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Abstract
The nervous system can be viewed as a bio-

logical computer whose genetically determined
macrocircuitry has two basic classes of parts:
gray matter regions interconnected by fiber
pathways. We describe here the basic features
of an online knowledge management system for
storing and inferring relationships between data
about the structural organization of nervous

system circuitry. It is called the Brain architec-
ture management system (BAMS; http:// bran-
cusi.usc.edu/bkms) and it stores and analyzes
data specifically concerned with nomenclature
and its hierarchical taxonomy, with axonal con-
nections between regions, and with the neuronal
cell types that form regions and fiber pathways.

Index Entries: Neuroanatomy; connections;
inference engines.

Brain Architecture Management System
Mihail Bota, Hong-Wei Dong, and Larry W. Swanson*

The NIBS Neuroscience Program, University of Southern California, 3641 Watt Way, Los Angeles,
CA 90089-2520

Introduction

The large quantity of information that exists
in any field of neuroscience makes searching and
interpretation a difficult task. Further difficul-
ties with the interpretation and integration of
data arise from the different levels of central
nervous system (CNS) organization. Any
region of the mammalian brain can be described
with respect to a series of levels of organization:
from patterns of gene expression under specific

experimental conditions, to structural, chemi-
cal, and physiological characteristics of its con-
stituent neurons and glial cells, to specific roles
in functional networks of brain regions in a par-
ticular species.

The mammalian CNS can be parceled dif-
ferently, depending on methods and mapping
criteria. Therefore, neuroanatomy has to
address the problem of many parceling schemes
for a single species (Stephan and Kotter, 1998;
Bota et al., 2003; Bota and Arbib, 2004). Moreover,

*Author to whom all correspondence and reprint requests should be addressed.
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the naming of brain regions leads to further
problems because a particular name or term can
designate partly or completely different regions,
or the same region can have different names in
alternative parceling schemes (Bota et al., 2003).
The comparison of brain regions across differ-
ent parceling schemes and species can be per-
formed in different ways, and can be addressed
by inference algorithms implemented in neu-
roinformatics systems.

Brain part classification is also an important
aspect of neuroanatomy in the sense that it pro-
vides taxonomies of brain parts (Bota et al.,
2003). The hierarchical organization of neu-
roanatomical nomenclatures is seldom
addressed in current neuroinformatics knowl-
edge management systems (Bowden and
Martin, 1997; National Library of Medicine,
2003). Nevertheless, the hierarchical organiza-
tion of neuroanatomical nomenclatures must
be based on criteria that represent the
approaches followed by authors, by cited ref-
erences, and by collators.

The advent of modern pathway tracing tech-
niques has either confirmed or invalidated
many previously identified brain circuits and
has enabled researchers to identify vast num-
bers of new ones (Bota et al., 2003). Thus,
another problem in neuroanatomy that must
be addressed is related to the accuracy, relia-
bility, and completeness of pathway tracing
data found in the literature.

To solve these problems we have started to
develop an online knowledge management
system, the Brain Architecture Management
System (BAMS, http://brancusi.usc.edu/
bkms) for systematizing, organizing, and pro-
cessing neuroscience information relevant to
different levels of CNS organization.

The structure of BAMS allows insertion of
data about brain regions, cell types, and neu-
ral pathways collated from the literature or
recorded by researchers. BAMS user interfaces
allow searching for information in different
ways, and utilize inference engines that

1. relate connectivity and cell type data, 
2. establish general qualitative topological relations

between brain regions, and
3. construct possible networks of brain region

interactions from connectivity data entered in
the system.
BAMS contains another module designed

for inserting and processing results of pathway
tracing experiments. This module is currently
used by researchers in our laboratory to con-
struct complex tabular summaries of connec-
tivity experiments that are inserted in papers
sent for publication.

We describe here the structure of BAMS and
its user interfaces for searching and manipu-
lating data collated from the literature or
entered by researchers. We describe in the
Materials and Methods section the structure of
BAMS’s relational database and the algorithms
implemented to date. The Results section
includes a description of the most important
web accessible parts of BAMS and how infor-
mation can be retrieved from the system. We
conclude with a short discussion of BAMS tools
and features that are new relative to other
online neuroinformatics systems.

Materials and Methods

The General Structure of BAMS

BAMS is hosted on a Dell 8200 desktop com-
puter with a Pentium III processor running
under the Windows 2000 operating system,
with IIS 6.0. The backend relational database
of BAMS was created in MySQL, and the PHP
scripting language is used to query the data-
base and run inference engines included in the
system. Thus, the architecture of BAMS is con-
structed on three levels: a set of tables con-
structed in MySQLthat store data collated from
the literature, or inserted by neuroanatomists,
an intermediate level encoded in PHP that
includes queries and algorithms for process-
ing data populating BAMS, and an output level
that is mainly in an HTML tabular format and
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graphics. The backend MySQL database of
BAMS consists of 63 tables and the most
important ones are listed in Table 1.

The data included in BAMS can be grouped
in two major categories: data collated from the
literature and experimental data. Data collated
from the literature can be further divided into
“original” data and “support information.” The
category original data refers to experimental
results collated from the literature, and to the
information inferred by collators from the orig-
inal literature. The category support information
includes references used by the authors of neu-
roanatomical nomenclatures to define different
brain parts, and the associated annotations
inserted by collators. The category experimental
data refers to the results of tract tracing experi-
ments entered in BAMS by registered users, and
to the associated metadata (information about
experimental animals, employed techniques,
annotations).

Conceptually, BAMS contains four basic
modules: Brain Parts, Cell Types, Relations, and
Connections. The object-relationship structure
of BAMS is centered on the object “Brain Part”
as defined in different neuroanatomical
nomenclatures. A brain part is uniquely iden-
tified in BAMS by name, species, atlas (nomen-
clature, defined broadly), and version of atlas
or nomenclature. An additional attribute, the
type of brain part, specifies whether it is a neu-
ral region or mass (gray matter), major fiber
pathway (white matter), or ventricle. The term
“Brain Part” is used for convenience; it can
also include the other part of the CNS, the
spinal cord, as well as the nerves and ganglia
of the peripheral nervous system (PNS).

The general object-relationship (OR) schema
of BAMS is presented in Fig. 1. Each of the
objects and relations shown in the figure can
be captured in more than one table. The object
“Reference” and the “Brain Part” module in
Fig. 1 are in a 1:n (one-to-many) relation,
because atlas and atlas version are two attributes
that uniquely define any brain record and refer

to a single source. The allowed types of refer-
ences in BAMS are described in Bota (2001) and
Bota and Arbib (2004).

The object “Brain Part” is in a 1:n relation
with the “Collator” part of BAMS because a
collator can insert information related to many
brain parts, and a uniquely identified brain part
can be entered by a single collator.

Any brain part recorded in BAMS can be
associated with a number of cell type reports.
The “Cell Types” module is constructed in an
m:n (many-to-many) relation with “Brain
Part.” A neuronal cell type may be distributed
in several brain regions, and a region typically
contains several types of neurons. This mod-
ule allows the qualitative description of a neu-
ronal cell type in terms of distribution within
the associated brain region, and in terms of
numerical data (cell counts, cell density, per-
centages of cell types compared to the total
number of neurons found in the associated
brain region, and range of neuron number over
a set of experiments).

Relations in BAMS

The object “Brain Part” has three types of
relations:  Hierarchy, Connections,  and
Nomenclatures. The hierarchies of neu-
roanatomical nomenclatures and connectiv-
ity reports have been inserted by collators,
and are considered in BAMS as original data.
The relations included in Nomenclatures are
either entered by collators as original data,
or established by the BAMS inferences
engines.

Hierarchies

The “Hierarchy” part of BAMS refers to the
set of tables and relations that allows colla-
tors to construct ordered sets of brain parts.
The OR structure of the BAMS Hierarchy part
is shown in Fig. 2. The structure of the BAMS
Hierarchy part allows the ordering of brain
nomenclatures according to alternative
organization criteria, which are represented
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Table 1
The Most Important Tables of the BAMS Backend Database

Table Encodes for

Nomenclatures
brain_part Unique identification and basic information (name, abbreviation, species, 

atlas or nomenclature, atlas or nomenclature version, collator, textual
description) about brain parts collated from different neuroanatomical
atlases or nomenclatures

brain_parts_support References and associated annotations cited by authors of neuroanatomical
nomenclatures to define different brain parts

hierarchy Parent–children relationships between different brain parts defined in the
same species and neuroanatomical nomenclature. It is similar to the
Hierarchy module of NHDB described in Bota and Arbib (2004)

hierarchy_construction Specifies the mode of construction of hierarchical trees of neuroanatomical
nomenclatures inserted in BAMS. It is described in detail in Table 2 
and Fig. 2

topology Topological relations as defined by Egenhofer and Franzosa (1991)
atlas_levels Atlas levels associated to a brain part in a neuroanatomical atlas
atlas_method The experimental and sectioning methods employed in the associated atlas
topological_data Topological relations between two brain regions defined in different atlases

and identified in pairs of Atlas Levels, and inserted by collators
Connections
connections Connectivity reports as collated from the literature. This table is described in

detail in Table 3
topographical_location Values of topographical locations allowed in BAMS
connection_strengths Values of connectivity strengths allowed in BAMS
extension_outside Values of extensions of injections outside of target regions that are allowed 

in BAMS
technique Tract-tracing techniques allowed in BAMS
hemisphere Hemispheric location of the injection, and of the label
fiber_tract Relationships between connectivity reports and major fiber tracts, which are

entered in the table brain_part
assignment_criteria Allows mapping of numerical data to qualitative assessments of projections

strengths
Cell types
celltype Names of neuronal cell types identified in different brain regions
celltype_details Qualitative descriptions of neuronal cell types as collated from the literature
celltype_numerical Numerical descriptions of neuronal cell types as collated from the literature

Tract-tracing experimental data
experimental_animal Information such as species (strain), sex, age, and weight of experimental 

animals used in tract-tracing experiments
connections_processed Results of qualitative processing of different tract tracing experiments by 

registered users

Reference and collators
references Information about the references that were used to collate information in

BAMS. It is described in detail in Bota and Arbib (2004)
collators Basic information about the researchers allowed to insert data in BAMS
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in Fig. 2 by the “Hierarchy criteria.” A brain
nomenclature is considered here as a set of
neuroanatomical terms that refers systemat-
ically to different parts of the CNS, and that
is usually provided in an atlas or in a termi-
nology book. The neuroanatomical atlas, or
the reference that contains this list of terms
is encoded in BAMS as “primary source” and
the set of neuroanatomical terms as original
data, whereas the references used for naming
of different parts of the CNS are encoded as
“support,” and the annotations inserted by
collators as support information.

The Hierarchy part of BAMS contains three
additional constraints:

1. If a brain part A has a subpart B, then A is not
a subpart of B;

2. If A is a subpart of B, then B is the only parent
of A;

3. If A has a subpart B, then there is a brain part
C that is also a subpart of A.

The first constraint avoids inconsistencies
(cycles) in the hierarchical tree. The second con-
straint ensures that the hierarchical organization
of a brain nomenclature is not ambiguous: any

Fig. 1.The general OR schema of BAMS.
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brain part defined in a nomenclature can have
in BAMS only one parent and may have many
children. The second constraint refers to the min-
imal number of children of a parent: any brain
part that can be further subdivided, has at least
two subparts. This constraint ensures that the
hierarchy path of any brain part is complete.

The insertion of the hierarchy of any neu-
roanatomical nomenclature in BAMS follows
the constraints discussed. If the authors of a
neuroanatomical nomenclature have also pro-
vided a hierarchy, then collators are allowed to
alter the original hierarchies only when any of
the constraints are not fulfilled. The actions that
can be taken by collators and the allowed con-
struction criteria of a brain hierarchy in BAMS
that are encoded in the MySQL backend data-
base are summarized in Table 2.

If a neuroanatomical nomenclature was not
hierarchically organized by its authors, the col-
lators are allowed to organize it according to
references cited by the authors, and to their
expertise. If the references cited by the authors
of the nomenclature contain information about
the hierarchical organization of different CNS

parts, this will be adapted to the nomencla-
ture and entered in BAMS. The authors of the
neuroanatomical nomenclatures that are added
to BAMS are consulted whenever collators
perform changes in the original hierarchies. The
decisions of authors of nomenclatures are encoded
in BAMS by the attribute “Endorsement” shown
in Fig. 2 and in Table 2.

Connections

For simplicity, we currently view the neu-
roanatomical projections identified in a brain
nomenclature as relations between pairs of brain
regions. The OR schema of the BAMS
“Connections” module is shown in Fig. 3. The
attributes “Topological position injection
site/labeled site,” “Size position injection site/
labeled site,” “Extension injection site/labeled
site,” “Technique,” “Type of connection,” and
“Associated annotations” are identical to those
used in describing connectivity reports in the
NeuroHomology Database system (NHDB;
Bota, 2001; Bota and Arbib, 2004).

The BAMS “Connections” module also con-
tains a set of attributes and relations that enables

Fig. 2.The OR structure of the Hierarchy part of BAMS.
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it to represent comprehensively connectivity
reports collated from the literature, or inserted by
neuroanatomists. Attributes of the Connections
module that are specific to BAMS are summa-
rized in Table 3. Attributes of the BAMS
“Connections” module that are identical to those
of NHDB (Bota, 2001; Bota and Arbib, 2004),

together with the first two attributes presented
in Table 3, allow the full qualitative spatial
description of a pathway tracing experiment.
Attributes that allow representation of connec-
tivity numerical data, together with associated
Atlas Levels, enable graphical display of connec-
tivity data. An example of the graphical display

Table 2
The Attributes of Criteria Allowed for Construction of a Brain Hierarchy by Collators in BAMS

Criteria Allowed
Attributes Encodes for values Additional Information

Construction Approach used to add the Small 1 Position of the brain part in the hierarch
mode associated brain region integer is specified in the associated reference

to the hierarchy 2 Position of the brain part in the hierarchy
is specified in references cited by the
authors of the nomenclature

3 Position of the brain part in the hierarchy
is inferred by the collator using a set of
references different from those cited by
the authors

4 Position of the brain part is not supported
by references

Collator The action taken by the Small 0 Collator inserted directly the hierarchy
involvement collator in adding the integer from the reference associated to the

associated brain part nomenclature
to the hierarchy 1 Collator inferred the position of the brain

region based only on his or her expertise
2 Collator used personal expertise and

information collated from a set of 
references to construct the hierarchy 
tree of the associated brain region

3 Collator constructed the hierarchy tree of
the associated brain region directly from
a set of references

Arguments The set of text fragments  Text
as support for the 
construction of hierarchy
tree

Endorsement Refers to whether the author Small 0 Authors of the brain nomenclature do not
of the nomenclature integer endorse the hierarchy tree
agrees with the inferred 1 Authors of the brain nomenclature
hierarchical relationships endorse the constructed hierarchy tree
hierarchy. It is 
characteristic of trees  
constructed by collators.
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(histograms) of labeled neurons per Atlas Level
is presented and discussed in the Results section.

We refined in BAMS the set of possible pro-
jection strength values of connections as col-
lated from the literature, or as entered by
neuroanatomists, by adding two strengths:
“fiber of passage” (fp) and “exists.” The value
“exists” is associated with any connectivity
report stating that there is a projection path-
way from brain region Ato brain region B, with-
out a specific strength being assessed in the
report, or inferred by the collator.

The Connections module also allows map-
ping of numerical data to qualitative assess-
ments of projection strength, represented in

Fig. 2 by “Assignment criteria.” The qualitative
evaluation of numerical data is labeled as to
whether it was collated from the associated ref-
erence, or was inferred by the collator.

The attribute “Stained cell types” of the
Connections module allows the association of
projection reports with neural cell types that
were labeled in either the injection site or in the
labeled site. In this way, the projection pattern
of a cell type identified in a brain region can be
reconstructed from an unrelated set of con-
nectivity reports.

Finally, the attribute “Fiber tract” associates
a pathway tracing report with a predefined
set of fiber tracts, and allows reconstruction of

Fig. 3.The OR schema of the BAMS “Connections” module.
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Table 3
The Major Attributes of the BAMS Connections Module

Connections Module Allowed Additional
Attribute Encodes for Values Information

Hemisphere injection The brain hemispheres (left or right) String The terms “unilateral”
site/labeled site where the injection was and “bilateral” are

performed and the labeled site also allowed
was identified, respectively

Topographical position The position of the injection site String Codes for the 
injection site/ and labeled site, respectively, neuroanatomical 
labeled site relative to the target regions topographical terms,

and combinations of
them; more than 70
allowed possibilities

Number stained neurons The absolute number of stained Integer
in injection site/ cells in the region where the 
labeled site injection was performed and 

the labeled regions, respectively
Percentage area/total Percentages of stained neurons in the Decimal

numbers of neurons of region where the injection was
stained cells in injection performed and the labeled regions,
site/labeled site respectively, as ratios of stained cells

over total area, or number of neurons
Min/max stained neurons The minimal and maximal values of Integer

in injection site/ stained neurons in the region where
labeled site the injection was performed and the

labeled regions, respectively
Min/max percentage area/ The minimal and maximal values Decimal

total numbers of neurons of ratios of stained neurons in
of stained cells in region where the injection was
injection site/labeled site performed and the labeled regions,

respectively
Stained cell types in The identified neuron types that Integer Allows an m:n

injection site/labeled site were stained in the region where relationship with the
the injection was performed and “Cell Types” module
the labeled regions, respectively

Atlas level The Atlas Plates used to identify Integer Allows the three types 
a neuroanatomical projection, of sections: coronal,
and shown in the associated lateral, and
reference horizontal

Bregma The bregma level of each of Decimal
the atlas plates associated with
the neuroanatomical projection

Fiber tract Associates a set of neuroanatomical Integer
projections reports with major fiber
tracts recorded in the associated
nomenclature
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the major CNS pathways from connectivity
information recorded in BAMS.

Nomenclatures

The relation “Nomenclatures” shown in Fig.
1 refers to relationships that can be established
between a pair of brain parts identified in the
same species, and in different neuroanatomi-
cal nomenclatures. BAMS allows either inser-
tion or deletion of three types of relationships:
name identity, topological relations, and com-
mon references.

“Topological relations” refers to the set of
eight possible topological relations between a
pair of 2D objects as defined by Egenhofer and
Franzosa (1991): U = {d, m, o, cv, cvBy, co, isCo,
i} namely, disjoint (d), meet (m), overlap (o), cov-
ers (cv), is covered (cvBy), contains (co), is con-
tained, or inside (isCo), and identical (i). These
relations are inserted by collators who must com-
pare different neuroanatomical atlases or
nomenclatures. BAMS allows inferences of gen-
eral spatial relations between pairs of brain struc-
tures by comparing sets of Atlas Levels. This
inference engine is described below.

Inference Engines in BAMS

BAMS is not simply a repository of neuro-
biological data pertaining to brain parts defined
in different nomenclatures and species, cell
types, and connections. It also contains a series
of inference engines that relate data. Each
BAMS module (Brain Parts, Cell types,
Connections, and Relations) employs several
inference engines.

Inferring a Brain Region’s Cellular Profile

This inference engine uses the hierarchical
organization of a brain nomenclature and
answers queries of the type: “What are the
neuronal cell types found in the thalamus?”
It relates all neuronal cell types associated
with subdivisions of the searched brain region

and returns the set of cell types in tabular
format.

Inferring a Brain Region’s Connectivity
Pattern

This inference engine is similar to that used
to reconstruct the cellular profile of a brain
region from data associated with its substruc-
tures, and answers queries of the type: “What
are the connections of the thalamus?” The infer-
ence engine reconstructs the projection pattern
or profile of a brain region defined in a hierar-
chically organized nomenclature by taking into
account the projections of each substructure
with all the other brain regions defined in the
associated nomenclature.

Inferring a Brain Region’s Possible Networks
of Connections

The inference engine for constructing net-
works of parts from connectivity data that pop-
ulate BAMS answers queries of the type: “What
are the possible paths to get from region A to
region B, given a number X of intermediate
regions?” Each brain region that receives or
sends projections is considered a black box, and
the spatial characteristics of injection sites and
labeled sites are not taken into account. Because
of processing speed limitations, the number of
intermediate regions is currently limited to a
maximum of three. Here is the process for infer-
ring networks of brain regions (from connec-
tivity data inserted in BAMS) with two
intermediate regions between A (the “start”
brain region) and B (the “end” brain region).

Step 1. Given region A, find the set of first-
order intermediate regions {A1i}i=1,...,n that
receive a projection from A, and impose the
feed-forward constraint A1i ≠Afor any i=1,...,n.

Step 2. For any A1i find the set of second-
order intermediate regions {A2j}j=1,...,m that
receive a projection from A1i and impose the
feed-forward constraint A2j ≠ A1i and A2j ≠ A
for any i=1,...,n and j=1,...,m.
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Step 3. Find the subset of brain regions
{A2k}k=1,...,p that send a projection to B from the
set {A2j}.

To reduce further the number of possible net-
works that can be established between any two
brain regions A and B defined in a given brain
nomenclature, the brain networks inference
engine currently takes into account only those
projection reports with at least moderate
strength. However, we do include projection
reports with the value “exists” for the attrib-
ute “Connection strength,” because the actual
projection strength may be “strong” or “very
strong.” The inference engine allows A=B and
thus possible networks with the same start and
end point can be constructed.

The Topology Inference Engine

The BAMS OR structure allows for the
insertion of topological relations between brain
regions identified in the same species and in dif-
ferent neuroanatomical nomenclatures as found
in the literature, or as inferred by collators. BAMS
also allows multiple topological relations for a
pair of brain regions defined in two different
nomenclatures. A pair of brain regions defined
in two different nomenclatures can have more
than one topological relation whenever each
region is identified in several Atlas Levels. In this
case, the topology inference engine evaluates
general spatial relations by taking into account
the set of topological relations established over
the investigated set of Atlas Levels pairs. Thus,
the topology inference engine answers queries
like “What is the relation between two brain
regions defined in different nomenclatures and
extending across a set of Atlas Levels?”

The set of rules used to infer a general spatial
relation from a set of topological relations
describes in qualitative terms the relation
between two brain regions, and covers all pos-
sible configurations of topological relations that
can be established when pairs of Atlas Levels are
compared, regardless of the completeness of sets.

The algorithm for inferring general topolog-
ical relations works under three assumptions:
the angle at which the brain section pairs were
cut in each of the compared atlases is identical,
any brain region of interest is represented in at
least two Atlas Sections, and each set of Atlas
Levels is a representative sample of the brain
sections used to construct the compared atlases.

The assumption of the identical cutting angle
ensures that same brain parts are represented
in both Atlas Levels. Thus, topological relations
between brain regions identified in different
neuroanatomical atlases are entered by colla-
tors only when the difference between angles
of cutting is negligible or stated as such by
authors of atlases, or in related references.
Errors in assigning topological relations
increase in proportion to increasing difference
in the cutting angles. The second assumption
allows inferring general relations from indi-
vidual topological relations and ensures that
the compared brain parts are 3D structures. The
third assumption is necessary because neu-
roanatomical atlases are generally constructed
from representative sets of brain sections rather
from serial sections (sections are typically only
15–50 µm thick). This assumption ensures that
the topological inference engine yields
unequivocal answers when complete sets of
Atlas Levels are compared.

The inference engine implemented in BAMS
first checks the constraint of completeness for
those brain regions that are compared: at least
one brain region is completely represented in
the compared Atlas Levels. Thus, for any pair
of brain regions that is topologically compared,
a complete set of Atlas Levels that represents
one of the regions is compared with at least a
subset of those Atlas Levels that represent the
other region. If this rule holds true, then the
inferred general topological relations will be
unequivocal and the rules for inferring topo-
logical relations between two brain regions
include the following:
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(1)

where “^” stands for logical AND.
The general topological relation between

regions A and B (gtAB) is of the same type with
any of the topological relations {tABi} estab-
lished across a set of Atlas Level pairs if all ele-
ments of the set are identical. If the set of
topological relations contains at least one
“meet” relation and the rest are all disjoint, then
the inferred general spatial relation is “meet.”
The converse of this rule is also true: the gen-
eral spatial relation is “meet” if there is at least
one “disjoint” topological relation and the
remaining relations are “meet.” The general
topological relation is considered to be “cov-
ered by” when the set of topological relations
is formed by the relations “identical” and either
“covered by” or “is contained.” The converse
of this rule is also true. The general topologi-
cal relation is considered to be “overlap” if there
is at least one topological relation “overlap” in
the set {tABi}, or the set {tABi} contains at least
one “covers” or “contains” relation and at least
one complementary relation (cvBy, or isCo,
respectively). The general relation “overlap” is
also inferred when there is one “disjoint,” or
“meet” relation and the rest are any combina-
tion of the set {i, co, cv, isCo, cvBy}.

Brain regions defined in different neu-
roanatomical nomenclatures may be difficult
to compare topologically because of their com-
plex spatial relations, or because there is a
paucity of landmarks, and thus the complete-
ness constraint defined earlier may not be sat-
isfied. In this case, the inference of topological
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pair of Atlas Levels where the boundaries of
regions meet, and therefore the general topo-
logical relation is “covers,” or where the inte-
rior of one region is the exterior of the other
and thus the general topological relation is
“overlap.”

The set of rules used to infer a general spatial
relation from a set of topological relations
describes in qualitative terms the relation
between two brain regions, and covers all pos-
sible configurations of topological relations that
can be established when pairs of Atlas Levels
are compared, regardless of the completeness
of sets.

Inserted Data

The public part of BAMS contains neu-
roanatomical data collated from more than 350
references. We have entered 10 brain nomen-
clatures from five species: human, macaque

(Macaca fascicularis), cat, rat, and mouse. Table 4
summarizes the nomenclature data currently
present in BAMS. The hierarchies constructed
by the authors of the inserted brain nomen-
clatures have been checked for inconsistencies,
ambiguities, and incompleteness, and have
been modified from the original whenever any
of the conditions discussed in the Methods sec-
tion were not fulfilled. Changes performed on
those hierarchies entered in BAMS are listed in
the last column of Table 4. Generally, we
avoided adding new brain parts to the nomen-
clatures; we added new names only when the
constraint of completeness was not fulfilled, or
when we constructed the brain hierarchy. As
discussed in Methods, the hierarchical organi-
zation of brain nomenclatures by collators is
primarily based on information found in the
associated atlases (if any) and in the cited ref-
erences. Using this approach, we organized

Table 4
Brain Nomenclatures Inserted to Date in BAMS (the code for each nomenclature in BAMS is constructed

by merging the authors and the year of publication)

Nomenclature Code Hierarchically Collator Involvement in Hierarchy
Species in BAMS Organized Construction

Human Bowden-Human-2002 Yes None
Mai-1997 Yes Solved the ambiguity constraint for three

brain regions
His-Nomina Anatomica-1895 Yes None

Macaque Bowden-Macaque-2002 Yes None
Cat Berman/Jones-1982 Yes None
Rat Swanson-1992 Yes Solved the completeness constraint for

19 brain regions
Swanson-1998 Yes Solved the completeness constraint for

19 brain regions
Paxinos/Watson-1998 No None

Mouse Paxinos/Franklin-2001 Yes Arranged hierarchically the nomenclature
based on the information provided in
the atlas and on the references cited by
authors. Added 44 brain parts to the
nomenclature

Hof et al.-2000 Yes Solved the ambiguity constraint for 
30 brain regions
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hierarchically the mouse brain parcellation
scheme Paxinos/Frankin-01, using informa-
tion found in the atlas and in references cited
by authors. We have added 44 neuroanatomi-
cal names (see Table 4) to the mouse brain
nomenclature listed in Paxinos and Franklin
(2001), based on at least one of the following
references: the atlas itself (20 brain parts names
were listed in different Atlas Levels, but not in
the nomenclature list), Paxinos and Watson
(1986) (21 brain part names), Swanson (1992)
(9 names), Shipley et al. (1995) (9 names), Price
(1995) (6 names), Simerly (1995) (4 names), and
Alheid et al. (1995) (1 name). The descriptions
of the newly added brain parts include refer-
ences that were used.

The system contains to date more than 15,000
reports of connections between different brain
regions, as collated from the literature since
1962 and related generally to the visual and
limbic systems of the rat.

BAMS contains support information for
defining different brain regions in the rat brain
nomenclatures of Swanson-1992, Swanson-
1998, and in the mouse brain nomenclatures
Paxinos/Franklin-2001, and Hof et al.-2000.

The system also contains data referring to 19
cell types identified in 23 rat brain regions that
are defined in the Swanson-1998 rat brain
nomenclature.

Results

The BAMS user interface contains four mod-
ules for searching and manipulating informa-
tion inserted in the system: Brain Parts,
References, Evaluation, and the Personal
Account.

Searching the Brain Parts Module

This module includes several ways to search
for information in BAMS that can be performed
by name of brain part, full text search, species,
or nomenclature. Full text search refers to
queries that allow users to retrieve brain parts
information from the knowledge base of BAMS

based on a partial match of the searched string
with the textual description of regions, or with
the names of regions in different nomencla-
tures. The option of search for information by
species or by nomenclature retrieves those sets
of brain regions that are associated with the
searched species or nomenclature, respectively,
alphabetically arranged.

The search for information by name retrieves
brain parts that partly match the searched string.
Steps involved in retrieving information by
searching with the name of a region are shown
in Fig. 4. The search by name first returns a list
of all nomenclatures recorded in BAMS that con-
tain terms partially matching the searched
string, organized by species and neuroanatom-
ical nomenclature, as shown in Fig. 4A. We have
included this intermediate step in searching for
brain parts by name to avoid displaying many
identical results and thus reduce time required
for processing and displaying information. Brain
parts records retrieved by this query may appear
in different nomenclatures and species, and
therefore the result of the query may be a long
list of identical terms. Users can choose the brain
nomenclature of interest from the list associated
with the searched term. Once the user chooses
a brain nomenclature, the system displays all
entries for brain parts that partially match the
searched string, as shown in Fig. 4B. Fields asso-
ciated with each retrieved entry provide infor-
mation about the name, abbreviation, and type
(region, pathway, or ventricle) of the retrieved
brain part; the species; the reference used to col-
late the information, and the description of the
region as found in the associated reference. Users
can access further information by clicking on
the link associated with the retrieved brain
region name. The result of this action is shown
in Fig. 4C. The screen shown here represents the
main page for summarizing data that populate
BAMS, or for inferring relationships between
brain regions.

If the retrieved brain region is captured in
a hierarchical tree, then the tree of super-
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Fig. 4.The result of searching for information by partial matching of names in BAMS. (A) Users can search
for information by names of brain parts.The first result of this type of search is a list of species and the asso-
ciated brain nomenclatures that contain exact or partial matches of that searched string. (B) Users can
choose the species and brain nomenclature of interest and the regions that partially match the searched
string are displayed. Fig. 4. (continued) (C) By choosing one of the listed brain parts, users can access details
about the region of interest, its hierarchical organization, those brain parts with identical names but defined
in different nomenclatures and species, and links to its patterns of efferent and afferent connections as col-
lated from the literature. (D) Further details about the brain region of interest as defined in the associated
nomenclature, the criteria for including the region in a hierarchical organization, and support information,
can be accessed by users. The brain region Hypothalamus is identified in the mouse brain nomenclature
Paxinos/Franklin-2001 and it was added by a collator, based on information and references cited in the atlas.
See text for details.
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structures including it and the set of sub-
structures that lie immediately under it are
returned. Users can navigate along the hier-
archy of a nomenclature by accessing any
structures that are either superstructures or
substructures of the retrieved brain region. If
the searched region’s hierarchical tree is
reconstructed up to level 0 (e.g., the CNS for
the rat brain nomenclature, Swanson-1998),
then users can view the position of the retrieved
region in the reconstructed hierarchical tree

by clicking the button “Tree,” as shown in Fig.
4C.

Criteria used to include a retrieved brain
region in an internally consistent hierarchy can
be inspected by hitting the button “More,” as
shown in Fig. 4C. The result of this action is a
web page exemplified in Fig. 4D. In this exam-
ple, the position in the hierarchy of the brain
region “Hypothalamus” identified in the
mouse and defined in the neuroanatomical
atlas Paxinos/Franklin-2001 (Paxinos and

Fig. 4. (continued)
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Franklin, 2001), is based on a reference cited by
the authors of the nomenclature and on a ref-
erence used by the collator. Users can thus view
the modes of hierarchy construction for the
brain region of interest, as well as arguments
and references used by collators, in a textual
format, along with references that were used.

The output web page containing informa-
tion about the searched brain region (Fig. 4C)
also includes links to several BAMS inference
engines. Thus, brain parts having an identical
name with the part of interest, but identified

in other neuroanatomical nomenclatures and
species, are displayed as a list in tree-format
with the title “Same term found in other
nomenclatures.” These links can be used to
access details about brain parts with names
identical to the retrieved part. If the retrieved
brain part of interest contains a set of subparts,
and there are cell type records associated with
them, then the cell types inference engine auto-
matically reconstructs the cell type profile of the
parent brain region. An example of a cell type
profile reconstruction is provided in Fig. 5.

Fig. 5.The cellular profile of a brain region can be inferred from neuron types information associated with
subparts.
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The brain part “Midbrain–Hindbrain”
defined in the rat brain nomenclature
Swanson-1998 (Swanson, 1998) has seven cell
types associated in BAMS, but none of them are
directly related to it. The association of a set
of cell types with the brain part “Midbrain–
Hindbrain” is possible because the whole brain
nomenclature Swanson-1998 has an internally
consistent hierarchical organization and two
subparts of the Midbrain–Hindbrain are directly
associated with reports of cell types. Users can
view detailed reports of each cell type by access-
ing the links associated with each of them, as
shown in Fig. 6.

If the brain part of interest is associated in
BAMS with projection reports, matrices of affer-
ent (input) or efferent (output) connections are

automatically constructed whenever the links
“Afferent connections” or “Efferent connections”
shown in Fig. 4C are accessed. An example of
how a reconstruction of the afferent connection
pattern of the caudoputamen, as defined in the
rat brain nomenclature Swanson-1998, may be
reconstructed is shown in Fig. 7.

Users can view more information about effer-
ent or afferent connections of a brain region by
clicking the corresponding buttons as shown
in Fig. 7. Details of each retrieved connectivity
report can be accessed through the field
“Number of reports,” as shown in Fig. 8.

Users can view the main attributes of a pro-
jection report inserted in BAMS, the projection
strength as collated from the associated reference
or inferred by the collator, the type of projection,

Fig. 6. Users can inspect details about each of the inserted cell types, collated from different references.
The medium spiny cell type is associated with the brain region caudoputamen, identified in the rat brain
nomenclature Swanson-1998.
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Fig. 7. Users can inspect patterns of afferent and efferent connection of brain regions of interest, which can be
accessed by clicking on either the “Afferent connections” or “Efferent connections” links shown in Fig. 4C.We
show here a part of the pattern of afferent connections of the nucleus accumbens identified in the rat brain
nomenclature Swanson-1998.

Fig. 8.Users can inspect details associated with retrieved connectivity reports. (A) Details of reports associated
in BAMS with the projection between ventral tegmental area (VTA) and caudoputamen (CP), identified in the
Swanson-1998 brain nomenclature. (B) An example of connection reports with qualitative strengths assigned
from numerical data. Users can also inspect spatial characteristics of the injection site and terminal field, respec-
tively, as well as criteria used to map numerical data to qualitative projection strengths.
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the description of it, the name of the collator,
and the associated reference. Fig. 8B shows a
typical example of projection strengths that
are assessed with numerical data. Here, crite-
ria of connection strength assignments were
extracted from the associated paper. Users can
also inspect short descriptions of protocols
employed and spatial characteristics of the
injection site and labeled sites, respectively, as
reported or as collated from the associated ref-
erences.

If the brain region of interest is captured in
an internally consistent hierarchy, and it con-
tains at least one substructure with associated

reports of direct connections in BAMS, then the
inference engine for reconstructing connection
patterns can be accessed by two additional
links: “Inferred efferent connections” and
“Inferred afferent connections,” as shown in
Fig. 4C. The output web pages contain infor-
mation about inferred patterns of afferent or
efferent connections, respectively, in tabular
format.

BAMS also allows the association of major
fiber pathways defined in different brain
nomenclatures with connectivity reports col-
lated from the literature. Therefore, the major
CNS fiber pathways of different species can

Fig. 8. (continued)
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be reconstructed from reports of neu-
roanatomical connections collated from the
literature. The OR structure of BAMS allows
two different ways of associating connection
reports with records of major fiber pathways:
collated directly from the associated refer-
ences, or inferred by collators. If a connec-
tion report is associated with a fiber pathway,
users can inspect the motivation for relating
the fiber pathway record with the set of con-
nectivity reports as collated from the associ-
ated reference and illustrated in Fig. 9.
Otherwise, the association between fiber
pathway and a set of neuroanatomical pro-
jection reports is labeled with the statement
“inferred by collator,” and collator names are
provided.

The BAMS topology inference engine can be
accessed from the output page shown in Fig.
4C, using the button “Relations.” An example
of a spatial comparison of two brain regions
(substantia innominata defined in the rat neu-
roanatomical atlases Swanson-1998 and
Paxinos/Watson-1998, respectively) that can
be performed in BAMS is shown in Fig. 10.

Information related to the qualitative spa-
tial comparison of regions across different
nomenclatures that is available to users
includes: methodology used by the collator
for making comparisons (either collation of
data from different references or direct com-
parison of neuroanatomical atlases), com-
pared regions, the set of pairs of topological
relations, the Atlas Levels and their spatial
coordinates, and the general spatial relations
inferred. Users can also view the criteria used
by collators to compare each pair of Atlas
Levels (e.g., the landmarks used) in a textual
format and associated with each of the entered
relations. 

Searching References in BAMS

We discuss separately this type of search for
information in BAMS because it has several
specific features.

Searching for information by reference can
be performed using any combination of three
attributes: author, book or journal, and year of
publication. An example of the result of search-
ing by author regardless of journal or year is
shown in Fig. 11. Searching the BAMS knowl-
edge base by author, regardless of specific jour-
nal or publication year retrieves all references
associated in the system with the searched
author, ordered by type of reference (e.g., books,
book chapters, articles). This type of search
retrieves not only details about references
recorded in BAMS but also details about what
kinds of neurobiological information can be
found in each of them (e.g., brain part defini-
tions, fiber pathway reports).

If a search by author retrieves references
associated with information of the type “fiber
tract,” then users can view reconstructed con-
nectivity matrices from the related references.
The representation of connection matrices
based on data collated from individual refer-
ences is similar to that described for the recon-
struction of connectivity data for a region from
information associated with the set of its sub-
structures. Users can organize connectivity
data in two additional ways: they can view the
connection matrix as reported in a given ref-
erence in terms of connection existence or
absence, or in terms of maximum strength. The
part of BAMS allowing representation in tab-
ular format of neuroanatomical connections
reported in an individual reference is not
restricted to the construction of matrices based
on combined results. Instead, it also allows the
display of data from individual experiments.
Reconstruction of connectivity matrices from
individual references has an additional fea-
ture: the ability to create a composite profile
of all experiments reported in that reference.
In the example shown in Fig. 12, the retrieved
reference (Dong and Swanson, 2003) is asso-
ciated with a reconstructed matrix of projec-
tions, and with data for each of four individual
experiments.
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Fig. 9. The major fiber pathways identified in a brain nomenclature can be associated with reports of neu-
roanatomical connections as collated from the literature.(A) If a fiber pathway is associated with reports of con-
nections, then a link to the page that displays its component projections becomes available to users. (B) Users
can inspect information related to the connections included in fiber systems, and the association criteria.
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The reconstruction of projection information
from individual references has an additional
feature: dynamic construction of graphical data
representations. If connectivity reports in
BAMS are associated with quantitative data,
the textual information is augmented with
graphical reconstructions (histograms) of
labeled cells per Atlas Level.

Composite tables of individual experi-
ments, along with graphical display of
numerical connectivity data, provide for a
richer representation of information collated
from the literature.

Processing Tools in BAMS

BAMS processing tools can be used to con-
struct customized connection matrices, com-
pare neuroanatomical nomenclatures in terms
of common references, and construct possible
networks of interconnected brain regions.

Users can choose sets of brain regions and
construct customized connection matrices from
data inserted in BAMS. Because of limitations

of processing speed and data display, this
option is currently limited to a reconstructed
matrix with a maximum of 100 × 100 elements.
The reconstructed connection matrix can be
displayed in different ways including a color
coded format of the maximal strengths, shown
in Fig. 13.

Comparison of neuroanatomical nomen-
clatures evaluates sets of references associ-
ated with each nomenclature and cited in
support of various brain region definitions.
This comparison is performed in two com-
plementary ways. First, lists of references spe-
cific to each of the compared nomenclatures
are displayed in a tree format with first-order
branches made out of each of the retrieved
references. Second-order branches composed
of those brain region subsets that are associ-
ated with each of the retrieved references are
shown in Fig. 14.

Users can access details associated with each
retrieved reference, as well as information about
the brain regions referred to. Any given reference

Fig. 10. Output of the BAMS topological inference engine. Users can inspect the methodology for inserting
topological relations employed by users, relations between different regions across corresponding sets of Atlas
Levels, and inferred general relations between the related regions.
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may appear under each of the compared
nomenclatures, but as support for definitions
of different brain regions. The same reference
being used in two different nomenclatures to
define regions with different names does not
necessarily imply that the associated brain
regions are identical. Relationships between
these regions can be established by the topol-
ogy inference engine if qualitative spatial
information was entered in the BAMS knowl-
edge base.

The second evaluation displays in tabular
format those references common to the com-
pared nomenclatures, as shown in the lower
part of Fig. 14.

Constructing Networks of Brain Regions
in BAMS
Users can infer possible feed-forward brain

region networks that are defined in a given
nomenclature from the set of direct projections
inserted in BAMS. As described in Methods, the
network of brain regions inference engine allows
up to three intermediate steps between the start-
ing region and the final region. Once these two
regions, the starting point or origin of the net-
work and the final endpoint, have been speci-
fied by users, the system prompts users to choose
any of the three possible types of processing
(Fig. 14 inset). The inference engine returns the
set of possible networks that can be constructed

Fig. 11.The output of a search for references in BAMS. Users can inspect details of each retrieved reference,
and the types of neurobiological information found in it are inserted in BAMS.
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from connectivity information inserted in BAMS
and by applying the algorithm described in
Methods and illustrated in Fig. 15.

Support information for each inferred net-
work can be accessed by clicking on the net-
work number. An example of support
information used to infer one of the possible
networks between the lateral part of the cen-
tral nucleus of the amygdala and the paraven-
tricular nucleus of the hypothalamus—with
the lateral hypothalamic area and bed nuclei

of the stria terminalis as intermediate regions
and defined in the rat brain nomenclature,
Swanson-1998—is shown in Fig. 16.

Experimental Data Processing 
in a Personal Account

Registered users have the option to create
personal accounts where they can store and
process results of pathway tracing experiments.
We describe in this section the most important
features of the BAMS Personal Profile module.

Fig. 12. Users can reconstruct matrices of neuroanatomical connections as reported in individual references.
If a reference is associated in BAMS with connectivity data for individual experiments, this information also
becomes available to users.This connectivity matrix was obtained by search for information by author and
accessing the associated “fiber tract reports” link as shown in Fig. 11.
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The insertion of the results of a pathway trac-
ing experiment can be performed with differ-
ent degrees of complexity: from very simple
reports of existence or absence of a specific con-
nection, to the specification of those cell types
that send or receive axonal projections.
Registered users have the possibility of adding
new features to any previously entered report.

Once a registered user inserts the results of a
pathway tracing experiment, the data can be
viewed and processed in three different ways.
Users can view the results of an inserted experi-
ment in simple tabular format, process the entered
connectivity data, or organize in complex table
experiments that were already processed. An
example of experimental pathway tracing data
processing is shown in supplemental Fig. S1
(http://brancusi.usc.edu/neuroinformatics/s1.
html).

Users can choose to process any of their
inserted experiments as shown in the inset of
Fig. S1, where experiments coded green
already have been processed, whereas data
associated with those coded red are not

processed yet. The structure of the BAMS
Personal Profile module allows registered
users to enter connectivity data with different
degrees of complexity: from simple data
records with no assessment of features char-
acterizing defined projections, to very com-
plex insertions where all the attributes of a
neuroanatomical projection described in the
Methods section are specified. The example
presented in Fig. S1 displays pathway tracing
data qualitatively assessed by the user and
inserted per Atlas Level, using the rat brain
atlas, Swanson-1998.

Registered users can choose any of three
modalities for the qualitative processing of
connectivity data. “Maximal” processing eval-
uation refers to an assessment of the greatest
strength of a projection across a set of Atlas
Levels. The “Mode” evaluation detects that
strength having the highest frequency of
appearance for a pair of brain regions across
multiple Atlas Levels. This option also detects
bimodal or multimodal staining intensity dis-
tributions, as shown in supplemental Fig. S2

Fig. 13. Users have the option of creating customized connectivity matrices that can be displayed in different
formats, including a color-coded table of maximal strengths.The matrix shown in this figure represents the
maximal strengths of the outputs of several regions of the bed nuclei of the stria teminalis identified in the rat
brain nomenclature Swanson-1998 with several amygdalar regions.The option of creating user customized
connectivity matrices can be found under the category “Evaluate” of BAMS’s menu.
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(http://brancusi.usc.edu/neuroinformatics/s2.
html). Bimodal and multimodal distributions
are displayed in red, and users have the option
to save the results (encoded in BAMS as “mode,
not processed”), or further processing them by
choosing the most appropriate connection
strengths for the bimodal and multimodal dis-
tributions (“mode, processed”).

The processing mode “Your choice” shown in
Fig. S2 refers to the user’s assessment of overall
projection strength from a set of density estimates
associated with a pair of brain regions distrib-
uted across several Atlas Levels. The qualitative
evaluation of connectivity strength assessed by
users takes the value of “fiber of passage” (fp;
axons without terminals) as a separate category.

Therefore, the results of experimental connectiv-
ity data processing will include this as a separate
category, whenever there is at least one report of
fibers of passage for a pair of brain regions.

The results of processing can be saved by users
in their personal account for future use. Users
also have the option to construct composite
tables from any number of previously processed
experiments, per type of processing (supple-
mental Fig. S3 [http://brancusi.usc.edu/neu-
roinformatics/s3.html]).

Finally, user-defined composite tables can
be downloaded onto personal computers in
Excel format. This option provides a copy of
the composite tables to registered users, who
can then rearrange them as desired.

Fig. 14. Neuroanatomical nomenclatures can be compared in terms of common references and brain regions
referred to.The option of comparing neuroanatomical nomenclatures can be found in the category “Evaluate”
of BAMS’s menu under the name “Nomenclatures.”
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Discussion

In this article we have described the struc-
ture and major features of the BAMS knowl-
edge management system, which has been
designed for the online searching and pro-
cessing of neurobiological information focused
on brain circuitry.

This is part of an expanding effort in the field
of neuroinformatics. Several research groups

have developed online systems that handle
data pertaining to various levels of nervous
system organization: brain region nomencla-
tures (Stephan et al., 2001; Bowden and Dubach,
2003; Bota and Arbib, 2004; Kotter, 2004), con-
nectivity data (Burns, 1997; Burns et al., 2001;
Stephan et al., 2002; Bota and Arbib, 2004;
Kotter, 2004), and cytology (Marenco et al.,
1999; Bota and Arbib, 2004). Two online sys-
tems that share similar features with BAMS are

Fig. 15. Inferring possible networks of brain regions from connectivity data recorded in BAMS can be per-
formed for up to three intermediary steps.The output of the networks inference engine (shown here for two
intermediate steps) includes abbreviations and names of regions related by direct projections, and links to sup-
port information for each reconstructed network.The option of inferring possible networks of brain regions
is found in the category “Evaluate” of BAMS’s menu under the name “Networks.”
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NeuroNames (Bowden and Dubach, 2003;
http://braininfo.rprc.washington.edu) and
CoCoMac (Stephan et al., 2002; Kotter, 2004;
http://cocomac.org).

The present status of BAMS is “in progress”
because we continue to add new data and
extend its functionality. New features of BAMS
will include a method for evaluating the relia-
bility of connectivity information, based on the
algorithm implemented in NHDB (Bota and
Arbib, 2004), a schema for representing
chemoarchitectural data at the levels of brain
regions and molecules expression patterns in
particular cell types, and a cell type classifica-
tion schema. These schemas will allow BAMS
to include chemical data in descriptions of brain

regions and cell types and to run complex
queries, such as extracting gene expression pat-
terns in specific cell types under certain
experimental conditions.

We invite members of the neuroscience com-
munity to search for information in BAMS, to
participate in our efforts to populate it with
more neurobiological data, and to suggest func-
tionality extensions.
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Fig. 16. Support information for each inferred network of brain regions includes the set of reports of direct
projections between related brain regions that are used to construct the network.Support information shown
in this figure corresponds to the second network shown in Fig. 15.
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