and were free of any other signifi-

cant neurologic diseases. Individuals diagnosed with AD dementia and

mild cognitive impairment (MCI) met standard diagnostic criteria and

all CN participants (with or without a subjective cognitive complaint)

had CDR scores of 0.4 Longitudinal scans were available for 60% of

individualswith a baselineAβ scan and47%of individualswith baseline

tau scan (see Table 1).

2.1.2 SCAN

TheSCANproject5 was conceived toharmonize processing of prospec-

tively acquired PET and MRI scans from Alzheimer’s disease research

centers (ADRCs) across the US. ADRCs are funded by the National

Institute on Aging (NIA) and carry out research on AD and related

dementias in order to improve diagnosis, treatment, and patient care.

A variety of neuroimaging and other biomarker data are acquired

across ADRCs, and SCAN MRI and PET Cores have defined acquisi-

tion protocols and image analysis pipelines (described here for PET)

that enable harmonization of imaging outcomes with other multisite

studies, including ADNI. Following the example of past efforts to stan-

dardize data across ADRCs, SCAN neuroimaging data are integrated

with other ADRC data streams within NACC, including the Uniform

Data Set (UDS) which includes rich longitudinal demographic, cog-

nitive, and neuropathological data. Current participants from SCAN

include individuals from22ADRCs between the ages of 50 and 96who

have a cognitive status of cognitively normal (CN), MCI, and demen-

tia. ForMCI anddementia patients,more detailed etiological diagnoses

included AD dementia (MCI: 67%; dementia: 72%), vascular disease

(MCI: 7%; dementia: 2%), and other etiologies (details in Table S1). Par-

ticipants had ≥ 1 Aβ scan with 11C PiB, FBB, FBP, or [18F]NAV4694

(NAV) and/or tau PET scans (FTP or 18F MK6240). Scans and cor-

responding metadata are submitted to Laboratory of NeuroImaging

(LONI) by each participating ADRC. A contemporaneous structural

MRI was not available for many PET scans at the time of this study, so

we used the MRI-free PET pipeline to calculate SUVrs. We then con-

verted these B-PIP MRI-free SUVrs to be compatible with SUVrs from

B-PIP MRI-dependent pipeline SUVrs using methods described below

and in the SupplementaryMaterials.

2.1.3 POINTER imaging

Participants fromtheU.S. POINTER imaging substudy (POINTER Imag-

ing) were recruited from the U.S. POINTER trial, which is testing

whether random assignment to either of two multidomain lifestyle

interventions (focusing on nutrition, physical exercise, cognitive/social

stimulation, health monitoring) that differ in format, intensity, and

accountability affects 2-year cognitive change.6 U.S. POINTER trial

participants are between the ages of 60 and 78, lack significant mem-

ory impairment, have a global CDR of 0 or 0.5, are sedentary, report a

suboptimal diet, and are at risk for future cognitive decline based on

RESEARCH INCONTEXT

1. Systematic review: We used PubMed to identify publica-

tions examining β-amyloid (Aβ) and tau positron emission

tomography (PET) processing streams. There is a need

to develop scalable pipelines for rigorous and scalable

harmonization of Aβ and tau quantitative outcomes.

2. Interpretation: We used the Berkeley PET Imaging

Pipeline (B-PIP) to calculate harmonized cross-sectional

and longitudinal Aβ and tau measurements using scans

fromAlzheimer’sDiseaseNeuroimaging Initiative (ADNI)

and several other multisite studies and clinical trials.

3. Future directions: This manuscript describes the imple-

mentation of standardized PET acquisition, analysis, and

data sharing methods that were developed in ADNI and

are used in other large-scale ADNI. This pipeline facili-

tates cross-cohort comparisons of large and increasingly

heterogenous datasets.

family history of memory impairment, race or ethnicity, and/or other

risk factors. About 50% of U.S. POINTER trial participants are enrolled

into the POINTER imaging substudy and have baseline Aβ (FBB), MRI,

and tau PET (MK6240) scans. Individuals with significant memory

impairment were excluded, but some individuals may meet criteria for

MCI. However, centrally-adjudicated clinical diagnoses for the entire

sample are not yet available so all POINTER imaging participants are

considered unimpaired for illustration purposes in this study.

2.1.4 BACS

The BACS is a longitudinal observational study of normal aging. Partic-

ipants are CN older adults who were recruited from the local Berkeley

community via advertisements and word of mouth. Inclusion crite-

ria for BACS include an mini-mental state exam (MMSE) score ≥ 25,

normal daily function, and scores on the California Verbal Learning7

and Visual Reproduction tests8 within 1.5 standard deviations of age,

sex, and education-adjustednorms. Exclusion criteria includehistory of

neurological disease or substance abuse, cognition-affectingmental ill-

ness, or neuroimaging contraindications. BaselinePiBand/orFTP scans

were acquired, and longitudinal scans were available for 59% (PiB) and

53% (FTP) of the sample (see Table 1).

2.2 PET image acquisition and pre-processing

Figure 1 shows a summary of the key harmonization steps described

below. Tracer-specific PET image primary acquisition protocols devel-

oped by the ADNI, POINTER, and SCAN PET Cores are shown for Aβ
PET (Table 2) and tau PET (Table 3).
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TABLE 1 Participant demographics and scan characteristics of the study cohorts.

ADNI BACS

POINTER

imaging SCAN All cohorts

Demographics

Participants (N) 1747 253 937 1343 4280

Age (years) 72.9± 7.6 75.00± 6.6 68.4± 5.2 72.3± 7.7 71.8± 7.4

Sex, % Female 49% 56% 61% 59% 55%

Race,N

White 1454 222 637 971 3284

Black 131 6 135 236 508

Hispanic 76 6 71 66 219

Asian 45 11 30 37 123

Other 41 7 62 31 141

Education (years) 16.3± 2.6 17.0± 2.1 16.0± 2.2 16.4± 2.5 16.3± 2.5

Global CDR, % 0 43% – 80% 62% 60%

Clinical Dx%CN 43% 100% 100%* 65% 61%

CN,N 748 251 937* 852 2605

MCI,N 783 – – 312 1280

Dementia**,N 215 – – 152 367

APOE-ε4, % carrier 43% 25% 28% 40% 38%

PET

Amyloid PET

Tracer FBB, FBP PIB FBB FBB, FBP, PIB, NAV FBB, FBP, PIB, NAV

N 377, 1370 253 937 562, 211, 492, 78 1876, 1581, 745, 78

% 22%, 78% 100% 100% 42%, 16%, 37%, 6% 44%, 37%, 17%, 2%

Aβ positive, % 48% 34% 29% 44% 42%

Centiloids 36.1± 46.5 15.4± 29.5 17.0± 25.6 25.1± 41.9 27.2± 41.1

Scans/participant 2.2± 1.3 2.1± 1.3 – – 2.2± 1.3

≥ 1 scan (%) 61% 58% – – 28%

Follow-up (years)# 2.3± 0.8 2.9± 1.4 – – 2.3± 0.9

Tracer FTP FTP MK6240 FTP,MK6240 FTP,MK6240

N 925 165 911 289, 266 1388, 1177

% 53% 65% 97% 24%, 21% 32%, 28%

Entorhinal Z-score 1.4± 2.7 0.7± 1.3 0.5± 1.9 1.6± 3.0 1.1± 2.5

MetaROI Z-score 1.9± 4.3 0.5± 1.6 0.2± 1.6 1.7± 4.2 1.2± 3.5

Scans/participant 0.9± 1.1 1.2± 1.2 – – 1.0± 1.2

≥ 1 scan (%) 26% 34% – – 13%

Follow-up (years)# 1.9± 1.2 2.3± 1.1 – – 2.0± 1.1

Note: All participants are over 50 years of age and have at least one Aβ or one tau scan. Age is calculated as age from baseline amyloid scan.

Abbreviations: APOE, apolipoprotein E; Aβ, amyloid beta; CDR, clinical dementia rating; CN, cognitively normal; FBB, florbetaben; FBP, florbetapir; FTP,

[18F]Flortaucipir; MCI, mild cognitive impairment; MetaROI, metatemporal region of interest; N, number; NAV, [18F]NAV4694; PET, positron emission

tomography; URG, underrepresented racial and/or ethnic group.

- Not available currently, but will be available in the future.

– Not applicable to the cohort.

# Based on participants with≥ 1 scan.

* Centrally-adjudicated clinical diagnoses are not available for POINTER, but participants lack significant impairment.

**Dementia: ADNI, ADDementia; SCAN, etiological diagnoses are available in the Supplementary Data.

Missing data.

Race: Total= 5, ADNI= 0, BACS= 1, POINTER= 2, SCAN= 2.

Global CDR: Total= 251, all fromBACS.

Diagnosis: Total= 24, all from SCAN.

APOE: Total= 377, ADNI= 177, BACS= 32, POINTER= 51, SCAN= 168.
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F IGURE 1 PET image processing overview. A summary of the Aβ and tau PET image processing stream is shown. Following tracer-specific Aβ
and tau image acquisition and reconstruction, images are defaced (ADNI, SCAN) and pre-processed to adjust for motion and differing scanner
resolutions. B-PIP then involves processing a refacedmagnetization-prepared rapid gradient echo (MPRAGE) with FreeSurfer to define ROI and
reference regions that are sampled from a co-registered PET image, visual QC of the PET co-registered to the FreeSurfer-parcellated anatomical
boundaries andMRI, and calculation of SUVrs within tracer-specific ROI described below. Finally, SUVrs are harmonized to account for
tracer-related differences, and thresholding is carried out to define positive/abnormal scans. This pipeline is fully automated except for visual QC.
A parallel and fully automatedMRI-free pipeline and corresponding harmonization information is described below and in the Supplementary
Materials. Aβ β-amyloid; ADNI, Alzheimer’s Disease Neuroimaging Initiative; B-PIP, Berkeley PET imaging pipeline;MPRAGE,
Magnetization-prepared rapid gradient echo; PET, positron emission tomography; QC, quality control; SCAN, standardized centralized
Alzheimer’s & related dementias neuroimaging; SUVrs, standardized uptake value ratios.

2.2.1 Initial QC

Attenuation correction is performed using scanner-specific pro-

cedures for PET-CT, PET-MRI or PET only scanners, and standard

scanner- and site-specific iterative algorithms are employed

for image reconstruction. Following PET image acquisition and

image upload to the LONI, several QC checks are carried out

by the University of Michigan including statistical noise checks,

motion assessment across temporal frames, full brain cover-

age verification, and visual inspections to identify common

artifacts.

2.2.2 Face de-identification

Starting in 2024 with ADNI-4, raw ADNI PET images are “de-faced” by

the Mayo Clinic team by replacing facial features in the native space

image with an average face, using their automated mri_reface soft-

ware, which was developed and validated using PET scans from ADNI,

among others. Visual QC is performed on each scan to ensure com-

plete replacement of the face and non-modification of all brain voxels.

This process has a negligible influence on SUVrs, so no transformation

is necessary to combine defaced and non-defaced data.9 A detailed

write-up of this process is also available in this issue.10



6 of 16 LANDAU ET AL.

TABLE 2 Aβ PET tracer-specific primary acquisition protocols, thresholds, and CL transformation equations.

Tracer Cohort

Post-injection

acquisition time (min)

Dose± 10% Cross-sectional

MRI-dependent

thresholds (SUVr/CL)

Centiloid

transformation

equationmCi MBq

PiB SCAN, BACS 50–70 15 555 1.21 SUVr

9 CL

CL= 95.57 (MRI-dep

SUVr/

CerebGray)—107.04

FBP ADNI, SCAN,

BACS

50–70 10 370 1.11 SUVr

20 CL

CL= 188.22 (MRI-dep

SUVr)—189.16

FBB ADNI, SCAN,

POINTER

90–110 8.1 295 1.08 SUVr

18 CL

CL= 157.15 (MRI-dep

SUVr)—151.87

NAV SCAN 50–70 8.1 300 Under development CL= 109.45 (MRI-dep

SUVr)—106.78

Note: CL transformations are all based onwhole cerebellum intensity normalization, exceptMRI-dep PiB, which uses the cerebellar graymatter.

Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging Initiative; BACS, Berkeley aging cohort study; CL, Centiloid; FBB, florbetaben; FBP, florbetapir;

NAV, [18F]NAV4694; PET, positron emission tomography; PiB, Pittsburgh compound B; SCAN, standardized centralized Alzheimer’s & related dementias

neuroimaging; SUVrs, standardized uptake value ratios.

TABLE 3 Tau PET tracer-specific acquisition protocols.

Tracer Cohort

Post-injection

acquisition time

(min)

Dose± 10%

mCi MBq

FTP ADNI, SCAN,

BACS

70–105 10 370

MK6240 SCAN,

POINTER

90–110 5 185

Note: Tau PET SUVrs are normalized to the inferior cerebellar graymatter.

Abbreviations: ADNI, Alzheimer’s disease neuroimaging initiative; BACS,

Berkeley aging cohort study; FTP, [18F]Flortaucipir; PET, positron emis-

sion tomography; SCAN, standardized centralized Alzheimer’s & related

dementias neuroimaging; SUVrs, standardized uptake value ratios.

2.2.3 PET pre-processing

For ADNI, SCAN and POINTER, the Koeppe Lab at University of

Michigan carries out pre-processing that results in four sets of “pre-

processed” PET images sets in digital imaging and communications in

medicine (DICOM) format which are uploaded to LONI. The first two

image sets retain the original patient orientation, pixel grid, and intrin-

sic plane spacing specific to each scannerwhile the final two image sets

are reoriented to a standardizedmatrix.

1. Co-registeredDynamic: Each5-min frame innative space (de-faced,

when applicable, or original, raw scan) is co-registered to the first

extracted frame of the raw image file in order tomotion correct the

images.

2. Co-registered, Averaged: Individual 5-min frames in the dynamic

image set are averaged to produce a single image.

3. Co-reg, Avg, Standardized Image, and Voxel Size: Each tracer type

(amyloid and tau separately)’s first scan is reoriented into a stan-

dard 160 × 160 × 96 voxel image grid with 1.5 mm3 voxels using

rigid body registration to achieve standard anterior commissure-

posterior commissure line (AC-PC) alignment. Subsequent scans

are co-registered to their first scan’s AC-PC alignment for con-

sistent spatial orientation. Cerebellar gray matter (GM) is used

as the reference region for SUVr normalization. Importantly, this

initial intensity normalization is later replaced (‘‘divided out’’) by

tracer-specific reference regions in B-PIP.

4. Co-reg, Avg, Std Img, and Vox Siz, Uniform Resolution: The stan-

dardized images are smoothed to a common resolution using

scanner-specific 3D-Gaussian filters derived by the University of

Michigan team using Hoffman phantom scans carried out at each

site.11 The effective resolution was selected based on the lowest

resolution scanners in ADNI, with resolutions initially set to 8 mm3

full width half maximum (FWHM) and, in 2023, adjusted to 6 mm3

FWHM to reflect the lowest resolution of the current scanners.

In 2023, all Aβ and tau ADNI PET data were re-processed by UC

Berkeley retrospectively at 6 mm3 in order to generate a harmo-

nized dataset at the new resolution. Resulting preprocessed PET

DICOMs have a standardized voxel size and spatial resolution.

BACS scans are reconstructed and pre-processed at Berkeley to

allow for comparison to preprocessed ADNI data. A 4 mm Gaussian

smoothing filter is applied to individual frames during reconstruction,

which results in an effective resolution that is comparable to the har-

monized 6 mm isotropic resolution achieved in ADNI, POINTER, and

SCAN. All preprocessed scans fromADNI, SCAN, POINTER, and BACS

are then processedwith B-PIP.

2.3 MRI acquisition and pre-processing

A contemporaneous 3T Magnetization-prepared rapid gradient echo

(MPRAGE) (1.5T in BACS) acquired closest in time to each PET scan is

used for anatomical definition of PET ROIs in native space. MPRAGE

scans are reconstructed locally at sites as overseen by the ADNIMayo

Clinic Rochester team.12 In ADNI, the MPRAGE was refaced starting

in 2024 as described in this issue.10 Preprocessed, defaced MPRAGEs

are downloaded from LONI in DICOM format and converted to neu-

roimaging informatics technology initiative format using dcm2niix.13
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Parcellation of native-space regions in the Desikan-Killiany atlas14 is

carried out for eachMPRAGE using FreeSurfer v7.1.15

2.4 MRI-dependent B-PIP

Each fully pre-processed PET image is downloaded from LONI (for

ADNI, SCAN, and POINTER), co-registered to a contemporaneous

MPRAGE using SPM12 (statistical parametric mapping) (see above)

and Desikan-Killiany atlas FreeSurfer parcellations are used to calcu-

late mean PET uptake from within tracer-specific primary ROIs and

reference regions (see below and SupplementaryMaterials), as well as

all Desikan-Killiany atlas regions.

2.4.1 Aβ PET

The cortical summary region is made up of frontal, cingulate, pari-

etal, temporal subregions defined by the Desikan-Killiany atlas (see

Supplementary Materials for list). Reference regions include whole

cerebellum (cerebellar gray for the PiB MRI-dependent pipeline) for

cross-sectional analyses and determining Aβ ± status, and for lon-

gitudinal analyses, a composite reference region made up of whole

cerebellum, brainstem/pons, and eroded subcortical white matter

(WM) regions which appears to decrease longitudinal noise.16–20

Cortical summary Aβ PET SUVrs are converted to CL using tracer-

specific equations derived for B-PIP as described previously21,22 (see

Table 2 and Supplementary Materials for MRI-free pipeline thresholds

and conversion equations).

MRI-dependent thresholds for PiB (1.21 / 9CL; cerebellar gray

intensity normalization), FBP (1.11/20 CL; whole cerebellum inten-

sity normalization), and FBB (1.08/18 CL; whole cerebellum intensity

normalization) are shown in Table 2. These thresholds have been previ-

ously validated using several strategies (upper limit of tracer uptake in

young controls, Gaussian mixture modeling, and pathology-based vali-

dation) as described previously.21 Apreviously-validatedPiB threshold

basedonPETdistribution volume ratios (DVRs)23 was converted to the

SUVr threshold shown in Table 2 using the best-fit linear relationship

between 1039 PiB DVRs and SUVrs from BACS. An MRI-dependent

NAV4694 threshold is still under development. Thresholds for use

with cortical summary Aβ SUVrs and CLs that are based on the MRI-

dependent andMRI-free pipelines are described in the Supplementary

Materials.

2.4.2 Tau PET

Primary ROIs include entorhinal cortex and the temporal metaROI

which is made up of bilateral entorhinal, amygdala, parahippocampal,

fusiform, inferior temporal, and middle temporal regions as described

previously24 and as defined by the Desikan-Killiany atlas (see Sup-

plementary Materials). An inferior cerebellar GM reference region is

created using the native-space, FreeSurfer-defined cerebellarGMwith

dorsal cerebellum (defined by the reverse-normalized SUIT template)

excluded in order to reduce the influence of off-target signal in the

dorsal cerebellum.25 Our primary quantitative outcomes are not cor-

rected for partial volume effects, but as part of B-PIP we carry out

partial volume correction (PVC) for all Desikan-Killiany atlas regions,

the temporal metaROI, and inferior cerebellar GM reference region

using theGeometric TransferMatrix approach for FTP andMK6240 as

previously described25–27 (see SupplementaryMaterials). These quan-

titative outcomes aremade available alongside our non-PVC tau data.

Here,weused aZ-normalization approach28 to standardize FTPand

MK6240 PET SUVrs from B-PIP, using CN, Aβ-negative individuals age
60–70 years, excluding outliers > 3SD (standard deviation) above the

mean, from available cohorts to define the mean and standard devia-

tion used to create Z-scores for all available FTP and MK6240 images

(Table S2).

2.5 MRI-free B-PIP

For PET scans without a contemporaneous MRI available, or when our

MRI-based pipeline fails visual QC (see below), we use an MRI-free

processing approach. Briefly, this process involves spatially normaliz-

ing PET images to Aβ and tau PET templates in Montreal Neurological

Institute (MNI) space (Figures S1 and S2) and calculating SUVrs for

our primary Aβ and tau ROIs.29 For Aβ, this involves calculation of

tracer uptake within theMNI-space GAAIN cortical summary ROI that

is used for CL quantification,22 and for tau, we use an MNI-space atlas

described below that parallels the native space Desikan-Killiany atlas

used with FreeSurfer. We validated MRI-free SUVrs for each tracer

against the gold-standard MRI-dependent B-PIP based on strong

associations (R2
> 0.90) between the twomeasures.

We have developed a novel atlas called the Normalized Probability

Desikan-Killiany Atlas (NPDKA) for use in the MRI-free pipeline that

is anMNI-space counterpart to the FreeSurfer-based Desikan-Killiany

atlas used in our native space,MRI-dependent pipeline.14 By providing

MNI-space regions that parallel the native space,Desikan-Killiany atlas

regions generated by FreeSurfer processing, the NPDKA facilitates

harmonization of regional Aβ and tau PET measures processed in the

MRI-free and MRI-dependent pipelines across multicohort datasets

regardless of whether an MPRAGE is consistently available for all

scans.

To create theNPDKA, the Freesurfer v7.1Desikan-Killiany segmen-

tations of 200 CN, Aβ-negative ADNI participants were (1) warped to

MNI-152 space using the parameters from their T1 (SPM12 normal-

ize), (2) each ROI mask was smoothed with a 1.5 mm FWHM gaussian

kernel to clean the edges, (3) each ROI mask was averaged across the

200 subjects, and (4) voxels within each ROI were normalized to val-

ues between 0 and 1 by dividing out the highest voxel probability (see

SupplementaryMaterials and Figure S3). Finally, ROI probability maps

were combined into a single whole brain atlas by assigning each voxel

to the ROI whose probability map was the highest for that voxel. This

allowed us to define atlas-style integer boundaries between ROIs in

template space.
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Importantly, there are two ways that images processed with the

MRI-free pipeline can be used. When all scans in the analysis were

processed with the MRI-free pipeline, SUVrs resulting from MRI-free

processing can be used without any additional steps. In this case, MRI-

free based thresholds (Table S3) can be applied, and Aβ PET SUVrs can

be transformed to CLs using the equations in Table S4.

Alternatively, if the majority of the PET images in a dataset were

processed with the MRI-dependent pipeline, but some scans can-

not be analyzed with that pipeline (due to a missing MRI or failed

FreeSurfer segmentation), those scans can be included in the dataset

by processing them with the MRI-free pipeline and converting the

MRI-free based SUVrs to MRI-dependent “units” using the equations

in Table S4 and Figure S4 (Aβ PET, including CL) and Table S5 and

Figure S5 (tau PET). This makes theMRI-free-to-MRI-dependent “con-

verted” data compatible with the rest of the MRI-dependent dataset.

In this case, MRI-dependent Aβ PET thresholds can be applied to the

entire dataset after transformation from MRI-free to MRI-dependent

“units.”

2.6 B-PIP visual quality control

Wedeveloped a visual QC protocol that involves inspection of a report

that is automatically generated for each scan in the MRI-dependent

pipeline when processing is complete. This report contains a series of

axial slices showing (1) the T1 MRI scan, (2) the FreeSurfer regional

parcellation overlaid on the MRI scan, and (3) the FreeSurfer regional

parcellation for primary Aβ and tau ROIs and reference regions only

overlaid on the MRI-co-registered PET image. Technicians who carry

out QC are trained using a standard dataset with common inciden-

tal findings that can affect tracer uptake (e.g., meningiomas, small

infarcts) andFreeSurfer parcellation and co-registration problems. The

visual QC logging process involves flagging instances where the mea-

sured values (SUVr or volume) may be unreliable due to anatomical

findings or segmentation or registration errors (Figures S6 and S7).

FreeSurfer parcellation is re-attempted in order to fix segmentation

errors; strategies include a repeat attempt of the original parcellation,

or use of additional flags suggested by the FreeSurfer error report.

When visual QC results in a partial pass, only primary target and refer-

ence regions are provided in the numerical datasets. When visual QC

results in a failure after a reprocessing attempt, the MRI-free pipeline

can be used for primary ROIs, and MRI-free transformations should

be applied prior to merging MRI-free results with the MRI-dependent

dataset.

Images are then assigned a quality score based on the assessed

reliability:

Full pass (qc_flag= 2): All regionsmeet reliability criteria

Partial pass (qc_flag = 1): Only the primary target and reference

regions are reliable

Fail (qc_flag = 0): The primary target or reference region does not

meet reliability standards

Visual QC results are provided in UC Berkeley datasets analyzed

with the MRI-dependent pipeline so that users can choose to avoid

potential sources of measurement error that could confound the anal-

yses. A total of 54 scans from ADNI, BACS, and POINTER have partial

pass or fail results; after reprocessing attempts, there were a total

of 4 fails and 48 partial pass results (Table S6). Visual QC results

are not provided with MRI-free datasets (e.g., SCAN), since we have

not observed failures with this pipeline based on visual QC of 1000

MRI-free processed images from SCAN (unpublished data).

More details and example Visual QC images are provided in the

SupplementaryMaterials.

2.7 Available quantitative PET datasets analyzed
with B-PIP

B-PIP generates quantitative PET outcomes in spreadsheet format

(with accompanying data dictionaries and methods documents) for

each Desikan-Killiany atlas region as well as tracer-specific compos-

ite ROIs, reference regions, and Aβ thresholds as described above and
shown in Table 2. Our primary pipeline for most numerical datasets is

MRI-dependent, except for SCAN, where the current primary pipeline

isMRI-free. AnMRI-free dataset can be used in an analysiswithout any

further transformations when all PET images were analyzed with the

MRI-free pipeline. For datasets or analyses that combineMRI-free and

MRI-dependent based SUVrs (for example, in cases missing an MRI or

with failed visual QC due to problems with FreeSurfer segmentation),

MRI-free based SUVrs can be converted to MRI-dependent “units” in

order to make these outcomes compatible (see Section 2.5 and Tables

S4 and S5).

Spreadsheets with these numerical regional quantitative PET data,

corresponding regional volumes, visual QC results as well as data

dictionaries and documents summarizing the overall pipeline and

any study-specific methods can be downloaded from LONI (ADNI,

POINTER imaging) or accessed via the National Alzheimer’s Coordi-

nating Center (SCAN) or through a data request (BACS). Each study

has specific data request procedures that involve data use agreements

and/or study proposal review.

3 RESULTS

3.1 Overview of ADNI, SCAN, POINTER imaging,
and BACS participants

We analyzed 6659 Aβ and 3446 tau PET scans from 4280 partici-

pants across all four cohorts using B-PIP as outlined in Figure 1 and

described above. Demographic characteristics were highly variable

across cohorts (Table 1), but overall the participants included in this

study had a mean age of 71.8 ± 7.4, 55% were female and 23% of indi-

viduals were from under-represented racial groups.A total of= 61% of

the overall sample was cognitively unimpaired and the remaining 39%

included individuals with MCI or dementia. Of patients from SCAN at

a clinical stage of MCI or AD clinical stage, 31% had a non-AD clinical

diagnosis. For Aβ PET, there were similar proportions of participants
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F IGURE 2 CLmeasurements for 4280 baseline scans processed with B-PIP and harmonized across Aβ tracers and cohort. CL values are
shown for each participant’s baseline Aβ scan by cohort and clinical diagnosis. CL are normalized to the whole cerebellum (except PiB, which uses
cerebellar graymatter intensity normalization for theMRI-dependent pipeline only). Each shape represents a different amyloid tracer. Aβ,
β-amyloid; AD, Alzheimer’s disease; B-PIP, Berkeley PET imaging pipeline; CL, Centiloid; CN, cognitively normal; FBB, florbetaben; FBP, florbetapir;
MCI, mild cognitive impairment; MRI, magnetic resonance imaging; PET, positron emission tomography; PiB, Pittsburgh compound B.

with FBB (44%) andFBP (37%), and smaller proportionswith PIB (17%)

andNAV (2%). A total of 28% of the overall Aβ PET sample had longitu-

dinal AβPET scans (all fromADNI orBACs) over 2.3±0.9 years. For tau

PET, there were similar proportions of participants who had FTP (54%)

and MK6240 (46%), and 13% of the overall tau PET sample had longi-

tudinal tau PET scans (all with FTP, from ADNI or BACs) over 2.0 ± 1.1

years.

3.2 Aβ PET

AβPETCortical Summary data for 4280baseline scans are shown inCL

across all cohorts, separated by patient diagnosis and tracer (Figure 2).

The cohorts include differing proportions of individuals across diag-

nostic groups, so cross-cohort interpretation of CL differences is not

meaningful, but the distribution of CLs is visually similar for FBP, FBB,

and NAV across the cohorts. Notably, SCAN SUVrs were calculated

using the MRI-free pipeline and converted to CLs using equations

based on the MRI-free quantification, whereas SUVrs for the other

cohorts were calculated using CL equations based on MRI-dependent

quantification. The distribution of CLs across all cohorts demonstrates

that conversion of SUVrs from this image analysis pipeline to CLs can

be carried out successfully across a variety of acquisition protocols and

tracers.

3.3 Tau PET

BaselineZ-transformed entorhinal cortex (Figure 3A) and the temporal

metaROI (Figure 3B) tau PET data are shown for 2565 baseline scans,

separated byAβPET across all cohorts for FTP andMK6240. SCAN tau

PET SUVrs were calculated using the MRI-free pipeline and converted

toMRI-dependent SUVrs before Z-scoring, whereas tau PET SUVrs for

the other cohorts were calculated using the MRI-dependent pipeline

and converted directly to Z scores. This allowed us to use the same ref-

erence sample data for all Z-scores regardless of processing approach.

Because each cohort has differing proportions of individuals within

diagnostic groups, cross-cohort interpretationofZ-normalized tauPET

data is not meaningful, but entorhinal and temporal tau are consis-

tently higher for Aβ PET+ individuals across all cohorts and diagnostic

groups.

3.4 Longitudinal Aβ and tau PET

Longitudinal Aβ CLs (Figure 4A) and longitudinal entorhinal tau

Z-scored FTP (Figure 4B) and temporal metaROI Z-scored FTP

(Figure 4C) PET trajectories are shown for studies with available lon-

gitudinal data (ADNI and BACS). For participants with longitudinal

data, mean Aβs PET follow-up time was 2.2 ± 0.8 years for ADNI
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F IGURE 3 Tau PETmeasurements for 2565 baseline scans processedwith B-PIP and harmonized across tau tracers and studies. Z-scored (A)
entorhinal cortex tau and (B) temporal metaROI tau is shown by study, Aβ± status and diagnosis. Z scores were calculated using tracer-specific
samples of amyloid-negative,< 70 years old, CN individuals used to calculate mean and standard deviation values (see Table S1). The light shade of
each color represents Aβ- individuals, and the darker shade represents Aβ+ individuals. Each shape represents a different tau tracer. Tau SUVrs to
derive the Z-scores are normalized to the inferior cerebellar graymatter. Aβ, β-amyloid; AD, Alzheimer’s disease; B-PIP, Berkeley PET imaging
pipeline; CN, cognitively normal; FTP, [18F]Flortaucipir; MCI, mild cognitive impairment; PET, positron emission tomography; ROI, region of
interest; SUVrs, standardized uptake value ratios.
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F IGURE 4 Longitudinal Aβ and tau PET trajectories. (A) Longitudinal CLs by diagnosis, tracer and study. CLs are normalized to the composite
reference region, except PiB, which uses the cerebellar graymatter region. Each shape represents a different amyloid tracer. Z-scores for
longitudinal (B) entorhinal cortex and (C) temporal tau are shown by diagnosis and study. Tau SUVrs to derive the Z-scores are normalized to the
inferior cerebellar graymatter. Only longitudinal FTP data were available for ADNI and BACS at the time of this study. One participant fromADNI
with dementia who had a temporal metaROI Z-score of 41 is not shown. Aβ, β-amyloid; AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease
Neuroimaging Initiative; BACS, Berkeley aging cohort study; CL, Centiloid; CN, cognitively normal; FBB, florbetaben; FBP, florbetapir; FTP,
[18F]Flortaucipir; MCI, mild cognitive impairment; PET, positron emission tomography; PIB, Pittsburgh compound B; PiB, Pittsburgh compound B;
SUVrs, standardized uptake value ratios.

and 2.9+/1.4 years for BACs, with a maximum Aβ follow-up of 8.1

years and six scans (ADNI); and the mean tau PET follow-up time was

1.9± 1.2 years for ADNI and 2.3± 1.1 years for BACs, with amaximum

tau follow-up of 5.9 years and six scans (ADNI). Similar to the cross-

sectional data, SCAN PET SUVrs were calculated using the MRI-free

pipeline and converted to harmonized units (CL for Aβ and Z-scores for
tau), whereas PET SUVrs for the other cohorts were calculated using

theMRI-dependent pipeline and converted to harmonized units.

4 DISCUSSION

Detection of in vivo Aβ and tau with PET imaging has played an

increasingly important role in large-scale observational studies, clinical

trials, and in the clinic. However, interpretation of image data out-

comes is complicated by the use of multiple scanners, tracers, and

image processing approaches, all of which influence measurements

of tracer uptake.30 As a result, quantitative outcomes of PET scans

that are acquired and processed in different studies cannot be merged

or directly compared, limiting the potential of rigorous multicohort

analyses. To overcome these challenges, we have developed a scal-

able pipeline (B-PIP) for harmonized, multisite image acquisition and

analysis. B-PIP is designed for rigorous quantification of multiple Aβ
and tau tracers from within anatomically-defined regions in native

space as well as tracer-specific composite and reference regions. It

also has features to flexibly accommodate other situations such as

the lack of an available structural MRI. Finally, the pipeline includes

pipeline- and tracer-specificAβpositivity thresholds andCLconversion
equations, can be adapted for use with emerging tau standardization

approaches and is fully automated except for a visual quality assurance

step. Harmonized quantitative outcomes and corresponding cohort-

specific methods documents are available in spreadsheets for use by

the scientific community. The results described here demonstrate the

feasibility of implementing B-PIP across multicohort PET datasets by

illustrating harmonized outcomes from 6659 Aβ scans (including up

to 8 years of longitudinal follow-up in ADNI) and 3446 tau PET scans

(including almost 6 years of longitudinal tau in ADNI) for a total of

10,105 scans from 4280 participants across the disease spectrum.

The PET Core has addressed a number of harmonization chal-

lenges over different phases of ADNI including varying scanner

image resolutions,11 harmonization of multiple Aβ and tau tracers

with variable characteristics,31 out-of-sample validation of positivity

thresholds,21 atlas-based definition of ROI with or without an MRI,29

and visual inspection of co-registration and regional segmentation

results as described here. We have also incorporated updates to the

pipeline that have led to periodic re-analysis of the entire ADNI PET

dataset, due to new software (e.g., updated FreeSurfer versions), and

improvements in scanner resolution resulting in a change from 8 to

6 mm common spatial resolution. Together, the harmonization strate-

gies developed in response to these challenges comprise the PET

image preprocessing and B-PIP described here, leading to harmonized

multicohort outcomes that are directly comparable across studies

(Figures 2–4). These outcomes are updated regularly as scans become

available, and spreadsheets are shared alongside cohort-specificmeth-

ods documents with the scientific community. This pipeline has also

been implemented by our team in related studies not described here,

including the ADNI Late Life Depression study,32 the ADNI Viet-

nam War Veterans study,33 the Head-to-Head Harmonization of Tau
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Tracers in Alzheimer’s Disease (HEAD) study,34 the Metformin in

Alzheimer’s Dementia Prevention (MAP) trial,35 and the 4 Repeat

Tauopathy Neuroimaging Initiative (4RTNI),36 and could be broadly

applicable to other existing datasets and future studies and trials in

which PET image acquisition protocols are compatible.

Several otherMRI-free image processing pipelines have been devel-

oped that share some features with B-PIP.37 Computation analysis of

PET by the Australian Imaging Biomarker Lifestyle study (CapAIBL)

is an MRI-free quantification approach that has been implemented

across studies,38 and includes tracer-specific CL transformations.39

The robust PET-Only Processing (rPOP) pipeline for Aβ quantifica-

tion has been validated in several large datasets such as Imaging

Dementia—Evidence for Amyloid Scanning (IDEAS) and ADNI, with

code that is publicly available.40 Amyloid IQ41 and tau IQ42 are auto-

mated processes for quantification that account for regional variability

in tracer-specific binding patterns, including off-target binding. These

pipelines involve PET-only spatial normalization and calculation of

regional tracer uptake in template space regions applied at the group

level, which share methodological features with our MRI-free pipeline

(SupplementaryMaterials).

There are advantages and disadvantages to MRI-free processing.

MRI-free processing is a flexible analysis approach in that it can either

be used as a primary analysis approach, when the entire dataset was

processed with this pipeline, or it can be used for a subset of data

(when MRIs are not available or anatomical definition based on the

MRI fails). In the latter case, MRI-free-based SUVrs can be trans-

formed to be compatible with the rest of the MRI-dependent dataset

using the conversion equations defined in the Supplementary Materi-

als. Despite these advantages, the MRI-based pipeline is the primary

B-PIP approach because of its use of individual anatomy to sample PET

tracer uptake. TheMRI-based pipeline relies on a co-registeredMRI to

define ROIs in native space, and for each scan acquired longitudinally,

leading to image sampling that is sensitive to morphological character-

istics that differ from individual to individual, and from scan to scan

over time within each individual. In addition, native space definition

of ROI optimizes separation of on-target tracer uptake in ROI versus

off-target uptake that can occur in neighboring regions. Influences of

off-target signalmay be greaterwhen images arewarped into template

space, blurring boundaries between GM and regions that are vulner-

able to off-target signal including WM, cerebrospinal fluid, meninges

and bone.26,43

While the use of CLs is well established for standardization of Aβ
PET outcomes across tracers, tau standardization is still an ongoing

area of research that involves unique challenges that complicate direct

application of the CL approach used for Aβ PET. Tau accumulation

follows a regionally-specific pattern of progression44; the regions we

included in this study are areas of frequent accumulation in normal

aging (entorhinal cortex) and AD (temporal metaROI), but other AD-

specific temporal regions have been identified.45 In addition, regional

patterns of tau burden and accumulation are also variable across

individuals46 and dependent on disease stage and clinical diagnosis, as

well vulnerability to tracer-specific off-target binding patterns, com-

plicating selection of a fixed region for standardization. In this study,

we presented FTP and MK6240 tau PET data harmonized using a

Z-normalization approach. Several other approaches have been pro-

posed including converting tau PET SUVrs to a CL-like scale,47,48

but there is currently limited data comparing different tracers in the

same individuals. A tau PET tracer head-to-head study designed to

generate standardization approaches for FTP, MK6240, and PI2620

is underway.34 Finally, partial-volume corrected (PVC) tau PET data

are not shown here, but PVC using the Geometric Transfer Matrix

approach has been developed and validated for FTP and MK6240 in

our lab (see Supplementary Materials)25,26 and is available in parallel

with non-PVC tau PET data.

This work has several strengths and limitations. Strengths include

the application of a uniform approach to several large cohorts of

unimpaired and impaired individuals, demonstrating the feasibility for

applying harmonized methods across future multisite and multitracer

PET datasets. This increases accessibility to the AD research commu-

nity, particularly for scientists who are not directly involved in the

studies. Large sample sizes are likely to increasegeneralizabilityof find-

ings, the representativeness of individuals included in these samples

is another critical factor that influences generalizability. Participants

included in the cohorts presented here have varying degrees of racial

and ethnic diversity; BACS participants lack geographical and racial

and ethnic diversity, ADNI participants are geographically diverse but

lack racial and ethnic diversity, although enrollment of individuals from

under-represented racial and ethnic groups is a key goal of ADNI4.

POINTER participants have relatively greater geographical, racial, and

ethnic diversity, and diversity is highly variable across ADRC sites con-

tributing data to SCAN. Limitations include data storage requirements

and data tracking challenges related to curating and tracking large

complex image datasets.

5 CONCLUSION

B-PIP is a scalable image processing stream that is the product of

a collaborative effort across ADNI investigators over two decades

to minimize variability in quantitative PET measurements related to

multisite and multitracer imaging.1 This pipeline has been used to

harmonize measurements from thousands of Aβ and tau PET scans

acquired in ADNI aswell as othermultisite studies and trials, and these

measurements have been made available to the scientific community.

Themethods used for acquisition, analysis, and data sharing developed

in ADNI can be adapted for use in other datasets and future AD neu-

roimaging studies, facilitating cross-cohort comparisons of large and

increasingly heterogenous datasets.
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