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Abstract

The Informatics Core of the Alzheimer’s Disease Neuroimaging Initiative has coordinated data

integration and dissemination for a continually growing and complex data set in which both data con-
tributors and recipients span institutions, scientific disciplines, and geographic boundaries. This
article provides an update on the accomplishments and future plans.
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1. Introduction

Informatics and data management solutions in multisite
efforts are essential for success. There are many aspects to
this including, data ingestion, meta-data tagging, prove-
nance, logging, sophisticated query, data interrogation,
tightly coupled analytics and visualization, data format flex-
ibility, data distribution and transmission, data integrity and
safety, and data use policies.

The degree to which the high quality data is efficiently in-
gested into databases along with comprehensive meta-data
and usable provenance determines its value. How easily
can data be found and queried by anyone who is provided ac-
cess further enhanced its usefulness. The ever increasing rate
of utilization seen in Alzheimer’s Disease Neuroimaging
Initiative (ADNI) and other efforts has been driven largely
by the creation and adoption of successful informatics solu-
tions along with the demand for multiscale, multimodal,
large N data in the investigation of fundamental disease pro-
cesses [1]; the necessity of applying methodologies and in-
sights from multiple disciplines to adequately integrate,
query, analyze, and interpret the data [2]; and the movement
of science in general toward freely and openly available in-
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formation [3]. We have reached a point in biomedical sci-
ence where the electronic collection, organization,
annotation, storage, and distribution of data are essential ac-
tivities in most translational discovery processes.

1.1. Overview

Multidisciplinary scientific collaboration has expedited
discovery and understanding of complex problems, with ben-
efits amplified through the application of generous data
sharing practices. Although this potential was recognized
over a decade ago, only recently has the sociology of scien-
tific communities become accepting and even welcoming
of the sharing model building on participation and contribu-
tions across disciplines, institutions, laboratories, and inves-
tigators [4-6]. The ADNI study unites the expertise and
efforts of scientists from multiple disciplines and
organizations working toward improving our understanding
of Alzheimer’s disease. Eight cores participate in the
ongoing conduct of the ADNI study, each using distinct
systems that contribute toward a complex flow of data
between systems, individuals, and institutions (Fig. 1).

ADNI has set the standard for informatics solutions that
facilitate open sharing with a broad data sharing philosophy
embodied in the study’s subject consent language, data
use agreement, and publication policies. This philosophy
has been translated into practice with widespread data
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Fig. 1. Alzheimer’s Disease Neurological Initiative (ADNI) Data Flow Data flows from the participating sites and between the ADNI cores is carefully choreo-

graphed.

sharing and data reuse evident in the number of investigators
using ADNI data in their research and the number of
ADNI-related publications submitted and published to
date. All ADNI data collected and generated through the
oversight and efforts of the eight cores are ultimately depos-
ited into the ADNI data repository (Image and Data Archive
[IDA], Laboratory of Neuro Imaging, University of Southern
California) and data passing quality control checks are made
available to the scientific community without embargo,
generally within days of collection. The primary goals of
the ADNI informatics core are to build and sustain a data re-
pository and information infrastructure that facilitates data
integration and sharing for the diverse and growing ADNI
scientific community.

The ADNI Informatics Core developed the infrastructure
and has played a central role in managing and integrating
data collected and analyzed at each of the participating cen-
ters, generated by the other ADNI cores and contributed by
external investigators since the study began in 2005. The
informatics core disseminates ADNI data to a continually

growing number of investigators who have written hundreds
of scientific papers based on ADNI data. Research using
ADNI data crosses many scientific disciplines, geographic
regions, and includes computer scientists interested in devel-
oping and testing machine learning and classification algo-
rithms, neuroscientists interested in developing and testing
models of disease progression, radiologists, geneticists,
and many others seeking to expand the boundaries of scien-
tific knowledge. ADNI has been a global resource of scien-
tific discovery for a decade. Here we report on the efforts of
the informatics core in managing and disseminating these
valuable data.

1.1.1. Background

The ongoing and long-term collection of varied and ex-
panding longitudinal data has produced an accumulation
of data that are heterogeneous, complex, and large. From
the earliest ADNI phase (ADNI-1), different study cohorts
(healthy control, mild cognitive impaired [MCI], and
Alzheimer’s disease [AD] subjects) followed different
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protocols. Some subjects underwent [18F] fluorodeoxyglu-
cose PET (FDG-PET) scanning with a subset also having
Pittsburgh compound B PET scans; a subset of subjects
had magnetic resonance (MR) scans conducted on both 1.5
and 3T scanners, whereas others had MR scans only on
1.5T scanners. In subsequent ADNI phases (ADNI-GO
and ADNI-2), additional cohorts were added for early
MCI (EMCI), late MCI (LMCI), and significant memory
concern (SMC) subjects and new clinical assessments
were added [7]; AV45 PET scans replaced Pittsburgh com-
pound B PET scans [8]; and additional vendor-specific
MR scanning sequences were added [9,10]. Genome-wide
association analysis (GWAS) data collected with Illumina
Human610-Quad and Illumina HumanOmniExpress chip-
sets (Illumina, Inc., San Diego, CA) were added for subsets
of ADNI-1 and ADNI-GO/2 subjects in 2009 and 2012,
respectively, and last year whole genome sequencing of
818 subjects was completed. Throughout the study, image
and biospecimen analysts have returned results at different
times and for different subsets of subjects. All these study
changes and additions have contributed toward an increas-
ingly valuable but disparate data set.

As additional data are collected or generated and then
deposited into the repository, the resultant size and
complexity of the complete data collection offers data man-
agement challenges and can be difficult for investigators to
comprehend and navigate. Furthermore, many investigators
have been working with ADNI data for years and return only
periodically to obtain newly deposited data and have specific
needs related to ongoing analyses. These issues and the
ongoing, longitudinal nature of the study contribute to a
complicated data sharing landscape. Recent progress to
help address data size and complexity has centered on the
development of new and improved search functionality,
data exploration, and data delivery options.

2. Methods

Data from examinations and samples collected from sub-
jects at each of the 59 North American ADNI centers are
transferred into the ADNI repository in one of two ways.
MR and PET imaging data are uploaded directly from the
clinical sites using the deidentification and file transfer
application within the Image and Data Archive (IDA), usu-
ally within 24 hours of scanning. Clinical data entered into
the electronic data capture system operated by the ADNI
clinical core are transferred to the central repository nightly
using an IDA file transfer tool that supports incremental up-
dates and full data set synchronization along with data vali-
dation functions.

2.1. Data ingestion

Numerous models of MR and PET scanners are installed
at ADNI sites generating images in different file formats
and containing variations in the descriptive metadata that

comprise the file headers. During the image archiving pro-
cess the IDA automatically detects file formats and deploys
a format-specific deidentification program that strips poten-
tially subject-identifying data from the files before they are
transferred to the repository. This is a lightweight applet that
prevents any protected health information from being trans-
mitted either across the secure communications link or from
inadvertently being deposited into the database. This remote
de-identification function greatly improves the flexibility in
data distribution. Once deidentified neuroimaging data are
uploaded into the repository, metadata are extracted from
the image file headers, used to classify the modality and
type of image [11], and inserted into the database to support
queries. A validity check of the subject identifier ensures
that neuroimaging data contain subject identifiers that
match the set of subjects seen at the ADNI centers. Addi-
tional validity checks verify that headers are properly popu-
lated in accordance with published file format definitions.

2.2. Quality control

Newly uploaded neuroimaging data are queued for the
MR and PET imaging cores where they undergo quality
assessment. The quarantined data are made available to
the MR and PET cores via an applet that downloads in
batch all queued scans. Once quality assessment is
completed, the results are transmitted back to the reposi-
tory, usually within a few days of acquisition. As quality
assessment results are received, images receiving a passing
rating are automatically removed from quarantine, given an
“available” status, and become immediately accessible to
ADNI investigators. Images not receiving a passing rating
are given a failed status and remain unavailable. The MR
and PET imaging cores also generate corrected prepro-
cessed images that are uploaded into the repository on a
daily basis. Preprocessed images are generated only for im-
ages that have passed quality assessment [8,9]. MR and
PET core image analysts obtain preprocessed images
from the repository and provide analysis results on a
quarterly basis and these data are also integrated into the
repository and shared with ADNI users. The informatics
core developed standards and methods for collecting
neuroimaging data processing provenance (the processes
that an image has undergone) and for reporting image
analysis methods. Collection of image processing
provenance information and methods, allows external
investigators to understand how processed data were
generated [12] and how they are linked to primary data,
both important aspects of data reuse and replication.
Furthermore, provenance metadata provide useful search
criteria for those seeking processed images for their
research. Lack of standardized data formats and descriptors
often hinders exchange and integration of neuroscience
data [13]; however, file format translators integrated into
the ADNI repository allow investigators to download im-
ages in a number of common file formats.
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2.3. Data synchronization

The entire clinical database is transferred into the ADNI
repository on a daily basis. Biospecimen analysis results
generated through the efforts of the biospecimen core and
image analysis results produced by MR and PET core ana-
lysts are transferred into the repository on a periodic basis
as analyses are completed. These nonimaging data are trans-
ferred to the repository as comma-separated value (csv) files
using an IDA data transfer tool. To help ensure data quality,
validation of each transferred file occurs before acceptance.
After validated data are transferred, a subset of clinical data
attributes are integrated into the database and combined with
metadata extracted from the images to support searches and
exploration of the combined data. Further details about data
flows, infrastructure, deidentification, and management of
these data have been described previously [14].

2.4. Data safety

The quantity of primary and derived clinical, imaging,
biochemical, and genetic data generated as part of the
ADNI study have required a robust and reliable infrastruc-
ture for integrating and disseminating ADNI data in a
manner that addresses the needs of the ADNI cores and
the larger scientific community. To ensure data are long-
lived and accessible at all times, a robust computer infra-
structure is used. Network, server, storage, and electrical
systems follow high-availability practices. Redundant load
balancers distribute requests across multiple servers. Hard-
ware and software failover are built into the design and
high availability best practices are used to ensure the highest
up-time. Data are stored in a clustered storage system and
replicated database servers are used. Data and software are
backed up on disk and cloned to tape for offsite storage in
encrypted form. Backups occur on a regular schedule. Stor-
age nodes retain snapshots of 1 month’s worth of differential
data to offer rapid restoration in the case of a disaster.

2.5. Policies

ADNI data are widely shared but remain restricted to in-
vestigators who agree to the terms of the ADNI data use
agreement and receive the approval of the Data and Publica-
tions Committee (DPC). The ADNI repository provides on-
line, web-based interfaces for managing the full range of
data access and control activities. These include (1) an on-
line data use application; (2) an online application review
system that enables reviewers to quickly and easily review
and approve/disapprove application; (3) automated user ac-
count creation and notification for approved applicants; (4)
online progress report notifications that enable reviewers
to notify investigators when a progress report is due and to
automatically expire accounts of nonresponsive investiga-
tors; and (5) an online manuscript submission system
whereby investigators may submit manuscripts to the DPC
for review as required under the ADNI data use agreement.

3. Results
3.1. Data dissemination

A scientifically diverse and geographically distributed
team of investigators and specialists have come together in
the ADNI study to acquire, assess, and analyze ADNI data
and make it broadly available to the scientific community.
The ADNI informatics core provides a crucial infrastructure
for managing, integrating, and disseminating the ADNI data,
supporting efforts of the other ADNI cores and the scientific
community at large. Currently, over 200,000 neuroimages
comprising more than 27 million files, 350 clinical, and anal-
ysis results data sets containing more than 19,000 data attri-
butes, and dozens of genetic data sets are stored in the ADNI
repository and disseminated to ADNI investigators around
the globe. Over 6000 investigators from 80 countries
(Fig. 2) have requested access to ADNI data and submitted
more than 750 manuscripts for review by the ADNI DPC.
Scientific articles using ADNI data now exceed 600 [15].

Many of the typical legal and ethical hurdles to sharing
data [16] have been overcome by ensuring that subject con-
tents are consistent and allow broad data sharing, developing
coherent rules and guidelines for data use, providing a
streamlined method for requesting data access, and supply-
ing a broad base of support and documentation such that
data are accurately described for reuse. To foster meaningful
comparison of MR analysis methods, members of the ADNI
MR, biostatistics, and informatics cores worked together to
identify and create 10 standardized collections of prepro-
cessed MR images which are available as shared image col-
lections within the repository. In an article [17], image
analysts were encouraged to use the complete sets in their
analysis. Over 7 million neuroimages and clinical data sets
have been downloaded from the ADNI repository (Fig. 3).

In 2012, the Alzheimer’s Association and the Brin-
Wojcicki Foundation provided funds for whole genome
sequencing (WGS) of 818 ADNI participants. The resultant
quantity of genetics data, close to 200 terabytes, surpasses
the ability for delivery over the Internet. The Single nucleo-
tide polymorphisms (SNPs) and insertions and deletions (in-
dels) data that resulted from this effort may be downloaded
from the ADNI repository, however, WGS researchers inter-
ested in obtaining large genetics files must request data
through an online application form that provides information
about the production of the WGS data and describes how to
receive the data on disks. Twenty-six applications for WGS
data have been received and over 2.5 Petabytes of WGS have
been distributed to requesters.

Support is offered through a comprehensive and informa-
tive public ADNI website (http://adni.loni.usc.edu/) that
provides study and data access information and documents,
news, and user support. In addition to a FAQ (frequently
asked questions) section and a searchable data dictionary
the site offers an “Ask the Experts” section that allows inves-
tigators to submit questions to one or more of the ADNI
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Fig. 2. Distribution of Alzheimer’s Disease Neurological Initiative (ADNI) data use applicants. Investigators requesting access to the ADNI data are located in
80 countries and represent research institutions, pharmaceutical, biotech, government, and other sectors.

cores. Both the questions and answers submitted through
“Ask the Experts” are added to the searchable knowledge-
base for the edification of the ADNI community. On average,
the ADNI website receives 195,000 page views per year
from visitors originating in 139 countries.

3.2. Recent developments

Information discovery is enhanced through interactive vi-
sual tools that help investigators explore complex data [18].
The increasing complexity and growth of the ADNI data has
emphasized the need for powerful, visual interfaces for data
discovery and exploration that enable investigators to fully
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survey and explore the entirety of the pooled ADNI data,
compare cohorts and select data that meet specific criteria,
are new or have changed over time. The ADNI informatics
core has made improvements to search interfaces that allow
users to obtain data with more specificity, to request only
data that are new or changed since a specified date and to
download only data that the user has not previously down-
loaded. Investigators may also conduct keyword searches
of the nonimaging study data and search the ADNI data dic-
tionary online. A new visual data exploration interface was
deployed that allows investigators to interactively compare
user-defined subject cohorts (Fig. 4). This interface displays,
for each data attribute, the distribution of data within each
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Fig. 3. Download activity and data use application 2006-2014. The number of investigators requesting access to Alzheimer’s Disease Neurological Initiative
(ADNI) data and the quantity of data downloads has increased consistently and sharply.
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cohort and across the entire study allowing investigators to
easily see the range of values and patterns among and be-
tween defined cohorts. Currently, a subset of ADNI data at-
tributes is incorporated into the visual exploration search
interface.

3.3. Linked efforts

Data from several linked efforts, the Australian Imaging,
Biomarker & Lifestyle Flagship Study of Ageing (AIBL),
the Study of Brain Aging in Vietnam War Veterans (DOD-
ADNI), and the ADNI Depression Project (ADNI-D) are
also managed, integrated, and disseminated from the IDA re-
pository with supporting usage materials provided through
the ADNI website. AIBL follows the same imaging and clin-
ical protocols as ADNI, however, although the imaging data
are disseminated from the IDA repository, clinical data are
available only from the AIBL website. DOD-ADNI incorpo-
rates a subset of ADNI subjects for its amyloid PET imaging
and significant overlap exists between the ADNI, DOD-
ADNI, and ADNI-D clinical protocols. Investigators may
obtain access to all four studies from the ADNI website
and may search and download data simultaneously from
all four studies. More recently, ADNI has partnered with
the Global Alzheimer’s Association Interactive Network, a
federated data infrastructure providing cohort discovery
for dozens of Alzheimer’s and dementia studies from around
the world [19,20]. Participation in global initiatives serves to
promote ADNI’s contributions in new settings with the
potential for reaching unanticipated results and reach
broader communities.

4. Discussion

After 10 years the informatics core of ADNI has learned a
number of lessons. As the science moves forward, the tech-
nology, the data, the scientific questions all change. Even the
policies, under which we operate, have been modified and
tested to accommodate new developments and requirements.

The amount of data, the number of users, and the sophisticat-
ion required to support them all have increased.

Users want the system to remember what they did last
time; they want to repeat the query the same way without
having to re-create all the filters, they want to know how
and what data have changed since they searched or down-
loaded last time. Efficiency is paramount and the query and
delivery systems must be continually updated to keep pace
with expectations. Users can demand considerable re-
sources, they may repeat downloads, request duplicate ac-
counts, and expect considerable hand holding as new users.
Sometimes they are less than careful when reading instruc-
tions, FAQs news items or forums as they interact with the
site. Although early in the history of ADNI, there were
many novice computer users asking very basic questions,
after 10 years the level of sophistication and experience
among users has increased significantly.

The data use policies of ADNI have been critical in
ensuring the integrity and value of the data. We devel-
oped a policy that when introduced was somewhat un-
usual and even controversial. Anyone with almost any
kind of research or educational goals can have the data
BUT the data must be distributed from the ADNI site.
In other words we specifically (and emphatically) disal-
lowed redistribution. The intent was to ensure that ADNI
data were ADNI data, unadulterated and original.
Furthermore, we wanted to be able to track how it was
being used and to ensure those who collected the data
and organized the project received credit. We wanted
to deliver to the funders, usage statistics that accurately
reflected the scientific contributions of the project, and
their support. A summary list of some of lessons learned
includes:

e The infrastructure must provide flexible methods for
data description and relationships among various meta-
data characteristics (e.g., provenance);

e Subject consent forms must be clear in what and how
data are to be used, stored, and distributed;
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e The database must be well organized, algorithmically
agile, and the user access interface is easy to navi-
gate;

e Derived data (preprocessed and postprocessed data)
should be linked to the raw data and easily queriable
with comprehensive provenance;

e Duties and responsibilities of stakeholders, individ-
uals, and institutions must be clearly and precisely
specified;

e Curation systems governing quality control, data vali-
dation, authentication, and authorization must be effi-
cient;

e Policies should ensure that requesting investigators
give proper attribution to the project and original col-
lectors of the data.

4.1. Ancillary uses

One of the more interesting and yet unanticipated uses
of the ADNI data and informatics systems was a test bed
for the development of new tools and competition in their
accuracy and sensitivity. In the Organization for Human
Brain Mapping 19th annual meeting in 2013, a hackathon
was conducted that involved ADNI data to enable those
at the competition to test their algorithmic submissions.
In another example of this “gold standard” approach to
scientific competition, SAGE Bionetworks formed a
competition to measure the ability to predict MCI con-
version to AD using a specially defined collection of
ADNI data. Each participant had to apply for access to
the ADNI data in the usual way, but all had access to a
uniform collection of data. These examples illustrate
how a well-defined collection of high quality data can
accelerate the pace of discovery in an environment that
is both cooperative and competitive. Coordinating with
research communities to provide uniform data and data
access for these kinds of efforts promotes a highly
collaborative environment and increases the impact of
the data.

5. Future directions

We continue working toward a more interactive environ-
ment for data discovery that tackles the complexity and
expansion of collected data including new imaging, genetic,
and phenotype data. Central to our plans are improving our
automated imaging classification methods and development
of anew visual exploration search interface that incorporates
the full complement of ADNI data.

We have developed methods for automatically label-
ing subtypes of MRI and PET scans to better support
searches. For example, different types of MR scans are
tagged in the system as functional MR, diffusion MR,
or MR angiography based on attributes present in the im-
age files and subtypes of structural MR tagged as T1-
weighted, T2-weighted, and proton density-weighted

[11]. PET scans sharing the same radioisotope in image
files are relabeled to indicate the radiopharmaceutical
used (18F-fluorodeoxyglucose, 18F-AV45) in a similar
way. We plan to refine and expand our image classifica-
tion capabilities to improve fidelity and automatically
identify additional MR and PET subtypes.

Well-designed visualizations of complex data can extend
the cognitive ability of the viewer allowing information to be
comprehended faster than through reading numbers or text
alone [21]. Combined with advances in technology, we can
manipulate enormous data sets through interactive visualiza-
tions to seek patterns and meaning previously unmanageable
[18,22]. Building on our current visual exploration search
interface, we plan to develop a more powerful and
expanded visual search interface that allows investigators
to search across the entirety of the ADNI data set, refining
and building the data sets that meet their research needs
through interactive, visual exploration, and filtering of the
data.
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. Systematic review: The authors reviewed the litera-

. Future directions: The manuscript proposes develop-
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ture using PubMed sources and examined usage sta-
tistics from the data repository systems described in
the manuscript.

Interpretation: Our findings provide insights into
some of the challenges and successes involved in
providing an informatics platform for complex
research studies.

ment of new data classification and visualization
methods to foster improved analytical reasoning
over complex, heterogeneous data.
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