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current effort we are clearly dealing with one,
small aspect of neuroscientific research.
Accordingly, we are compelled to construct
our system so that, in the future, it can
exchange information with other database
efforts6,7 or be plugged into a larger, perhaps
single resource for all of neuroscience. We
review our progress in the following sections.

Progress to date and current usage
Several challenges are faced when building a
data-archiving project of the magnitude of
the fMRI Data Center. We have discussed
these particular issues in greater detail else-
where8, but several key problems are worth
stressing, given the attention that has recently
been given to them9,10.

Subject anonymity and protection. In compli-
ance with US federal regulation 45 CFR 46 on
human subject protection, we had to address
the requirement that any and all information
that can be used to identify a subject must be
removed from the data, while maintaining its
experimental integrity. This is accomplished in
a two-pronged effort. First, contributing
authors remove identifiers before submitting
study information to the Data Center. Then
the Data Center checks for identifiers that
might have been missed by the authors, while
removing other potential identifying subject
descriptors. Beyond the obvious need to pre-
serve the anonymity of subject data, neuro-
imaging data involve the additional considera-
tion that reconstructed, high-resolution
images of the head can, in principle, be used as
a subject identifier. That is to say, the structural
data can be reconstructed in three dimensions,
a surface be fit to the data and the contour of
the subject’s face be revealed. To remove this
possibility, the high-resolution images are
stripped of facial features, thereby removing
the possibility that the identity of the subject
be directly determined by three-dimensional
anatomical reconstruction.Authors from out-
side the United States are encouraged to con-
tribute their functional imaging data to this
publicly available repository only after care-
fully considering their country’s policy on the
sharing of data from human subjects.

Quality control. Ensuring the quality of the
contents of this neuroscience resource involves
active communication between the Data
Center personnel and the authors of the study.
Authors themselves enter most information
concerning their own study, thereby avoiding
the possibility of misrepresentation by the Data
Center. Data Center personnel crosscheck with
the authors any questions about appropriate
parameter values that have been entered by the

coding regions and genes, and so on, that
information about gene function will be dis-
covered4. This has led some biologists, such as
Leroy Hood, to suggest that certain fields are
moving towards a model of ‘discovery sci-
ence’. As Hood has said, “It’s the idea that you
take an object and you define all its elements
and you create a database of information
quite independent of the more conventional
hypothesis-driven view.”5

It is against this backdrop that we have
launched an effort to create a database for
functional magnetic resonance imaging
(fMRI) studies. The first order of business
was to construct a framework that would
allow scientists easy access to raw data from
published, peer-reviewed studies. This
aspect of the project is complete, and the
fMRI Data Center (fMRIDC) is up and run-
ning. The second objective — one that is
both challenging and exciting — is to enter
the raw data into a database that will allow
for the mining of highly heterogeneous and
voluminous fMRI data. This ‘data-mining’
goal involves the use of information-
retrieval methodologies that can sift through
the huge amount of information that is con-
tained in the MR images to give efficient and
interesting responses to queries such as “find
all study data that are close to the following
study”. Such searches, conducted across a
broad variety of fMRI study data, might
reveal hidden patterns of brain function that
might have gone unseen in any one particu-
lar study. So, just as geneticists have gone
beyond simply considering gene sequence
data and are now consumed with the intri-
cacies of genomics, neuroscientists must
transcend their fascination with static brain
images of basic mental functions and
migrate into the study of ‘neuronomics’ —
the examination of the ‘complete’, dynamic
brain and the spatiotemporal interactions of
its many systems. Database projects such as
the fMRI Data Center will assist in reaching
this ultimate goal of brain research.

We hope to benefit from earlier databasing
efforts, such as the GenBank experience, and
make accessing information on brain imaging
as seamless as possible. Furthermore, with our

Enormous progress has been made over
the past decade in the development of
neuroimaging technology to study in vivo
brain function. But as was once the case in
genomics, much of the raw functional
imaging data that are collected and
described in the literature have not been
made available to other researchers. The
fMRI Data Center aims to archive raw
functional imaging data from peer-reviewed
publications, making it freely available to
researchers from all disciplines to confirm
conclusions, test new methods and
generate new hypotheses. This bold
project hopes to open up new vistas of
understanding of complex cognitive
processes and usher in the study of
‘neuronomics’.

Everybody agrees that GenBank (from 
The National Center for Biotechnology
Information) is a great success. It has
become the de facto clearing-house for one-
stop shopping for genetic information —
the central source for genomics, the study of
genes in action. The resource archives infor-
mation on the genomes of assorted organ-
isms from numerous viewpoints, including
data on genomic sequence, on expression,
on disease, and on taxonomy, and these data
are linked to the relevant literature. GenBank
has already begun to help catapult our
understanding of human genetics by allow-
ing public access to this information for its
use in research, in clinical applications1 and
in education2. Needless to say, neuroscien-
tists should want, and do need, a similar ser-
vice to make progress towards the larger goal
of understanding the brain and its various
functions.

GenBank has also ushered into biology a
new way of doing research. Genome infor-
matics is not like other scientific catalogues
— for example, the Handbook of Chemistry
and Physics3. Although a huge amount of
data has been assembled, the semantic con-
tent of the information is still largely
unknown. But it will be through the evolu-
tion of data-mining tools, and through
homology searches, the identification of
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separate peer-reviewed journals. At present,
only a single journal — the Journal of Cognitive
Neuroscience — makes the contribution of
fMRI study data a prerequisite for publication,
although several other journals are encourag-
ing their authors to do so. Sixteen complete
studies are now available for immediate ship-
ping at no cost to the interested researchers.
Several more are under data hold, to be made
available six months after the date of publica-
tion of the original author’s research article.
The total archive now contains more than
300,000 image files, requiring over 300 GB of
disk storage. Encouraged by these numbers,
which have been generated in just the brief
time that the Data Center has been open, we
anticipate a continuing increase in the number
of scientists that use the Data Center as a
resource for accessing complete fMRI studies.

Content of the data archive. Essential to the
breadth and depth of any successful data
archive of this type is not only the inclusion of
the data as it was presented in its published and
heavily processed form, but also the deposition
of the actual raw imaging data (FIG. 2).With its
inclusion, other researchers could reconstruct
the data-processing stream, confirm the

authors. Documents that describe the study
protocols are provided to authors for com-
ment before the study becomes officially
released to the public. Only the authors of the
study have the power to change the description
document after it has been officially released.
Even then, the original information that is con-
tained in the document is preserved in the
form of annotations so that others can see how
the information was updated.

Author rights and researcher responsibilities.
Two further issues that have been of particu-
lar concern to the neuroscience community
are the rights of the original authors and the
responsibilities of researchers that use previ-
ously published data11. First, to allow con-
tributing authors more time to carry out 
further analyses and to prepare subsequent
manuscripts on the same data, an optional
‘data hold’ can be requested from the Data
Center. This hold is effective from the date of
publication, which should give the authors
ample time for further analyses.

Researchers that receive study data from
the Data Center are, at a minimum, expected
to cite the work of the original authors and
the database accession number in any newly

published work. Clearly, publishing new
findings from previously published study
data without proper referencing of the origi-
nal work is on par with plagiarism and
would not be tolerated by the scientific com-
munity. Authorship invitations from the
authors of any new research article to those
of the original work is an interesting idea for
ensuring that appropriate credit is given, but
it might be difficult for the community to
agree on how this should best be put into
practice. We expect that the neuroscientific
community will monitor these issues, ensur-
ing that the data are used in an acceptable
manner and that the appropriate credit is
given to original authors.

Use of the fMRIDC archive. The fMRI Data
Center has, so far, experienced a solid response
from the international scientific community:
more than 300 data requests have been 
fulfilled from researchers in more than 
25 countries around the world (FIG. 1). As of
18 February 2002, a total of 54 fMRI studies
have been contributed to the archive, with 
21 data sets contributed in 2001 alone. The
current archive contains study data from
researchers in 11 countries and from four 

NATURE REVIEWS | NEUROSCIENCE VOLUME 3 | APRIL 2002 | 315

Figure 1 | Response to the fMRI Data Center. Since January 2001, the functional magnetic resonance imaging (fMRI) Data Center has fulfilled more than
300 requests from researchers in more than 25 countries around the world for data sets of published fMRI studies that are available through its web site. This
impressive response within a relatively short space of time is one of several ‘figures of merit’ for measuring the success of the Data Center effort. This
response indicates the enthusiasm of the international scientific community for the availability of raw published data sets for the purposes of secondary
examination and confirmation of results, as well as for education. Researchers visit the Data Center web site and use a MEDLINE-inspired search interface to
inspect the holdings of the fMRI study data archive. Studies of interest to the researcher can be selected and then requested. Compact disks with the raw,
pre-processed and statistical image data, along with a document describing all aspects of the subject, MR scanner and experimental session protocols, are
provided to the requesting researchers free of charge. Information-retrieval technology is being developed to cluster and sort studies of interest to researchers
on the basis of predefined and user-defined search parameters. We anticipate even greater use of the Data Center as more studies become available.
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Database organization for efficient mining.
Unlike in genomics, in which data acquisition
is the product of a more process-oriented
approach, studies of cognitive function
involve a range of sensory modalities,
stimulus types and subject responses. Also,
for as many different fMRI researchers as
there are in the field, it seems that there are
different scanner protocols and subsequent
data-processing streams. Related to this issue
are the many image file formats that
researchers prefer for storing their image data.
It is with this array of approaches to fMRI
experimentation that the Data Center has
adopted several guiding tenets in the organi-
zation of its core database. First, the database
should be able and flexible enough to repre-
sent the broadest range of possible fMRI
experimental paradigms. Second, the data-
base is organized hierarchically, with the
study itself at the highest level. Third, in
addition to the high-level descriptive data of
the study, meta-data characterizations for,
and pointers to, all neuroimaging data and
time series are represented in the database to
facilitate the broadest possible space over
which accurate but efficient searches can 
be made. And fourth, the database should be
extensible; that is, it should be able to incor-
porate new studies, scans or time-course
information, as it becomes available.

With these guidelines in place, we are
constructing the fMRI Data Center database
to accommodate the wide range of study
types, and are creating sets of information-
retrieval tools for pattern matching and clus-
tering on the basis of the study meta-data or
image data12 (see below). Meta-analyses and
examination of study parameters that influ-
ence the effects that are reported in struc-
tural as well as functional studies13,14 will 
follow naturally. Proximity searches and
meta-analyses will lead researchers to con-
duct ‘mega-analyses’, in which many subjects
from separate studies can be analysed 
en masse ; the sample size will be many times
larger than is typical of any single, published
fMRI study. By archiving both complete
study descriptive data and raw functional
imaging data, we believe that this approach
goes well beyond the storing of only the
reported statistical local maxima.

New approaches for meta-data specification.
The advantage of maintaining a publicly
available archive of raw functional data over
one that is based simply on recording statisti-
cal local maxima is the ability to submit the
study data themselves to clustering and meta-
analysis. Accompanying this issue is the most
fundamental challenge in dealing with the

researchers should be able to examine different
data pre-processing paths and observe the
effects of different processing choices on the
interpretation of the results (for instance, the
use of an alternative image-registration rou-
tine). All in all, the principal motivation is to
store as much data from the study as possible.

findings of the original authors, or investigate
new methods and draw their own, possibly dif-
ferent, conclusions. Authors are asked to pro-
vide the raw fMRI time series and high-resolu-
tion anatomical images after reconstruction
from the MR scanner. Raw imaging data —
the spectrum of frequences that constitute the
MRI signal — are recorded in ‘K-space’; the
final MRI image is an inverse Fourier trans-
form of K-space data. However, due to propri-
etary issues with scanner manufacturers about
the conversion of K-space data into image
data, the Data Center is not able to accept raw
K-space images.Authors are also asked to pro-
vide the version of the imaging data, after pre-
processing, at the stage just before being sub-
jected to statistical analysis, as well as all
statistical output images. Armed with the
details of the original author’s data-processing
stream, researchers that obtain the data should
be able to recreate the same processing stream,
carry out the reported statistical comparisons,
and arrive at the same quantitative answers as
the original researchers. More importantly,

Scan session information
• Scanner manufacturer
• Scanner model
• Scanner software revision
• Magnetic field strength
• Slew rate
• Date of scan session
• Duration of scan session
• Other

Subject information
• Subject ID 
• Experimental group code 
• Gender 
• Age 
• Health status 
• Assessments (for example, handedness) 
• Medication status 
• Other (for example, diagnosis)

Experimental protocol
• Experimental protocol ID
• Number of groups
• Number of subjects per group
• Number of functional runs
• Epoch-related conditions
• Event-related conditions
• Experimental methods
• Stimulus regressor files
• Other (for example, associated data files)

MR scanner protocol
• Scanner protocol ID
• Coil type
• Pulse sequence type
• Flip angle (degrees)
• TE (in milliseconds) 
• TR (in milliseconds) 
• Number of time points 
• Number of acquisitions 
• Number of dummy scans  
• Number of slices 
• Slice thickness (in millimetres)
• Slice skip (in millimetres) 

• Interleaved or sequential slice acquisition 
• Field of view 
• Receiver bandwidth 
• Original acquisition matrix size 
• Reconstructed acquisition matrix size 
• Full or partial K-space 
• Image acquisition orientation
• Ramp sampling
• Echo train length
• Echo shift in asymmetric spin-echo
• Type of reference scan for reconstruction

Figure 2 | Basic fMRI study information collected for the fMRI Data Center archive. Functional
magnetic resonance imaging (fMRI) studies of the brain are associated with numerous study variables
concerning the experimental paradigm, the parameters of the MRI scanner, variable settings during the
functional and structural scan sessions, as well as information pertaining to the individiual subjects. The
‘meta-data’ descriptors from these protocols are often missing or incompletely presented in the original
published article. The fMRI Data Center asks authors to supply complete information for the above
variables so that they can be provided to researchers who request the raw study data. These data serve to
describe each study as completely as possible, facilitating future ‘meta-’ and ‘mega-’ analyses of the raw
study image data. TE, echo time; TR, repetition time.

“… neuroscientists must
transcend their fascination
with static brain images of
basic mental functions and
migrate into the study of
‘neuronomics’ — the
examination of the ‘complete’,
dynamic brain and the
spatiotemporal interactions
of its many systems.”
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sheer volume of data in these studies: creating
intelligent and informative summary identi-
fiers that facilitate accurate and efficient 
database searches.

Work is now underway to collect sets of
descriptive and statistically based meta-data
that characterize not only the individual
images that make up an fMRI time series but,
more importantly, the entire raw fMRI time
courses. Rather than re-analysing the data in
the same manner as in the original study,
these measures involve consideration of both
the temporal and frequency domains of the
image time courses, with a view to summariz-
ing as much information as possible with the
fewest number of parameters. It is the collec-
tion of these common measures across fMRI
studies that will allow useful searches of data
in the archive.

Examples of such metrics include simple
mean and variance images as measures of the
distribution of the data, as well as voxel-based
level-crossing (the number of signal excur-
sions across some threshold) and frequency-
spectrum measures that characterize signal
oscillatory behaviour and periodicity. In par-
ticular, the last two measures capture the
dynamic nature of the fMRI time course, but
do not include information about the experi-
mental paradigm under investigation.
However, these measures will be sensitive to
task-related modulation of the fMRI signal
and show spatial patterns that are similar to
those obtained through more traditional sta-
tistical tests (FIG. 3). These points are impor-
tant, as we are interested in summarizing all
of the data, not just those at voxel locations
that the authors of the original research arti-
cle chose to report. There might be additional
aspects of the image data that are of interest
to other researchers. In other words, it is
essential that the data be allowed to speak for
themselves. Once obtained, the information
in these summary images can be represented
in bit-wise fashion, further compressed, and
regularities be identified, allowing inspection
of the ‘distance’ between data sets to be carried
out simply and efficiently.

But no single descriptive statistical mea-
sure will ever completely characterize the sig-
nal dynamics of data from all fMRI para-
digms. Having several key measures of the
signal parameters for the blood oxygen level
dependent (BOLD) fMRI time courses in a
study will allow the measurement of data
similarity and permit further data-mining
approaches. This, in turn, will lead to more
precise and statistically more powerful cross-
study re-analyses, potentially revealing pat-
terns of brain activity that were not reported
in the original research articles.
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Student's t-test overlay

Fisher's g max statistic

Frequency of g max

Phase of g max components

Figure 3 | Descriptive statistical images. An example of several descriptive statistical images that help to
summarize the dynamics of functional magnetic resonance imaging (fMRI) time-series data. For this, we
used echo planar image (EPI) data from a single male subject, collected by a GE Advance 1.5 Tesla scanner 
(repetition time (TR) = 2.0 s, echo time (TE) = 500 ms, field of view = 24 cm, slices = 27). The subject
performed an epoch-related motor task in which he rotated an object in his hand for fifteen seconds
followed by fifteen seconds of rest and so on for four-and-a-half minutes. The top row shows a traditional
overlay map of the Student’s t-statistic, which is typically used in fMRI analysis, thresholded at P<0.001.
Here, the test statistic is determined by contrasting periods of motor task activity with periods of rest using
the Statistical Parametric Mapping software package (Wellcome Department of Cognitive Neurology,
London, UK). The second row depicts a map of Fisher’s g max statistic at each voxel of the same motor
task data. This measure is computed as the peak frequency magnitude standardized over total signal
power. In this image, brighter-coloured areas represent a high proportion of signal power contained at a
single spectral frequency. Related to this, the third and fourth rows show the frequency at which the
maximum value of g was obtained (from 0 to 2π) and the phase offset of the frequency values (from –πto π),
respectively. In the former, false-coloured red areas pertain to regions in which frequency was comparatively
low and darker-coloured areas to regions in which frequencies were relatively high. In the latter, blue areas
indicate the phase closest to zero, with green being negative and red being positive. Note that only the 
t-test image procedure involves explicitly including information that pertains to the paradigm being
investigated. It is clear that the motor and premotor brain areas that are shown to be statistically significant
by the t-test analysis are the same as those indicated as having a high percentage of the signal power in the
raw time series, and is also reflected in frequency component and relative phase. These three, purely
descriptive measures, together with others, such as level crossings and the higher-order distributional
moments, can be used to summarize and cluster data across studies in order, for instance, to identify
interesting features about the physiological basis of motor function.
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this enormous data-management problem
poses and hope to develop methods that have
a scope beyond the realm of just the storage
of neuroscientific data.

Conclusions
Throughout the past decade, an explosion of
research on in vivo human brain function
and in computer information technology has
turned into a reality what once was con-
sidered an untenable idea — the creation of a
database for raw fMRI time-series data. Just
as the sequencing of genetic information has
given way to the excitement of functional
genomics and proteomics17, we are quickly
approaching a time when the localizationist
approach to brain mapping will give way to
the study of evolving, plastic, whole-brain
neural systems. The archiving and databasing
of raw fMRI data will help lead to a time
when such study is possible — extending
hypothesis-based study into discovery-based
science of the brain.

But the archiving of neuroimaging data
is a small part of a larger community that is
dedicated to indexing neuroscientific data
from numerous other experimental modali-
ties on other spatiotemporal scales18–20. The
fMRI Data Center effort can provide
insights into the BOLD response to cogni-
tive tasks, but will not be able to shed light
on, for example, neuronal spike-train pat-
terns. So, to move towards our goal of
understanding the brain, raw data archives
of these other, rich forms of data will be
required and will need to be linked to allow
understanding at multiple levels of granu-
larity. However, the pursuit of this multifac-
eted form of research will be possible only
through data sharing, the use of neuroinfor-
matics, databasing and information-
retrieval technologies21. We look forward to
working with those who build such data
archives to create a web of neuroscientific
knowledge that might help us to attain a
more complete understanding of how the
brain works.

Time will tell when the fMRI Data
Center database will attain its full potential.
When it does, we expect it to become an
essential resource for researchers and edu-
cators alike, changing the way neuroscience
is conducted.
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Current challenges
Indexing the data from these rich studies
into a coherent database framework is
clearly an enormous undertaking. Through
the guidelines that we discussed above,
indexing must occur at several levels. Effort
is now underway on the intelligent catalogu-
ing of study, individual-image and time-
series levels of information in the database.
Moreover, we look forward to developing
further image meta-data measures, as well as
receiving feedback from the community to
which meta-data characterizations are the
most appropriate, meaningful and successful
in identifying interesting study clusters.

A further challenge is to deal with the
considerable size of the data archive. For
instance, the typical size of an fMRI study
that is contributed to the Data Center has, so
far, been in the order of 3.26 GB. But there
are several examples that exceed 15 GB of
image data. At the current rate that the Data
Center is receiving study data, we expect to
fill one terabyte of disk space over the coming
year and to double these holdings every nine
months. It is unrealistic, however, to expect
that the trend in the size of neuroimaging
studies will ever be towards smaller data sets.
In fact, stronger field magnets, higher image
resolution and other advances in scanner
technology are already on the horizon, and
will undoubtedly result in the acquisition of
still larger data sets. Simple calculations show
that the amount of storage space that is
required for archiving published functional
imaging experimental data in the not-too-
distant future will be well into the petabyte
range. Clearly, the data storage issue associ-
ated with archiving functional neuroimaging
data is a serious one, not to mention the
computational challenges of attempting to
carry out analyses on such an archive.

To address these issues, we are now inves-
tigating means of ‘near-line’ and off-line data
storage, as well as means of providing more
suitable computing resources to researchers
that are interested in carrying out large-scale
analyses. But this does not address the ques-
tion of how best to manage and provide
access to data stored off-line. It is a con-
siderable problem for any large data archive,
particularly for one that maintains neu-
roimaging data. This problem will require
the examination of existing hierarchical
approaches to data storage15, as well as the
examination of new methods for large-scale
archive management that are under consid-
eration in other fields16. The Data Center is
even now liaising with computer science
experts to address this issue. They and others
are excited about the research challenge that
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