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Abstract

The Alzheimer’s Disease Neuroimaging Initiative (ADNI) PET Core has evolved over

time, beginning with positron emission tomography (PET) imaging of a subsample of

participantswith [18F]fluorodeoxyglucose (FDG)-PET, adding tracers formeasurement

of β-amyloid, followed by tau tracers. This review examines the evolution of the ADNI

PET Core, the novel aspects of PET imaging in each stage of ADNI, and gives an

accounting of PET images available in the ADNI database. The ADNI PET Core has

been and continues to be a rich resource that provides quantitative PET data and pre-

processed PET images to the scientific community, allowing interrogation of both basic

and clinically relevant questions. By standardizing methods across different PET scan-

ners andmultiple PET tracers, the Core has demonstrated the feasibility of large-scale,

multi-center PET studies. Data managed and disseminated by the PET Core has been

critical to defining pathophysiological models of Alzheimer’s disease (AD) and helped

to drivemethods used inmodern therapeutic trials.
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Highlights

∙ TheADNI PETCore beganwith FDG-PET and now includes three amyloid and three

tau PET ligands.

∙ The PET Core has standardized acquisition and analysis of multitracer PET images.

∙ The ADNI PET Core helped to developmethods that have facilitated clinical trials in

AD.

1 INTRODUCTION

The PET Core of the Alzheimer’s Disease Neuroimaging Initiative

(ADNI) at its inception 20 years ago was markedly different from

the PET Core of today. Major advances in positron emission tomog-
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raphy (PET) radiopharmaceuticals have driven much of this change.

Indeed, throughout its life, the ADNI PET Core has been character-

ized by the flexible adoption of new PET tracers and helped expand

our understanding of the utility of biomarkers in defining the neuro-

biology of Alzheimer’s disease (AD). In addition, sharing data across
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multiple laboratories and institutions has made possible new, harmo-

nized approaches to the analysis of PET data to provide large, robust,

longitudinal databases that are accessible to the scientific community.

This articlewill approach theADNIPETCore fromahistorical perspec-

tive, as this provides a unique view of how technical advances have

helped to improve our understanding of AD and ultimately laid some

of the groundwork that helped lead to a critical role for PET in the

approval of newmedications for its treatment.

2 BACKGROUND: PET IMAGING BEFORE ADNI

At the start of ADNI, AD was a probabilistic diagnosis largely defined

by the exclusion of alternative causes of the dementia syndrome. Since

there were no specific biological or biomarker measurements during

life that could confirm the diagnosis, probable and possible AD were

the clinical terms that were applied, and “definite” AD was limited to

confirmation by autopsy.1 Neuroimaging occupied a relatively limited

role in clinical diagnosis, with MRI used to exclude structural and non-

Alzheimer causes of dementia syndrome.2 However, bothMRI andPET

imaging revealed alterations in structure and function that became

widely applied in research and began to influence thinking about the

use of imaging biomarkers in clinical trials.

PET imaging of blood flow and glucose metabolism (the latter

using [18F]fluorodeoxyglucose, or FDG) showed substantial reduc-

tions in patients with AD in temporal and parietal cortex3–5 that

becamewidely viewed as sensitive and specific for the detection of AD

in some situations. Imaging-pathology correlation studies confirmed

the association between these characteristic patterns of functional

change seen with FDG-PET and the presence of plaque and tangle

pathology.6–8 Most importantly, a number of studies indicated that

these patterns of reduced metabolism could be detected in people

at risk of AD who had not yet expressed overt symptoms; other

studies also indicated that hypometabolism correlatedwell with symp-

toms. These studies either followedpeople longitudinally, or associated

metabolic alterations with genetic risk for AD, to show that FDG could

detect glucose metabolism alterations in asymptomatic or presymp-

tomatic people.9–11 In addition, a number of longitudinal FDG-PET

studies showed that the reductions over time were sufficiently robust

that they might reduce sample sizes required to detect a treatment

effect and, thus, could be used as outcome measures to follow the

effects of therapeutic interventions.12,13 In fact, FDG-PET was begin-

ning to become incorporated into clinical trials as a measure of drug

efficacy.14,15

These studies set the stage for the inclusion of FDG-PET imaging

in the initial phase of ADNI. Because ADNI was conceived as a model

for clinical trials, the data suggesting that FDG-PET might increase

the power to detect intervention outcomes supported its inclusion

as an ADNI modality. As it evolved, it gradually became clear that

while FDG-PET imaging improved our understanding of AD, it did not

track the fundamental pathology of the disease, which manifested as a

lack of specificity. For this reason, FDG did not become a widely used

surrogatemarker of drug efficacy.

RESEARCH INCONTEXT

1. Systematic review: We reviewed the literature using

PubMed for ADNI PET Core publications. Lists were sup-

plemented with authors’ own bibliographies relating to

peer-reviewed research emanating from the PET Core

2. Interpretation: The results of ADNI PET Core activities

have contributed substantially to the current model of

AD pathogenesis, and through the efforts at standardiza-

tion have helped amyloid and tau PET scanning diffuse

into the scientific community, laying groundwork for new

approaches to clinical trials.

3. Future directions: ADNI investigators recognize the

importance of increasing the number of different amyloid

and tau ligands, as well as the diversity of the research

cohort. These enhancements will make the results of

ADNImore generalizable.

2.1 ADNI-1: FDG-PET and the beginnings of
amyloid PET

At the start of ADNI-1, the idea of standardizing FDG-PET across 60

imaging laboratories was daunting to the PET Core investigators. Lab-

oratories were generally invested in using their own approaches to

collecting such data, and there was no consensus about how to acquire

and analyze FDG-PET multi-site images. Should the scans be acquired

for 10 min, 20 min, or longer? At what time after tracer injection

should the scans be acquired?Whatwas an appropriate dose of tracer?

Should we attempt to collect data describing the input function using

an image-derived approach or by venous blood sampling? Even ques-

tions as simple aswhat the state of the participant should be during the

FDGuptake phase – resting, performing a task, eyes open, eyes closed?

– required months of discussions in order to reach an agreement. At

theendof theprocess, acquisition standards centeredon simplicity and

were based on the realization that the expertise and interests of the

ADNI sites varied considerably. The protocol simply required an injec-

tion of 5 mCi of tracer, data collection 30–60 min following injection,

and participants in eyes open and ears unoccluded state.

In addition to different acquisition practices, instrumentation var-

ied considerably across sites, resulting in a range of image resolution

across the 60 participating sites. Scanners did not read out PET

measurements in consistent units, resulting in differences in image

intensity, and image display varied considerably. The PET Core insti-

tuted a number of innovative solutions to these problems that included

requiring all sites to image a Hoffman brain phantom that was used

to determine effective resolution so that scans could be smoothed

to a common isotropic resolution of 8 mm full width half maximum

(FWHM), which at the time was the lowest standard across all cam-

eras in the study. This work was done at the University of Michigan

as part of a scan pre-processing procedure that created a single image
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from sequential 5 min frames acquired from 30 to 60 min, stan-

dardized intensity through normalization, and created images with

standard orientation and voxel size.16 This standardization of acqui-

sition and harmonization of images from different scanners paved the

way for quantitative image outcomes that could be merged or directly

compared.

Two fundamental approaches to data analysis were adopted. The

first was a region of interest (ROI) based approach developed in stan-

dard anatomical atlas space by selecting the coordinates of brain

regions frequently cited as abnormal in FDG-PET studies of AD and

mild cognitive impairment (MCI). These were identified in a litera-

ture meta-analysis and were consequently called a “meta-ROI”.17 The

process produced five ROIs sampling regions in the right and left lat-

eral temporal and parietal cortex as well as a single bilateral medial

parietal cortex region that could be combined into a single meta-

ROI. By spatially warping individual FDG images to standardMontreal

Neurological Institute (MNI) atlas space, values for FDG-PET both

cross-sectionally and longitudinally could be obtained to maximize the

detection of AD-specific FDG signal. The results of this study indicated

strong effect sizes for contrasts between ADNI patients and controls

and strong correlations between longitudinal changes in metabolism

and cognitive and functional assessments. Crucially, modeling the use

of the metaROI as an outcome in a clinical trial produced sample

size estimates of 180 subjects per arm compared to 312 for a cog-

nitive measure, the Alzheimer’s Disease Assessment Scale-cognitive

subscale18 (ADAScog) and300 for a functionalmeasure, theFunctional

Activities Questionnaire19 (FAQ).17

A second approach to data analysis employed a whole brain voxel-

wisemethod todefinebrain regionsmost sensitive to changeover time.

This had the advantage of a data-driven, unbiased approach for the

estimation of longitudinal change that can be highly sensitive. How-

ever, the drawback of the approach is that it may reflect overfitting

of the specific data set used to define the most sensitive voxels and

it thus requires replication. ADNI investigators used separate training

and test data sets to characterize 12-month metabolic declines. Using

statistical parametric mapping (SPM), the optimal combination of vox-

els and statistical thresholds was selected in the training set and then

applied to the test set.20

FDG data were collected in ADNI for many years, with gradual

reductions in data collection until the complete cessation of FDG-

PET acquisition with the start of ADNI-4. The reasons for reducing

FDG-PET data collection included the increasing recognition of the

non-specificity of this tracer as a biomarker for AD, an increasing

emphasis on earlier stages of disease progression (before FDGchanges

can be detected), and concerns about exposing participants to exces-

sive radiation as amyloid and tau PET imaging became included in the

protocol. However, the overall efforts over many years have produced

a large FDG-PET dataset. At this time, there are over 3500 scans avail-

able, with 858 individuals having 2 or more scans and 218 individuals

with 5 or more sequential scans (spanning 4.5 ± 2.3 years of follow-

up in this group) in what is likely the largest repository of FDG-PET

focused on aging and dementia. These data were collected in cogni-

tively normal people and MCI and AD patients. The scans have been

used to study clinical applications, diagnosis, therapeutic outcomes,

and pathophysiological mechanisms. All images are available on the

LONI image repository, and numerical summary data are available as

well.

The field of PET imaging in AD was revolutionized with the devel-

opment of [11C]PIB (Pittsburgh Compund B), the first amyloid PET

radiotracer, in 2004, which made it apparent that imaging the funda-

mental biology and pathology of AD was possible.21 While FDG-PET

continued as an important modality, [11C]PIB imaging was added to

ADNI-1 as a pilot project with a limited sample size. The short half-

life of the [11C] label required an onsite cyclotron and radiochemistry

program, limiting the number of sites that could participate and the

number of individuals ultimately recruited. These early ADNI PIB-

PET studies, for example, discerned relationships between amyloid and

brain atrophy,22 glucose metabolism and cognition,23 and examined

the use of amyloid PET in gene association studies.24 Only 103 par-

ticipants including controls, MCI, and AD were enrolled, with some

participants undergoing serial scans, and these PIB-PET data helped

to form the basis for a reconceptualization of AD pathophysiology.

Togetherwith themultisite harmonized acquisition and pre-processing

approaches that had been developed and validated with ADNI FDG-

PET scans, these studies paved the way for widespread amyloid PET

using commercially produced ligands that became important meth-

ods in subsequent phases of ADNI and gradually made their way to

therapeutic trials.

3 THE PET CORE IN ADNI-GO, ADNI-2, AND
ADNI-3

The growth of amyloid PET imaging occurred in tandem with the

development of new ADNI protocols and had a profound impact on

the field of AD research. [11C]PIB was widely applied throughout the

world, with many laboratories contributing publications on relation-

ships between brain β-amyloid (Aβ) deposition and other features of

disease. At the same time, CSF measurement of Aβ and total and

phosphorylated tau contributed to models of AD pathophysiology. As

studies using PIB-PET, CSF biomarkers, MRI, and FDG-PET prolifer-

ated, investigators began to examine how biomarkers were related to

one another and to clinical features of the disease. This resulted in

a model of AD that reflected earlier molecular hypotheses about an

“amyloid cascade”,25 which would have a profound impact on ADNI

protocols and priorities.

An influential early model proposing the sequential behavior of

biomarkers reflecting the evolution of AD26 suggested that measure-

ment of Aβ with PET or CSF, tau with CSF, and neurodegeneration

either via MRI or FDG PET could be used to investigate AD patho-

physiology, with results over the years largely confirming a sequence

of events in which Aβ is the initial step that provokes tau spread that

in turn leads to neurodegeneration and cognitive decline. While this

model and its instantiation as the “Jack curves” is nowwidely accepted

(though still debated), earlydata accumulated inADNIhelpeddrive this

approach. The development of [18F]-labeled amyloid imaging agents by
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industry was a major propellant of biomarker research. As companies

sought to establish their tracers in the clinic, the regulatory pathway

evolved to require the demonstration of strong correlations between

PET measures of amyloid acquired ante mortem and post mortem neu-

ropathology in the same individuals. These correlations were defined

in a series of papers that ultimately resulted in approval by theUS Food

and Drug Administration of several amyloid PET radiopharmaceuti-

cals for the detection of brain Aβ.27–29 The availability of [18F] amyloid

tracers made collection of amyloid PET across ADNI sites possible,

overcoming the limitations of the PiB-PET imaging pilot in ADNI-1.

ADNI first incorporated [18F]florbetapir (FBP, Amyvid) in ADNI-GO,

adding [18F]florbetaben (FBB, Neuraceq) in ADNI-3. Many of the ini-

tial studies using amyloid PET examined how amyloid was predictive

of cognitive change and how amyloid was related to other aspects

of AD measured with other biomarkers. For example, amyloid PET

was found related to cognitive decline in cognitively normal people,

while FDG-PETwasmost strongly related to cognitive decline in those

already suffering from impairment.30 This was ultimately interpreted

as amyloid reflecting the early stages of AD, while FDG-PET reflected

later neurodegeneration. Longer term follow-up inADNI indicated that

the presence of brain amyloid predicted subsequent cognitive decline

over the ensuing 3 years in cognitively normal people.31 A number of

studies also examined relationships between CSF measurement of Aβ
and PET measures, ultimately concluding that CSF becomes abnormal

before PET.32 ADNI data were also used to investigate approaches to

staging the disease by examining cross-sectional patterns of amyloid

accumulation.33,34

PET studies of brain Aβ deposition were soon complemented by

the examination of alterations in tau, initially relying on CSF mea-

sures. The introduction of the [18F]-labeled tau PET ligand flortaucipir

(FTP, Tauvid)35 was important for the localization of tau deposition

in the brain. Initial studies performed in a number of labs indicated

the potential utility of tau PET36,37 helping to spur its eventual

adoption in ADNI. FTP was also studied in an imaging-pathology cor-

relation project, resulting in US Food and Drug Administration (FDA)

approval.38 Including tau PET starting towards the end of ADNI-2

meant that individuals being characterized forADbiomarkersnowrou-

tinely had measurement of both amyloid and tau. Neurodegeneration,

which could bemeasured using the imaging modalities of MRI or FDG-

PET, added a third component to amultimodal biomarker examination.

Thiswas codified as the “ATN” staging, inwhicheach individual couldbe

characterized as normal or abnormal on amyloid (A), tau (T), and neu-

rodegeneration (N).39 AlthoughPETplayed amajor role, CSFor plasma

measures can also be used for this staging approach.

Throughout the phases of ADNI-GO, ADNI-2, and ADNI-3 extend-

ing from 2009 to 2022, there was a substantial increase in PET scans

that resulted in a large longitudinal database of amyloid and tau PET

scans. During this time, it was increasingly recognized that there was

a common pattern of cortical tracer uptake across multiple different

amyloid imaging agents, although systematic differences in quantita-

tion of signal across tracers complicated the process of merging data

acquired with these different tracers. The Centiloid scale was devel-

oped to standardize image quantitation across multiple amyloid PET

tracers by linearly fitting numerical data from paired PET scans in

individuals who received an [18F] tracer and PIB, which served as the

gold standard due to high binding in cortex relative to other brain

regions, increasing signal-to-noise. In fact, ADNI data showing linear

associations between [18F] tracer uptake and [11C]PIB helped spur the

development of this approach.40 Data sets used for standardization

were collected by scanning groups of individuals with each [18F] tracer

andPIB-PET41 inorder to linearly scaleuptakeof the [18F] tracerby the

amount of PiB-PETuptake. This scale is anchored at values of 0, reflect-

ing amyloid negativity seen in cognitively normal young people and

100, reflectingmeanuptake inmild-moderate dementia due toAD. The

Centiloid approach allows combining amyloid PET tracers within a sin-

gle study, and has become the standard approach for reporting amyloid

PET results, including in trials of amyloid-lowering immunotherapies.42

In ADNI, all amyloid PET images are currently available as Centiloids

for FBB and FBP and this approachwill be continued in the future.

The continued work of the ADNI sites in recruiting, follow-up and

retention has produced an extensive archive of PET images. Currently

(April 2024) there are 640 FBB-PET scans, 3228 FBP-PET scans, and

1685 FTP-PET scans in the data archive along with numerical sum-

mary values by ROI. In progressive stages of ADNI, new tracers were

added to the study resulting in a large database of many PET images,

often with multiple tracers (amyloid PET, tau PET, FDG PET) collected

in the same individuals over time. The sequence of these tracer addi-

tions is shown in Figure 1. In addition to the specific scans obtained,

the schedule of scanning varied over the years and differed between

the standard diagnostic groups of cognitively normal, MCI, and AD. In

ADNI-1, half the participants were allocated to FDG-PET scans, which

were acquired on a schedule of baseline, 6 months, 12 months, 24

months, and 36 months (controls) with the addition of an 18-month

scan for MCI patients and omission of the 36-month scan for AD

patients. In ADNI-2, control and MCI participants underwent annual

FDG and FBP scans while AD patients had scans at baseline and 24

months. In ADNI-3, a more complex schedule was instituted in which

all MCI and control participants had a tau PET at the start and end of

ADNI-3, but 80% of amyloid positive and 20% of amyloid negative par-

ticipants had two additional tau PET scans between baseline and final

scans. Patients with AD had tau PET every 2 years, and all participants

had amyloid PET performed every 2 years. At the present time, the

ADNI database contains substantial participant numberswithmultiple

tracers: 571with amyloid, tau and FDG, 350with amyloid and tau, 798

with amyloid and FDG, 324with FDGonly, 12with tau and FDG, 8with

tau only, and 34with amyloid only.

Throughout ADNI, the core labs at the University of Michigan and

the University of California, Berkeley, have been responsible for pre-

processing and quantitative analysis, respectively, of PET images. At

Michigan, initial procedures developed for FDG-PET have been slightly

modified but remain similar. Quality control (QC) includes a statistical

noise check, motion assessment across temporal frames, checking for

full coverage of the brain (much more problematic in older scanners),

visual checks for common PET artifacts (such as normalization issues

or motion between attenuation and emission scans), as well as visual

and image header checks to ensure that the ADNI protocol has been
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F IGURE 1 Schematic describing the PET data collected during each ADNI stage. Numbers in arrows indicate current available scan numbers
for eachmodality as of April 2024, numbers in parentheses indicate the number of participants by diagnosis. The PIB PET sample was comprised of
19 cognitively normal, 65MCI, and 19 AD patients. AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative; MCI, mild
cognitive impairment; PIB, Pittsburgh Coumpound B

followed. Data collected as sequential temporal frames are coregis-

tered and averaged. Because all images are collectedwith a contempo-

rary MRI, the MRI image for each subject is re-oriented to a common

standard spatial orientation and interpolated onto a uniform image

grid of 1.5 mm3 voxels. All scans over time are registered and intensity

normalized, so that all PET images for a subject can be preprocessed

with a single set of regions of interest. The Hoffman phantom data is

used in the final step to smooth images with a scanner-specific 3D-

Gaussian filter. Until the start of ADNI-4 the common resolution was

8 mm, with the advent of ADNI-4 it moved to 6 mm. Each individ-

uals’ scan is available in five formats in the image repository with

subsequent formats derived from previous ones: (1) original data, (2)

coregistered dynamic scans, (3) averaged scans, (4) intensity scaled

images with a standard voxel size and orientation, and (5) stage 4

images smoothed to a common resolution.

In Berkeley, images created in the final step, which are smoothed

to a common resolution, are analyzed using a standard approach that

coregisters the PET to a contemporary MRI that has been segmented

and parcellated with FreeSurfer (currently version 7.1). This produces

a table of regional values for brain amyloid and tau that permits inves-

tigators to performwhatever reference region normalization that they

choose since potential reference regions are included in the table.

For amyloid scans, a prescribed target ROI is used to define the Cen-

tiloid, so that associated tabular data includes a summary standard

uptake value ratio (SUVR), Centiloid value, and rating as positive or

negative based on the quantitative thresholds. Tau PET data are pro-

cessed similarly although a standard “Centiloid-like” scale has not been

adopted and through ADNI-3 the only tau PET imaging agent used in

the study has been FTP. These tau PET data are also available as partial

volume corrected data using a geometric transfer matrix approach.43

All numerical data can be downloaded from the ADNI website, which

contains methods documents explaining how the data are created.

Another innovation in ADNIwas the “early frames” study. It has long

beenknown thatPETdataobtained immediately following tracer injec-

tion reflects cerebral perfusion using tracers that are highly extracted

on the first pass. These images have potential applications as perfusion

images that are hypothesized to correlate with FDG-PET and, there-

fore, reflect neurodegeneration. In addition, these early frame data

enable examination of the effects of changes in perfusion over time

(measured as R1 in dynamic models) on the tissue binding as reflected

in SUVRvalues.44 Twophasesof early framesdata acquisitionoccurred

in ADNI, one in ADNI-2 using FBP PET and one in ADNI-3 using FBP

and FBB PET and with longitudinal measurement; longitudinal studies

are continuing into ADNI-4. Results from studies utilizing these

scans indicate a high correlation with FDG-PET45 and demonstrate

the estimation of longitudinal perfusion changes using early frames

data.44

The work performed during the time period spanning ADNI-GO

through ADNI-3 was influential in two major ways. First, ADNI

required technical approaches that could maximize signal-to-noise

and standardize processing and analysis approaches inways that could

be widely translated and applied to large data sets. Many other large,

multi-site studies have now been started around the United States

using ADNI methods; some of these are reviewed separately in this

issue. Second, the wealth of data available in ADNI allowedmany early

investigations of biomarker models and biomarker alterations in both

clinical and preclinical AD. These papers contributed to both models

and empirical approaches for developing and testing novel therapies.

Below, we list some of the major publications that resulted from this

work:
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∙ Studies investigating best practices for analysis of longitudinal amy-

loid PET data demonstrated that a composite reference region

containing white matter, or a reference region of white matter

alone, provided the most robust measurements of longitudinal

change.46,47

∙ FDG-PET identification of AD subtypes.48

∙ Methods for theascertainmentof anamyloidpositivity threshold for

FBB and conversion to centiloids.49

∙ Comparisons between amyloid imaging agents that helped lay the

groundwork for the centiloid approach.40,50

∙ Early proposal of a sequential model inwhichAβ drives hippocampal

atrophy in turn leading tomemory loss.51

∙ Demonstration ofweak relationships betweenbiomarkers ofAβ and
cognition, but stronger relationships between FDGand cognition.52

∙ Comparisons between amyloid PET and CSF Aβ.32,53

∙ Identification of the earliest locations of amyloid deposition.33,54,55

∙ Demonstration that elevated amyloid levelswithin the normal range

are predictive of decline.56

∙ Demonstration of early amyloid as a driver of tau deposition.57

∙ Analysis of the time course of amyloid deposition and rates of

conversion from negative to positive scans.58

∙ Support for a unidirectional pathway from amyloid to tau to

neurodegeneration.59

∙ Characterization of patients who are on the AD pathway but have

tau in the normal range.60

In addition to these studies, ADNI PET data have been incorpo-

rated into numerous multi-center studies that have investigated the

predictors of cognitive decline,modeled therapeutic trials, testedmod-

els of disease pathogenesis, and examined the utility of novel fluid

biomarkers.

4 ADNI-4 AND NEW PROCEDURES

The current phase of the ADNI PET core is again marked by several

novel approaches. Most importantly the range of PET tracers has been

increased with the inclusion of the most commonly used tracers for

Aβ and tau. The use of [18F]FBP and [18F]FBB for amyloid imaging will

continue, and we will add [18F]NAV4694 or flutefuranol. For tau-PET,

we will continue [18F]FTP and will add [18F]MK6240 and [18F]PI2620.

Amyloid imaging will be harmonized through the reporting of the Cen-

tiloid scale. Tau harmonization is a work in progress that is being

conducted by multiple laboratories using numerous approaches; the

increasing availability of data sets with head-to-head comparisons of

tracerswithin the same participantswill help the development of these

methods. The use of a uniform region-of-interest as proposed with the

CenTauRapproach can provide a standard reportingmethod.61 All par-

ticipants in ADNI-4 who are continuing from ADNI-3 will remain on

the tracers already assigned, but new participants will be assigned to

amyloid and tau tracers based on proximity to radiopharmacies that

can deliver the tracer while simultaneously producing sample sizes for

each tracer adequate for analysis. The imaging schedule for ADNI-4

will entail an amyloid and tauPETscan for all participants every2years.

An important goal of ADNI-4 includes comparing and validating cross-

sectional and longitudinal plasma biomarker measurements through

comparison to PET, particularly for measures of Aβ and tau.
Approaches to data analysiswill continue to use native-space coreg-

istered structural MRI scans, segmenting and parcellating the brain

with FreeSurfer in order tomaintain consistencywith existing data.We

currently use the most recent version of FreeSurfer (7.1), and all ADNI

data are analyzed with this version. There is also anMRI-free process-

ing pipeline that is available for rapid turnaround of quantitation (such

as the clinical need for quantitation) that is highly correlated with the

currentmethod.62 ADNI-4has also continued to incorporatenewscan-

ner technology as adoptedby sites. This includes solid-state electronics

and PET-MR systems. These alterations may have benefits to image

resolution over the coming years which will be evaluated as the num-

ber of new scanners increases. Furthermore, substantial sensitivity

increases could lead to lower injected doses of radiopharmaceuticals.

The clinical context of PET imaging has changed considerably

since the initiation of ADNI, particularly for amyloid imaging. Amy-

loid PET results have increasingly important clinical implications,

especially in view of the clinical use of amyloid PET in establishing

eligibility for amyloid lowering immunotherapy. This has motivated

the development of a process to return amyloid PET results to ADNI-4

participants. Disclosing results to participantsmay also be important in

recruiting and retaining individuals from groups that have been under-

represented in research.63,64 In ADNI-4, all participants, regardless

of diagnostic category, are asked whether they wish to receive amy-

loid PET results, and a detailed protocol for assessing participants’

reactions to this information has been developed.65 Images undergo

quantitation by the PET core to determine amyloid positivity, and

have a visual read performed by trained clinicians at UCSF. The visual

read is done according to the FDA approved guidelines, and if the

read and quantitation disagree a consensus conference is convened

to determine a final result. Participants are provided with an image of

their scan alongside representative negative and positive scans using

the tracer they were studied with. The availability of visual reads and

the extensive data collection about responses to the results provide

considerable additional data that will be important for understanding

amyloid imaging in the community. Because visual interpretation of tau

PET images remains a “work in progress” there are no plans to perform

a similar exercise with this modality.

5 LIMITATIONS AND CURRENT GAPS

It is increasingly acknowledged that many groups have been excluded

from AD research, and so far, ADNI is no exception to this problem.

The recognition of this limitation has prompted ADNI leadership to

focus on the recruitment of underrepresented groups by altering

practices in many different ways, from recruitment, through screening

and testing. The current PET database, while large and multimodality,

suffers from limited diversity of participants, particularly in terms of

the racial and ethnic composition of the sample. How this affects the
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scientific validity of the data is not completely clear, but hopefully, we

will learn more about this in the coming years. Through the implemen-

tation of outreach and recruitment of under-represented groups, the

ADNI investigators anticipate that results from the study will better

generalize to people with, and at risk for, AD.

ADNI has focused on methods and approaches that are robust,

ready for clinical application, and poseminimal burden. Over the years,

many different modalities and approaches have been considered and

rejected for inclusion. For example, it is well recognized that inflam-

mation plays a major role in AD pathophysiology, and there have been

many discussions about inclusion of a PET radiotracer that tracks neu-

roinflammation. ThePETCore leadership has, however, concluded that

existing tracers are flawed in various ways related to either the target

or the characteristics of the tracer itself. Furthermore, we emphasize

tracers that can be deployed on a widespread basis through radio-

pharmacies. Similarly, there is a real need for testing new tracers in a

“head-to-head” study design. This is particularly true for tau PET trac-

ers. However, ADNI leadership has concluded that such studies would

be burdensome to participants andwould increase radiation exposure.

Other studies are independently testing comparisons of tau PET

tracers, and this sort of data will be forthcoming for investigators to

use.

6 CONCLUSION

Over the past 20 years, the ADNI PET Core has amassed a large

database of FDG, amyloid, and tau PET images with over 1 million

downloads and multiple publications. The Core is on track to complete

the acquisition of its 10,000th ADNI PET scan in the current calendar

year. Theavailability of these images andanalyzeddatahas enabled sci-

entists around theworld to test hypotheses about the pathophysiology

and evolution of AD, contributing to the development of the current

model of AD pathogenesis. This database and the studies emanating

from it have helped to drive therapeutic trials, which have incorporated

amyloid and tau PET as screening methods and outcome measure-

ments. In its current form, the ADNI PET Core will utilize multiple

amyloid and tau PET tracers, return results of amyloid scans to partici-

pants regardless of diagnostic category, and continue longitudinal data

collection. Thesedatawill also beuseful for the validationof plasmaAD

biomarker measurements and will help drive the evolution of clinical

trials and hopefully clinical care for decades to come.

ACKNOWLEDGMENTS

Data collection and sharing for the Alzheimer’s Disease Neuroimag-

ing Initiative (ADNI) is funded by the National Institute on Aging

(National Institutes of Health Grant U19AG024904). The grantee

organization is theNorthern California Institute for Research and Edu-

cation. In the past, ADNI has also received funding from the National

Institute of Biomedical Imaging and Bioengineering, the Canadian

Institutes ofHealthResearch, andprivate sector contributions through

the Foundation for the National Institutes of Health (FNIH) includ-

ing generous contributions from the following: AbbVie, Alzheimer’s

Association; Alzheimer’s DrugDiscovery Foundation; Araclon Biotech;

BioClinica, Inc.; Biogen; Bristol-Myers Squibb Company; CereSpir, Inc.;

Cogstate; Eisai Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly and Com-

pany; EuroImmun; F. Hoffmann-La Roche Ltd and its affiliated com-

pany Genentech, Inc.; Fujirebio; GE Healthcare; IXICO Ltd.; Janssen

Alzheimer Immunotherapy Research & Development, LLC.; Johnson

& Johnson Pharmaceutical Research &Development LLC.; Lumosity;

Lundbeck; Merck & Co., Inc.; Meso Scale Diagnostics, LLC.; NeuroRx

Research; Neurotrack Technologies; Novartis Pharmaceuticals Corpo-

ration; Pfizer Inc.; Piramal Imaging; Servier; Takeda Pharmaceutical

Company; and Transition Therapeutics.

CONFLICT OF INTEREST STATEMENT

Dr. Jagust receives research funding from the NIH and Genentech,

has consulted for Lilly, Biogen, Clario, and Eisai and holds equity in

Molecular Medicine and Optoceutics. Dr. Rabinovici receives research

support from Avid Radiopharmaceuticals, Life Molecular Imaging, GE

Healthcare, and Genentech. In the past 2 years, he has served as a

paid consultant to Alector, Eli Lilly, Johnson & Johnson, and Merck. Dr.

Landau receives research funding from the NIH, is on the DSMB and

SAB for KeifeRx and the NIH IPAT study, has received speaking hon-

oraria from Eisai and IMPACT-AD, has consulted for Banner Health

and Vaccinex and has received travel funding and other research sup-

port from IMPACT-ADand theAlzheimer’s Association.Dr. Villemagne

has received research grants from NHMRC (GNT2001320), the Aging

Mind Foundation (DAF2255207), and NIH 2P01AG025204-16) and

has been a consultant or paid speaker at sponsored conference ses-

sions for Eli Lilly, Life Molecular Imaging, ACE Barcelona, IXICO, and

AC Immune. Drs. Harrison and Koeppe report no conflicts of interest.

Author disclosures are available in the Supporting information.

DATA AVAILABILITY STATEMENT

All data used in this manuscript are available to the public at the ADNI

data repository at the Laboratory of Neuroimaging (http://adni.loni.

usc.edu).

CONSENT STATEMENT

All participants gave informed consent through their local IRBs prior to

study participation.

REFERENCES

1. McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan

EM. Clinical diagnosis of Alzheimer’s disease: report of the NINCDS-

ADRDA Work Group under the auspices of Department of Health

and Human Services Task Force on Alzheimer’s Disease. Neurology.
1984;34:939-944.

2. Knopman DS, DeKosky ST, Cummings JL, et al. Practice parameter:

diagnosis of dementia (an evidence-based review). Report of theQual-

ity Standards Subcommittee of the American Academy of Neurology.

Neurology. 2001;56:1143-1153.
3. Frackowiak RS, Pozzilli C, Legg NJ, et al. Regional cerebral oxygen sup-

ply and utilization in dementia. A clinical and physiological study with

oxygen-15 and positron tomography. Brain. 1981;104:753-778.
4. Foster NL, Chase TN, Fedio P, Patronas NJ, Brooks RA, Di Chiro G.

Alzheimer’s disease: focal cortical changes shownbypositronemission

tomography.Neurology. 1983;33:961-965.

http://adni.loni.usc.edu
http://adni.loni.usc.edu


JAGUST ET AL. 7347

5. Friedland RP, Budinger TF, Ganz E, et al. Regional cerebral metabolic

alterations in dementia of the Alzheimer type: positron emission

tomography with [18F]fluorodeoxyglucose. J Comput Assist Tomogr.
1983;7:590-598.

6. Hoffman JM, Welsh-Bohmer KA, Hanson M, et al. FDG PET imag-

ing in patients with pathologically verified dementia. J Nucl Med.
2000;41:1920-1928.

7. Jagust W, Reed B, Mungas D, Ellis W, Decarli C. What does fluo-

rodeoxyglucose PET imaging add to a clinical diagnosis of dementia?

Neurology. 2007;69:871-877.
8. Silverman DH, Small GW, Chang CY, et al. Positron emission tomog-

raphy in evaluation of dementia: regional brain metabolism and

long-term outcome. JAMA. 2001;286:2120-2127.
9. ReimanEM,Caselli RJ, YunLS, et al. Preclinical evidenceofAlzheimer’s

disease in persons homozygous for the epsilon 4 allele for apolipopro-

tein E.N Engl J Med. 1996;334:752-758.
10. de Leon MJ, Convit A, Wolf OT, et al. Prediction of cognitive

decline in normal elderly subjects with 2-[(18)F]fluoro-2-deoxy-D-

glucose/poitron-emission tomography (FDG/PET). Proc Natl Acad Sci U
S A. 2001;98:10966-10971.

11. JagustW,GitchoA, SunF,KuczynskiB,MungasD,HaanM.Brain imag-

ing evidence of preclinical Alzheimer’s disease in normal aging. Ann
Neurol. 2006;59:673-681.

12. Alexander GE, Chen K, Pietrini P, Rapoport SI, Reiman EM. Longi-

tudinal PET evaluation of cerebral metabolic decline in dementia: a

potential outcomemeasure in Alzheimer’s Disease Treatment Studies.

Am J Psychiatry. 2002;159:738-745.
13. Small GW, Ercoli LM, SilvermanDH, et al. Cerebral metabolic and cog-

nitive decline in persons at genetic risk for Alzheimer’s disease. Proc
Natl Acad Sci U S A. 2000;97:6037-6042.

14. Stefanova E, Wall A, Almkvist O, et al. Longitudinal PET evaluation of

cerebral glucosemetabolism in rivastigmine treated patientswithmild

Alzheimer’s disease. J Neural Transm (Vienna). 2006;113:205-218.
15. Rafii MS, Baumann TL, Bakay RA, et al. A phase1 study of stereo-

tactic gene delivery of AAV2-NGF for Alzheimer’s disease. Alzheimers
Dement. 2014;10:571-581.

16. Joshi A, KoeppeRA, Fessler JA. Reducing between scanner differences

inmulti-center PET studies.Neuroimage. 2009;46:154-159.
17. Landau SM, Harvey D, Madison CM, et al. Associations between cog-

nitive, functional, and FDG-PET measures of decline in AD and MCI.

Neurobiol Aging. 2011;32:1207-1218.
18. Rosen WG, Mohs RC, Davis KL. A new rating scale for Alzheimer’s

disease. Am J Psychiatry. 1984;141:1356-1364.
19. Pfeffer RI, Kurosaki TT, Harrah CH Jr, Chance JM, Filos S. Mea-

surement of functional activities in older adults in the community. J
Gerontol. 1982;37:323-329.

20. Chen K, Langbaum JB, Fleisher AS, et al. Twelve-month metabolic

declines in probable Alzheimer’s disease and amnestic mild cogni-

tive impairment assessed using an empirically pre-defined statistical

region-of-interest: findings from the Alzheimer’s Disease Neuroimag-

ing Initiative.Neuroimage. 2010;51:654-664.
21. Klunk WE, Engler H, Nordberg A, et al. Imaging brain amyloid

in Alzheimer’s disease with Pittsburgh Compound-B. Ann Neurol.
2004;55:306-319.

22. Tosun D, Schuff N, Mathis CA, Jagust W, Weiner MW. Alzheimer’s

Disease NeuroImaging I. Spatial patterns of brain amyloid-beta bur-

den and atrophy rate associations in mild cognitive impairment. Brain.
2011;134:1077-1088.

23. EwersM, Insel P, JagustWJ, et al. CSF biomarker andPIB-PET-derived

beta-amyloid signature predicts metabolic, gray matter, and cognitive

changes in nondemented subjects. Cereb Cortex. 2012;22:1993-2004.
24. Swaminathan S, Shen L, Risacher SL, et al. Amyloid pathway-based

candidate gene analysis of [(11)C]PiB-PET in the Alzheimer’s Dis-

ease Neuroimaging Initiative (ADNI) cohort. Brain Imaging Behav.
2012;6:1-15.

25. Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s dis-

ease: progress and problems on the road to therapeutics. Science.
2002;297:353-356.

26. Jack CR Jr, Knopman DS, Jagust WJ, et al. Hypothetical model of

dynamic biomarkers of the Alzheimer’s pathological cascade. Lancet
Neurol. 2010;9:119-128.

27. Clark CM, Pontecorvo MJ, Beach TG, et al. Cerebral PET with flor-

betapir compared with neuropathology at autopsy for detection of

neuritic amyloid-beta plaques: a prospective cohort study. Lancet
Neurol. 2012;11:669-678.

28. Curtis C,Gamez JE, SinghU, et al. Phase 3 trial of flutemetamol labeled

with radioactive fluorine 18 imaging and neuritic plaque density. JAMA
Neurol. 2015;72:287-294.

29. SabriO, SabbaghMN, Seibyl J, et al. FlorbetabenPET imaging todetect

amyloid beta plaques in Alzheimer’s disease: phase 3 study. Alzheimers
Dement. 2015;11:964-974.

30. Landau SM, Mintun MA, Joshi AD, et al. Amyloid deposition,

hypometabolism, and longitudinal cognitive decline. Ann Neurol.
2012;72:578-586.

31. Donohue MC, Sperling RA, Petersen R, et al. Association between

elevated brain amyloid and subsequent cognitive decline among cog-

nitively normal persons. JAMA. 2017;317:2305-2316.
32. Mattsson N, Insel PS, Donohue M, et al. Independent information

from cerebrospinal fluid amyloid-beta and florbetapir imaging in

Alzheimer’s disease. Brain. 2015;138:772-783.
33. Grothe MJ, Barthel H, Sepulcre J, et al. In vivo staging of regional

amyloid deposition.Neurology. 2017;89:2031-2038.
34. MattssonN, Palmqvist S, Stomrud E, Vogel J, HanssonO. Staging beta-

amyloid pathology with amyloid positron emission tomography. JAMA
Neurol. 2019;76:1319-1329.

35. Chien DT, Bahri S, Szardenings AK, et al. Early clinical PET imaging

results with the novel PHF-tau radioligand [F-18]-T807. J Alzheimers
Dis. 2013;34:457-468.

36. Johnson KA, Schultz A, Betensky RA, et al. Tau positron emission

tomographic imaging in aging and early Alzheimer disease. Ann Neurol.
2016;79:110-119.

37. Scholl M, Lockhart SN, Schonhaut DR, et al. PET imaging of tau

deposition in the aging human brain.Neuron. 2016;89:971-982.
38. Fleisher AS, Pontecorvo MJ. Positron emission tomography imag-

ing with [18F]flortaucipir and postmortem assessment of Alzheimer

disease neuropathologic changes. JAMANeurol. 2020;77:829-839.
39. Jack CR Jr, Bennett DA, Blennow K, et al. A/T/N: an unbiased

descriptive classification scheme for Alzheimer disease biomarkers.

Neurology. 2016;87:539-547.
40. Landau SM, Thomas BA, Thurfjell L, et al. Amyloid PET imaging in

Alzheimer’s disease: a comparison of three radiotracers. Eur JNuclMed
Mol Imaging. 2014;41:1398-1407.

41. Klunk WE, Koeppe RA, Price JC, et al. The Centiloid Project: stan-

dardizing quantitative amyloid plaque estimation by PET. Alzheimers
Dement. 2015;11:1-15.e1-4.

42. van Dyck CH, Swanson CJ, Aisen P, et al. Lecanemab in early

Alzheimer’s disease.N Engl J Med. 2023;388:9-21.
43. Baker SL, Maass A, Jagust WJ. Considerations and code for par-

tial volume correcting [(18)F]-AV-1451 tau PET data. Data Brief.
2017;15:648-657.

44. Cselenyi Z, Farde L. Quantification of blood flow-dependent compo-

nent in estimates of beta-amyloid load obtained using quasi-steady-

state standardized uptake value ratio. J Cereb Blood Flow Metab.
2015;35:1485-1493.

45. Myoraku A, Klein G, Landau S, Tosun D. Alzheimer’s Disease Neu-

roimaging I. Regional uptakes from early-frame amyloid PET and

(18)F-FDG PET scans are comparable independent of disease state.

Eur J Hybrid Imaging. 2022;6:2.
46. Chen K, Roontiva A, Thiyyagura P, et al. Improved power for char-

acterizing longitudinal amyloid-beta PET changes and evaluating



7348 JAGUST ET AL.

amyloid-modifying treatments with a cerebral white matter reference

region. J Nucl Med. 2015;56:560-566.
47. Landau SM, Fero A, Baker SL, et al. Measurement of longitudinal beta-

amyloid change with 18F-florbetapir PET and standardized uptake

value ratios. J Nucl Med. 2015;56:567-574.
48. Levin F, Ferreira D, Lange C, et al. Data-driven FDG-PET subtypes of

Alzheimer’s disease-related neurodegeneration. Alzheimers Res Ther.
2021;13:49.

49. Royse SK, Minhas DS, Lopresti BJ, et al. Validation of amyloid PET

positivity thresholds in centiloids: a multisite PET study approach.

Alzheimers Res Ther. 2021;13:99.
50. Landau SM, Breault C, Joshi AD, et al. Amyloid-beta imaging with

Pittsburgh compound B and florbetapir: comparing radiotracers and

quantificationmethods. J Nucl Med. 2013;54:70-77.
51. Mormino EC, Kluth JT, Madison CM, et al. Episodic memory loss is

related to hippocampal-mediated beta-amyloid deposition in elderly

subjects. Brain. 2009;132:1310-1323.
52. Jagust WJ, Landau SM, Shaw LM, et al. Relationships between

biomarkers in aging and dementia. Neurology. 2009;73:1193-

1199.

53. Landau SM, LuM, Joshi AD, et al. Comparing positron emission tomog-

raphy imaging and cerebrospinal fluid measurements of beta-amyloid.

Ann Neurol. 2013;74:826-836.
54. Guo T, Landau SM, Jagust WJ. Alzheimer’s Disease Neuroimaging I.

Detecting earlier stages of amyloid deposition using PET in cognitively

normal elderly adults.Neurology. 2020;94:e1512-e1524.
55. Palmqvist S, Scholl M, Strandberg O, et al. Earliest accumulation of

beta-amyloid occurs within the default-mode network and concur-

rently affects brain connectivity.Nat Commun. 2017;8:1214.
56. Landau SM, Horng A, Jagust WJ, Alzheimer’s Disease Neuroimaging

I. Memory decline accompanies subthreshold amyloid accumulation.

Neurology. 2018;90:e1452-e1460.
57. TosunD, Landau S, Aisen PS, et al. Association between tau deposition

and antecedent amyloid-beta accumulation rates in normal and early

symptomatic individuals. Brain. 2017;140:1499-1512.
58. Jagust WJ, Landau SM, Alzheimer’s Disease Neuroimaging I. Tempo-

ral dynamics of beta-amyloid accumulation in aging and Alzheimer

disease.Neurology. 2021;96:e1347-e1357.

59. Guo T, Korman D, Baker SL, Landau SM, Jagust WJ, Alzheimer’s

Disease Neuroimaging I. Longitudinal cognitive and biomarker mea-

surements support a unidirectional pathway in Alzheimer’s disease

pathophysiology. Biol Psychiatry. 2021;89:786-794.
60. Landau SM, Lee J, Murphy A, et al. Individuals with Alzheimer’s dis-

ease and low tau burden: characteristics and implications. Alzheimers
Dement. 2024;20:2113-2127.

61. Villemagne VL, Leuzy A, Bohorquez SS, et al. CenTauR: toward a

universal scale and masks for standardizing tau imaging studies.

Alzheimers Dement (Amst). 2023;15:e12454.
62. Landau SM, Ward TJ, Murphy A, et al. Quantification of amyloid

beta and tau PET without a structural MRI. Alzheimers Dement.
2023;19:444-455.

63. Ketchum FB, Erickson CM, Chin NA, et al. What influences the

willingness of Blacks and African Americans to Enroll in Preclini-

cal Alzheimer’s Disease Biomarker Research? A qualitative vignette

analysis. J Alzheimers Dis. 2022;87:1167-1179.
64. Rahman-Filipiak A, Lesniak M, Sadaghiyani S, Roberts S, Lichtenberg

P, Hampstead BM. Perspectives fromblack andwhite participants and

care partners on return of amyloid and tau PET imaging and other

research results. Alzheimer Dis Assoc Disord. 2023;37:274-281.
65. Erickson CM, Karlawish J, Grill JD, et al. A pragmatic, investigator-

driven process for disclosure of amyloid PET scan results to ADNI-4

research participants. J Prev Alzheimers Dis. 2024;11:294-302.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: JagustWJ, Koeppe RA, Rabinovici GD,

et al. The ADNI PET Core at 20. Alzheimer’s Dement.

2024;20:7340–7349. https://doi.org/10.1002/alz.14165

https://doi.org/10.1002/alz.14165


JAGUST ET AL. 7349

APPENDIX

Name Location Role Contribution

MichaelW.Weiner, MD University of California, San
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John C.Morris, MD Washington University Core Leader Coordinated neuropathology
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Note: Data used in preparation of this article were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu).
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analysis or writing of this report. A complete listing of ADNI investigators can be found at: http://adni.loni.usc.edu/wpcontent/uploads/how_to_apply/

ADNI_Acknowledgement_List.pdf.
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