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Better to light one candle than to curse the darkness.

Chinese Proverb
STATEMENT OF PURPOSE

As in geography, neuroanatomy requires accepted
maps, terminology, coordinate systems, and reference
spaces in order to allow accurate and effective commu-
nication within the field and to allied disciplines. Geo-
graphical atlases of the earth have an advantage over
atlases that are anatomical in nature. Earth atlases
can assume a relatively constant physical reality over
thousands of years. On that single, stable construct an
infinite number of abstract representations of features
can be overlaid. For earth maps such features might
include rainfall, temperature, population density,
crime rates, etc.

Unlike geographical atlases, anatomical atlases can-
not assume a single, constant physical reality. This is
true despite the fact that standard atlases of single
subjects tended to minimize this fundamental problem.
Anatomical atlases must first deal with the fact that
there are a potentially infinite number of physical re-
alities that must be modeled to obtain an accurate,
probabilistic representation of the entire population.
Upon this anatomical representation one can then
overlay an infinite set of features in a fashion analo-
gous to that described for earth atlases (Mazziotta,
1984). In the brain, such features might include cytoar-
chitecture, chemoarchitecture, blood flow distribu-
tions, metabolic rates, behavioral and pathologic cor-
relates, and many others. Like earth maps, brain maps
can vary in time frames ranging from milliseconds
(e.g., electrophysiologic events) to minutes (e.g., skill
acquisition), years (e.g., development, maturation, ag-
ing), or millennia (i.e., evolution).

Classic atlases of the human brain and other species
have been derived from a single brain, or brains from a

very small number of subjects, and have employed sim-
ple scaling factors to stretch or constrict a given sub-
ject’s brain to match the atlas. The result is a rigid and
often inflexible system that disregards useful informa-
tion about both morphometric (i.e., dimensionality)
and densitometric (i.e., intensity) variability between
subjects.

This article reviews the theory and rationale for de-
fining a probabilistic atlas derived from a large series
of subjects, representative of the entire species, with
retention of information about variability. Such a proj-
ect must take on the problems inherent in dealing with
biologically variable structure and function but, when
successful, will provide a system that is realistic in its
complexity, has defined accuracy and errors, and that,
as a benefit, contributes new neurobiological informa-
tion.

The atlas is envisioned to be both visualizable (e.g.,
recognizable brain images) and quantitative (e.g., tab-
ular databases). Digital in its composition, the atlas,
and the tools to enter and retrieve data from it, produce
probabilistic responses to queries. That is, for a given
location identified in the reference space, the atlas will
produce probability distributions and confidence limits
for structure identification, functional variables (e.g.,
blood flow, metabolism, receptor density, etc.), clinical
information (e.g., deficits associated with lesions at the
site, behavioral states that augment functions like
blood flow at the site, etc.), and bibliographic data. By
defining a subpopulation of the database contents in a
given query, probabilities would shift to reflect a more
constrained subset of the entire population.

A Brief History of Human Brain Mapping Approaches

Examples of brain mapping can be found in ancient
times, but systematic attempts at relating structure to
function find their origins in phrenology. By examining
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the irregularities of the outer table of the skull, phre-
nologists assigned psychological, personality, and
physical traits to individuals. Concerns about inaccu-
racies and inconsistencies of this approach, combined
with more scientific methodologies, led to the emer-
gence of the localizationists, the earliest and most well
known of whom was Pierre Paul Broca. Broca’s identi-
fication of the language area in a patient with damage
to the left anterior sylvian cortex represents the most
celebrated example of ascribing a behavioral function,
namely language output, to a cerebral site (Broca,
1861).

Localization flourished throughout the late 19th cen-
tury and continues to this date (Ferrier, 1875; Phillips
et al., 1984). While the results of this research were
prolific, these investigators depended on spontane-
ously occurring lesions and, thus, had a limited exper-
imental domain. Concomitantly, anatomists produced
maps of ever increasing complexity and detail about
brain structure (Brodmann, 1905; Flechsig, 1901).
Modern localization now takes the form of distributed
large-scale neural networks rather than isolated brain
regions (Mesulam, 1990; Posner and Dehaene, 1994).

In the latter half of the 19th century the electrophys-
iological characterization of the brain began (Fritsch
and Hitzig, 1870). These measurements ranged from
intraoperative depth electrode recordings, with their
exquisite spatial and temporal resolution but minimal
sampling, to scalp electroencephalography (EEG),
which samples broadly but localizes poorly. The com-
bination of time-locked stimuli and EEG signals pro-
duced the field of evoked potentials research. More re-
cent has been the measurement of weak magnetic sig-
nals from the surface and depth of the brain by
magnetoencephalography (MEG) (Hari, 1991). These
magneto- and electrophysiological techniques provide
temporal resolution on the order of that known to exist
for neural events (i.e., milliseconds).

The application of Kety—Schmidt tracer-kinetic tech-
niques (Kety and Schmidt, 1948) to externally detected
distributions of radioactive xenon, pioneered by Scan-
dinavian workers in the late 1950s and 1960s, provided
the first glimpse of cortical responses of cerebral blood
flow in normal subjects and patients performing a wide
variety of tasks (Lassen et al., 1960; Ingvar, 1975). The
regional, and largely cortical, application of tracer ki-
netic techniques from these studies was quickly ap-
plied, using a broad range of radiopharmaceuticals, to
the emission computed tomographic methods of
SPECT (Kuhl and Edwards, 1973) and PET (Phelps et
al., 1975). The number of radiopharmaceuticals and,
therefore, physiological processes that can be mea-
sured with SPECT and PET revealed, for the first time,
the complex macroscopic neuronal networks associated
with normal behavior and disease states (Mazziotta
and Gilman, 1992). The emission tomographic methods
have achieved a spatial resolution of less than 5 mm
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and a temporal resolution ranging from approximately
30 s to many minutes or hours.

In the early 1990s, the exquisite structural anatomy
and high spatial resolution of magnetic resonance im-
aging (MRI) was extended to the measurement of phys-
iological events with both high spatial and temporal
resolution (Belliveau et al., 1991). Further, the related
technique of magnetic resonance spectroscopy (MRS)
provides information about the chemical state of the
human brain, albeit, with much lower spatial and tem-
poral resolution (Prichard et al., 1983). The ultimate
scope of methods based on the principle of nuclear mag-
netic resonance is still largely unexplored (Prichard
and Brass, 1992).

The realization that the integration of information
from a variety of methods would provide the most com-
prehensive data set, with complementary features op-
timizing spatial and temporal resolution, as well as
sampling, resulted in the development of methods to
combine data from many techniques (Woods et al.,
1993). The need for a common means of communication
within the subdisciplines of neuroscience (Mazziotta
and Koslow, 1987) and the lack of a standardized co-
ordinate system and population atlas emerged as ma-
jor limitations in comparing these complex data sets
between subjects, populations, or different laborato-
ries.

The Human Brain Project

In the late 1980s in the United States, the Institute
of Medicine of the National Academy of Science was
commissioned by the National Institute of Mental
Health, the National Science Foundation, and the Na-
tional Institute on Drug Abuse to establish a panel to
investigate the value of integrating neuroscientific in-
formation across a variety of technologies (Pechura and
Martin, 1991). This group concluded that the fields of
neuroscience, computer science, and informatics could
and should be combined to integrate data from en-
abling technologies currently used to study neurosci-
entific questions. This led to the establishment of the
Human Brain Project (Huerta et al., 1993). Developed
as a consortium of federal agencies, funding was an-
nounced for the first round of feasibility projects on this
topic in the spring of 1992.

In the fall of 1992, a meeting of individuals inter-
ested in the development of a probabilistic atlas for the
human brain was convened at UCLA. Following a se-
ries of such meetings, the International Consortium for
Brain Mapping (ICBM) evolved and received one of the
initial consortium grants from the feasibility phase of
the Human Brain Project to develop a probabilistic at-
las. The consortium consists of representatives from
UCLA, the Montreal Neurologic Institute of McGill
University, and the University of Texas Health Sci-
ences Center at San Antonio; collaborations with a
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number of other centers have been established and ad-
visory boards in the areas of neuroanatomy, computer
science, and interconsortia liaisons are part of this
group. Pilot data for this project are now being col-
lected.

The Explosion in Neuroscientific Data

Any survey of the number of neuroscientific journals
or the annual number of articles relevant to neuro-
science demonstrates the extraordinary acceleration
and proliferation in neuroscientific research that has
occurred in the past few decades (Huerta et al., 1993;
Koshland, 1992). The Society for Neuroscience has over
17,000 members and 22,000 neuroscientists attended
the 1993 annual meeting (up from 14,000 in 1992)
(Barinaga, 1993). With this rapid expansion has come
an overload of information and topical diversity within
neuroscience. These have led, in turn, to specialization
and, quite naturally, to relative isolation of different
segments of the neuroscientific community. Subspe-
cialty sessions at national and international meetings
as well as narrowly focused journals (more than 200)
are now the rule rather than the exception. Without a
system of organization and integration, the ongoing
proliferation of neuroscientific information will lead to
further fragmentation of the field and isolation of in-
formation based on arbitrary divisions such as those
based on brain region, physiological process, or species,
to name a few. A goal of the Human Brain Project is to
act as a unifying process to promote convergence and
integration of neuroscientific data and theories for all
species (Huerta et al., 1993). The concomitant evolu-
tion of the information technologies now makes this
possible.

The establishment of realistic, unifying atlases for
the important species studied by neuroscientific inves-
tigators will provide a common framework for exchang-
ing and comparing data. Further, this will make data
obtained and electronically distributed in a digital for-
mat more readily accessible to the individual re-
searcher no matter how geographically isolated or sub-
specialized.

WHAT CURRENTLY EXISTS IN THE WAY OF
HUMAN BRAIN ATLASES?

Most atlases of the human brain and, for that mat-
ter, of the brains of other species (Paxinos and Watson,
1986) are derived from one or at best a few, individual
specimens (Brodmann, 1905; Matsui and Hirano, 1978;
Talairach and Tournoux, 1988). Such atlases may take
the form of anatomical references (Talairach and
Tournoux, 1988), or they may represent a particular
feature of the brain such as a neurochemical distribu-
tion or cerebral cortical cytoarchitecture. In existing
atlases, proportional scaling systems are typically em-
ployed to reference a given brain to the atlas brain. The

commonly used human atlases include those of Talair-
ach and Tournoux (1988) and of Schaltenbrand and
Wahren (1977). In the former, provisions were created
to attempt to make different individuals comparable by
subdividing the brain into 12 volumes referenced to the
anterior and posterior commissures. Linear scaling is
used to stretch or constrict the 12 volumes so as to
approximate the shape and position of a given brain to
the atlas brain. The Talairach atlas was derived from
the brain of a 60-year-old French woman. It depicts one
hemisphere assuming interhemispheric symmetry.
With the exception of the upper midbrain, the atlas
excludes the brainstem and cerebellum.

Atlases such as that of Talairach and Tournoux
(1988) have proven very useful for anatomic normal-
ization required for surgical procedures, particularly
those at brain sites close to the origins of the reference
system (i.e., the anterior and posterior commissures),
such as the thalami and basal ganglia. It is predictable
that such an atlas will be successful for areas of the
brain that have a low intersubject variability and for
sites close to the landmarks of the reference system
(i.e., anterior and posterior commissures). Such atlases
will be progressively less accurate in more highly vari-
able portions of the cerebral cortex (e.g., neocortex and
peri-sylvian zones) and in brain regions known to be
highly asymmetric between the two cerebral hemi-
spheres (e.g., planum temporale).

Initial attempts at developing atlases and deforma-
tion tools from populations of subjects have been re-
ported (Fig. 1) (Van Buren and Maccubbin, 1962;
Bajesy et al., 1983; Bohm et al., 1983; Fox et al., 1985;
Vries and McLinden, 1988; Steinmetz et al., 1989; Fris-
ton et al., 1991; Evans et al., 1992; Evans et al., 1994).
Such atlases have typically been derived from a single
modality (e.g., structural MRI studies) and have dem-
onstrated the utility of such an approach.

WHY ARE CURRENT ATLAS TOOLS INADEQUATE?

The anatomical variability between individual hu-
man brains is well known. Given the still undefined
relationship between neural structure and function, an
atlas based on an unvarying anatomy cannot succeed
fully. One need only look to the functional and struc-
tural specialization of the hemispheres to recognize the
depth of this problem (Geshwind and Levitsky, 1968;
Wada et al., 1975; Galaburda et al., 1978; Le May and
Kido, 1978). Single modality atlases are also of limited
value, as the mapping from, for example, a neurochem-
ical atlas to a functional assay, can only lose accuracy
when transformed through a third (i.e., anatomical)
reference space.

Perhaps equally important is the fact that conven-
tional atlases are typically published rather than
maintained in a digital, electronic form. While printed
atlases represent essentially an understanding frozen
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FIG. 1. Stereotaxic MRI atlas. Three hundred five MRI volumes (2-mm thick slices) were mapped by linear transformation into stereo-

taxic space, intensity normalized, and averaged (Evans et al., 1992).

in time, a digital atlas grows and evolves. It can be
resampled, annotated, or manipulated in any way. By
its very nature, a probabilistic atlas improves in accu-
racy with time, achieving better statistics as more in-
formation is added. Furthermore, a digital atlas can be
readily segmented into subpopulations by age, gender,
race, behavioral abilities, handedness, or chemical
composition.

WHAT ARE ADVANTAGES OF A PROBABILISTIC
REFERENCES SYSTEM AND ATLAS?

A digital and probabilistic atlas based on a large pop-
ulation will rectify many current atlas problems. Its
development from a large population provides, most
importantly, retention of spatial and densitometric
variance (Fig. 2). Such systems should be thought of as
an ever-evolving process rather than a single solution.

The evolutionary aspect of such a system recognizes
the fact that as additional data are progressively added
to it, its accuracy improves and the number and con-
tent of the subpopulations it depicts are increased.
Landmarks will be derived from the intersubject sta-
bility of structures, rather than by simple assignment
based on the anatomical features of a single brain.
Since such an atlas will be fully three-dimensional and
include the entire intracranial contents, as well as
bony landmarks and surface features, morphometric
calculations can be performed rigorously and effi-
ciently. Its digital, electronic structure will also pro-
vide efficiency in statistical and computational compar-
isons between individuals or groups. The application of
informatic principles, statistical methods, and mathe-
matical approaches will make such an atlas a source of
new information about the brain rather than simply a
tool for localization during procedures.
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FIG. 2. Gray matter probability map in stereotaxic space. Twelve MRI volumes (3-mm-thick slices) from normal subjects were classified,
using intensity and variance as features, into gray/white/CSF classes. A group probability map for each tissue type was then constructed by
determining the proportion of subjects assigned a given tissue label at each voxel (Evans et al., 1994).

Because the probabilistic atlas approach is tolerant
of differences between subjects and modalities, past or
current systems will be incorporated into it easily by
digitizing the published atlases and transforming them
into the newly defined probabilistic reference space
(Toga et al., 1989). Thus, one could interrogate the
probabilistic atlas for information using its own coor-
dinates or those from any other reference system that
had been entered into the data set (e.g., the atlases of
Talairach, Brodmann). In addition, information about
physiology, neurochemistry, and an infinite variety of
relevant maps can be layered onto the anatomic atlas
as additional features that could be referenced using
such a system. Interestingly, the probabilistic atlas
will automatically provide variability information for
data referenced by current, standard atlases.

The resulting system will become an important
source of data for testing models of structure, physiol-
ogy, phylogeny, ontogeny, and disease states. The ad-
dition of bibliographic references and text will enhance
its utility. Knowledge of variability between ages in a
population will provide important insights about devel-
opment and maturation of the brain (Flechsig, 1901;
Wada et al., 1975), while information about evolution-

arily older versus newer brain structures should pro-
vide clues to the phylogenetic history of the human
brain and factors that have influenced it (Jerison,
1989; Harvey and Krebs, 1990; Rapoport, 1990). Last,
such a system will provide for the valid comparison of
data collected by different investigators or different
laboratories through the use of a common reference
system (Strother et al., 1985).

WHY USE HUMANS?

Most neuroscientific information is derived from ro-
dents, specifically, rats. Cortical studies have focused
on the macaque monkey (Crick and Jones, 1993). Re-
cent advances in imaging techniques, however, have
led to a rapid expansion in the amount of functional
and structural information currently available about
the human brain (Mazziotta and Gilman, 1992; Pri-
chard and Brass, 1992). Thus, human neuroscience is
undergoing a rapid growth in experimental data. The
human brain is particularly challenging because its
presumed variance is greatest, with regard to struc-
ture and function, relative to other species.

Unlike other species, such as the rat, there is not a
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vast amount of human neuroscientific data already col-
lected using methods and systems not easily compati-
ble with a digital, electronic atlas. Thus, newly ac-
quired information about the human brain will be rel-
atively easy to incorporate into the appropriate
reference standards to allow use of the newly devel-
oped probabilistic atlas approach.

Perhaps most obvious, is the fact that the study of
the human brain is the most relevant to understanding
behavioral properties unique to humans and a few
other species (e.g., language). Equally important is the
fact that information about the human brain will lead
to a better understanding of disorders that affect it and
the means by which to rigorously analyze and compare
data relevant to the treatment of neurological, neuro-
surgical, and psychiatric disorders.

WHAT WILL WE DO?

The first step in developing a probabilistic brain at-
las is to describe the geography of the brain (Fig. 3).
This leads to the natural conclusion that one must be-
gin with structural anatomy. Ideally this anatomy
would be described in vivo. Fortunately, modern struc-
tural imaging techniques, such as MRI, have the abil-
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ity to provide three-dimensional image sets of the en-
tire anatomy of the human head at a resolution of ap-
proximately 1 mm in all dimensions (Fig. 4). Thus, the
bulk input to the development of the probabilistic atlas .
and reference system will be from the study of normal
human subjects, obtained in large numbers, who have
been carefully characterized in terms of their demo-
graphic features and their general medical, neurologi-
cal, and psychiatric health. Such a data set will be
macroscopic, scalable, extensible, and, presumably,
manageable as a first step in the atlas building process.
Importantly, it will serve as a framework for higher
resolution and, ultimately, microscopic approaches
that will follow.

In order to achieve neurcanatomical identifications
and data sets with a spatial resolution that exceeds
that of MRI, high-resolution postmortem cross-sec-
tional (ecryomacrotome) data from the entire human
head will also be an important part of the feasibility
studies in this project (Fig. 5) (Toga et al., in press).
Existing devices have the capacity to section the hu-
man head at 100-um intervals with an in-plane spatial
resolution of approximately 200 um. In addition, sec-
tions that include neural elements as well as bone and
soft tissues can be saved for future analysis. By obtain-
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FIG. 3. Data sets incorporated in the development of a probabilistic reference system. By acquiring sets of data from subjects by a variety
of input modalities we can establish the mean and variance for each feature in a probabilistic fashion and store them in the ultimate data
base that would be referenced to the voxel field established for the probabilistic reference system. Core data sets include postmortem
cryomacrotome human brains and structural MRI images of human subjects. Other variables that could be added might include PET,
functional MRI (fMRI), MR angiography (MRA), cerebral blood volume, receptor density, electrophysiological data, and behavioral variables.
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FIG. 4. Demonstration of good gray/white contrast with inversion recovery pulse sequence (right). On the left a standard T,-weighted
sequence, on the right one of a 64-slice inversion recovery acquisition (TR = 5700, TE = 21 ms, TI = 478 ms, acquisition time 24 min),
demonstrating good brain—-CSF separation.

ing and comparing MRI and postmortem high-reso-
lution cryomacrotome images of nonhuman primates,
the relationships between in vivo and postmortem
anatomy can be rigorously defined.

The development of the probabilistic atlas and refer-
ence system from these data sets will require an iter-
ative approach (Fig. 6). This will be necessary on all
fronts. For example, segmentation of the images into
neuroanatomical structures will be hierarchical, begin-
ning on a manual basis and, as progressively more au-
tomated approaches are developed, these will be em-
ployed. Initial segmentation will proceed from tissue
characterization (e.g., gray matter, white matter, other
matter) to the boundary identification of large cortical
and subcortical structures and, ultimately, to nuclear
and subnuclear groups. Initial data analysis will em-
ploy the macroscopic MRI data sets but progress to use
of the high-resolution cryomacrotome data as the tools
are developed to manage this degree of detail. Compu-
tational models and methods used to deform and warp
data between subjects will progress from simple linear
approaches to more complex nonlinear local deforma-
tions (Fig. 7). The reference space and coordinate sys-
tem itself will iteratively evolve from an initial starting
point that uses Talairach space (Talairach and
Tournoux, 1988) to a newly developed three-dimen-
sional volume.

In the course of establishing the databases and ref-
erence system, initial estimates for the range and cor-

relation of morphological variance will be derived (Fig.
8) (Fox et al., 1994). Further, the acquisition of such
large data sets and their management will test the
capacity for data storage, compression, visualization,
and communication. Thus, this project will also serve
as a test bed for neuroscientific data transfer, visual-
ization schemes, mathematical methods, and statisti-
cal approaches.

WHAT WILL THE FINAL PRODUCT LOOK LIKE?

The probabilistic reference system can be thought of
in two forms. First, there will be a visualizable aspect
of the atlas that allows one to see representative and
neuroanatomically identifiable images of the human
brain. Interrogation of this three-dimensional image
will require a number of display formats including
three-dimensionally rendered surface features, arbi-
trarily oriented planes of section (Fig. 8), and, possibly,
flattening approaches such as those applied in geo-
graphical cartography (Felleman and Van Essen,
1991).

Second, highlighting a segment of this visualizable
atlas will open a database of information about the
region in question. Most responses for a given brain
region query will be probabilistic in nature. For exam-
ple, location probability would give estimates of the
site in the nervous system that has been identified
(e.g., 92% head of caudate, 6% anterior limb of internal
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FIG. 6. The steps required to achieve the goal of developing a probabilistic reference system for the human brain. Row 1 demonstrates
the requirement to calibrate acquisition instruments and correct data for acquisition-induced errors. Row 2 corresponds to the dataset
acquisition at different spatial resolutions. Row 3 indicates manual, semiautomated and automatic image segmentation. This step is critical
to identifying neuroanatomical structure boundaries in the high-resolution postmortem human cryomacrotome data sets as well as the lower
resolution in vivo MRI data sets. Row 4 demonstrates the alignment and registration of images using a combination of scaling, affine, linear,
and nonlinear transformations and includes local deformation required to optimize the correlation between brain data volumes, a critical
component of between-subject image correlation. The bottom row depicts the data base in which all of this information will be organized into

a probabilistic reference system with search and query capabilities that will allow access to any aspect of the stored data and link this data
base to other existing data bases.

FIG.5. Human brain block face sectioned with a cryomacrotome. These horizontal images are at the level of the orbits and hippocampus
and illustrate the detail that can be seen. Gray and white matter differences are easy to appreciate. The inner and outer mantles of the bony
skull are clearly visible. The full 10242 pixel resolution of the primary image is not represented in this reproduction. (Left) Note the fact that
the specimen is not symmetrical. The blocking and positioning of the head in the cryomacrotome is not exact, but since the volumes are
reconstructed and subsequently resampled this does not affect the final result. (Right) High-resolution primary imagery of selected human
brain subregions. Here the hippocampus, alveus, taenia fibria, lateral geniculate body, and posterior cerebral artery in the ambient cystern
are visible in one section of a complete cryotomy series. This approach is useful for architecturally complex regions such as hippocampus,
brainstem, and cerebellum, where this approach yields detail far higher than in vivo imaging modalities such as MRI (Toga et al., 1994).

FIG. 8. This is an example of one coronal section from the Talairach atlas used with the Brain Map data base system (Fox ef al., 1994).
The views from above the head and from the right side of the head indicate the location (solid line) and extent for data plotting (dotted lines)
of the coronal slice. Overlayed onto the gray scale atlas image are colored outlines of the cortical gray matter, white matter, and a ventricle.
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FIG. 7. Deforming and warping techniques can be either density based or spatially based. Points and contours, when available, provide
spatial information for deforming. Deformations across modalities may have to rely upon spatially based methods because the density
patterns may not correlate. This graphic illustrates a continuum of deformations, from pure positioning to local deformations that regionally

alter the shape and form of the data set.

capsule, 1% anterior horn of lateral ventricle, <1%
other regions). Average values and their variance for
other features would also, ultimately, be available
(e.g., blood flow + SD, glucose metabolism + SD, etc.).
Based on anatomical site, nonprobabilistic information
could also be provided. This might include a bibliogra-
phy of references pertaining to that brain region.

Thus, the ultimate atlas and reference system would
have both visualizable and database formats. Such an
approach provides for both a visually intuitive and ef-
ficient means of interacting with the final product as
well as the statistical and modeling capabilities that a
database format provides (Fox et al., 1994).

Access to the atlas and reference system is envi-
sioned to come through workstations. It is predictable
that the rapidly increasing speed and storage capacity
of computers matched with their progressively declin-
ing cost per unit storage should result in very efficient,
high capacity and low cost workstations that are com-
mensurate with the types of data sets envisioned for
such a project.

OFTEN RAISED CRITICISMS ABOUT SUCH
AN APPROACH

An Average Brain System Will Not Allow Me to Study
Individual Subjects

This surprisingly common misconception disregards
the fact that spatial transformations conserve original
data and do not destroy it. A population-based proba-
bility atlas allows an investigator to take data from an
individual subject and place it into a reference system
of a population that defines the anatomical uncertainty
for structure and function. In our implementation,
transformations are bidirectional. That is, an individ-
ual subject’s brain can be deformed or warped into the
reference system and then, using the same mathemat-
ical methods, be dewarped or back-transformed into its
original state. In an ideal system, no data loss or dis-
tortion should occur in this process. As a result, indi-

viduals within a given experiment can be more easily
and effectively studied and compared. Further, indi-
viduals or subpopulations can be compared to other
populations that have been previously entered into the
database by different investigators thereby facilitating
the determination of interexperiment or interlabora-
tory reproducibility.

Such a System Might Work for Tomographically
Obtained Data Sets, but I Work with
Electrophysiological (e.g., EEG) Data and Thus It’s
Irrelevant to Me

The proposed atlas is based on neuroanatomy. This
is the most fundamental language of communication in
neuroscience. As such, it allows appropriate reference
and localization to any structure in the brain from any
signal source. In the development of the reference sys-
tem, cross-sectional and tomographic data will serve as
the initial data sets. Once established, however, appro-
priate vehicles for entering nontomographic data will
be developed. For EEG data, for example, systems al-
ready exist to localize scalp electrode placement three-
dimensionally, either through the use of a paired to-
mographic image set or by nontomographic localization
methods (Gevins et al., 1994).

The more difficult problem is that of entering micro-
scopic data from brain sites that are analyzed on a
regional basis (e.g., the study of the isolated hippocam-
pus). Nevertheless, such data can also be incorporated
into the probabilistic reference system and atlas. As
with the EEG example above, this will require land-
marks to appropriately localize regional data in the
global atlas brain.

Consider the following approach. A series of post-
mortem cryomacrotome human brains are stained with
a series of conventional and commonly used neuroana-
tomical “landmark” stains (e.g., Nissl, acetylcholines-
terase). Using state-of-the-art imaging devices, these
sections would be digitized and sampled at a 50-um
resolution. The resultant data sets would be warped



ATLAS OF THE HUMAN BRAIN

and entered into the probabilistic atlas as an addi-
tional feature. Then consider an investigator who stud-
ies GABA receptors in the human hippocampus. This
investigator would like to see where the receptors from
the hippocampi of a given epileptic patient population
fall with regard to other data in the probabilistic ref-
erence system. In preparing the tissue, this investiga-
tor would process every Nth section using one of the
“landmark” stains that are part of the probabilistic at-
las. The investigator would then digitize the informa-
tion from both the GABA receptor sections as well as
the “landmark” stained sections. Using alignment, reg-
istration and warping tools that are part of the atlas
system, the investigator would register the “landmark”
stained sections with the atlas and then use the same
mathematical transformations to enter the GABA re-
ceptor information into the hippocampal region of the
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atlas. Once referenced, data base queries and visual-
ization of this new data could be performed in the atlas
system. A similar approach allows referencing between
newly acquired in vivo data and stored postmortem
specimens (Fig. 9) that should aid in relating func-
tional localization with macroscopic and microscopic
anatomy (Rademacher et al., 1992).

These Projects Cost Too Much at a Time When
Research Resources Are Shrinking

There is no question that the development of systems
and tools such as the probabilistic atlas will have a
specific and not insignificant cost associated with
them. Also true is the fact that increments in neuro-
scientific research funding have not kept pace with the
growth of the field in terms of numbers of investigators
or the magnitude of their projects.

NEW DATA | STORED DATA [
vien | i | B RRG - B
Neuroanatomic
Site e Brain1 Brain2 Brain3 Brain 4
Subject = gl Brain N
1 g
2 % Common
Voxels
3 % Responding
to Activation
e |
4 @ 7, |
¥
L ] (;/’
»
L] Reference
L] System
" Data Base Attribute List
: 1. Structure (P(x), P(y), ... P(z))
2. CBF (x+0)
" @ 3. Bibliography (List)
4. Task that activate CBF (List) ;
PET 5. Nth Variable ’

FIG.9. Use of the Probabilistic Reference System. This figure demonstrates an invertible use of the reference system once developed. In
the center is a representation of the probabilistic reference system. On the left, labeled “NEW DATA,” one might envision a series of
behavioral tasks performed in a group of subjects by measuring cerebral blood flow changes during the performance of a behavioral task with
PET. When these new data sets are aligned, registered, and warped into the reference system, a site of common blood flow activation is
identified. At this site we can query the data base for a biological feature attribute list that would tell us, as a function of probability, the
location, in neuroanatomical terms, of this site, its average blood flow and variance, a bibliography related to the information known about
this site, other tasks that have activated this site in terms of PET measures of cerebral blood flow and many others. In addition, using the
inversion component of the reference system, one could dewarp from the probabilistic reference system to an individual cryosectioned human
brain. Using the boundary coordinates obtained from the reference system one would identify the specific sections that contain this activation
site and then perform detailed microscopic histology or neurochemical evaluations of the site. As such, hypothesis and data driven experi-
ments would emerge to evaluate the site-specific microscopic structure that sustains particular functional tasks in the human brain. The
concept of processing large numbers of entire human brains at a microscopic and cytoarchitectural level is a massive undertaking that,
without a framework or hypothesis driven question, will be less rewarding. Finally, since the microscopic information is rigorously linked to

a specific constellation of voxels in the probabilistic data base, that information can automatically be added to the feature attribute list for
those voxels.
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The thoughtful response to this statement requires,
however, an honest appraisal of the ultimate goals of
neuroscientific research. If such research is designed to
produce the most accurate understanding of normal
brain function and diseases that effect it, then tools
that will enhance the accuracy of results, the compar-
ison of results between subjects and laboratories, make
more rigorous the confirmation or refutation of data,
and guard against its loss, should have a high priority
in the overall funding for the field. A system such as a
probabilistic atlas for a given species, or potentially
across species, provides a means by which to rigorously
store, compare, and analyze data over time and be-
tween laboratories. Such a system currently does not
exist. Further, by virtue of data exchange and compar-
ison, integration within the broad field of neuroscience
will begin.

One could rephrase the above statement into a ques-
tion and ask, “What would it cost not to develop such
integrated systems?” The costs, in our opinion, would
be the progressive and continued reduction in the
value of every dollar spent on future neuroscientific
research because of the progressively unmanageable
amounts and types of data that are generated by neu-
roscientist. Lacking the tools to manage, compare, and
analyze these data sets will make funds spent for their
acquisition of lesser impact than if such data could be
preserved and referenced in an ever-evolving and inte-
grated approach.

Clearly, it would be optimal if funding for systems
and approaches to integrate data across not only neu-
roscience but also computer science, informatics, and
potentially other related fields could come from new
sources. In fact, this is already happening. Contribu-
tions to the funding of the initial round of the Human
Brain Project (Huerta et al., 1993) came from sources
that are both traditional and novel for funding neuro-
scientific research. By having small contributions from
many agencies, the burden on any one agency is small
but the impact for the neuroscience community is sig-
nificant. An expanded participation by agencies and
contributors outside of traditional pathways as well as
the potential for generating new appropriations based
on interest in this international effort will hopefully
result in the creation of systems such as the one de-
scribed in this report as well as others contemplated or
funded through the auspices of the Human Brain Proj-
ect without detracting from traditional neuroscientific
funding.

Last, it should be kept in mind that the creation of a
probabilistic atlas of the human brain is not an exer-
cise in library science. It is a series of fundamental
hypothesis-driven experiments (Fig. 9) in merging
mathematical and statistical approaches with morpho-
logical and physiological problems posed with regard to
the nervous system. It will create new data and in-
sights into the organization of the human nervous sys-
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tem in health and disease, its development, and its
evolution.
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