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Anatomical Reasoning in the Informatics Age:
Principles, Ontologies, and Agendas
ROBERT B. TRELEASE*

Reasoning about anatomy shares historical scientific roots with formal logic and artificial intelligence. With advances
in computer-based intelligent programming, high-level biological structural knowledge may be exploited directly for
biomedical research, clinical tasks, and educational applications. We consider the special nature of anatomical
domain knowledge, emphasizing the complex concepts and semantics that must be represented in the development
of ontologies, formally structured databases of biological information. We review the evolution of the fundamental
scientific principles of logic and artificial intelligence needed for building machines that can make use of anatomical
knowledge. We look at methods for compiling ontologies and compare the structural designs of the Foundational
Model of Anatomy and Open GALEN ontologies. We further consider issues related to mapping developing anatomy
resources with other biological ontologies in genomics, proteomics, and physiology. Although early results are
promising, considerable resources and continuing effort must be committed to completing and extending anatomical
ontologies for the ultimate success of computer-based anatomical reasoning. Anat Rec (Part B: New Anat) 289B:
72–84, 2006. © 2006 Wiley-Liss, Inc.
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INTRODUCTION

Anatomical reasoning traces its roots
back through the most ancient days of
scientific endeavor. As conceived by
ancient Greeks such as Aristotle and
Herophilus, the study of the structure
of body parts (whether in animals or
humans) leads to the understanding
of their functions. Vital structures
such as brain, heart, and lungs re-
ceived special attention, and they

were interrelated in early vitalistic
conceptual schemes that dominated
scientific thought about bodily func-
tions and the practices of medicine
and surgery (Singer, 1925; Persaud,
1984). Thus, the brain, heart, lungs,
and vessels were viewed as containing
and distributing animal spirit, vital
spirit, and the humors (choler, bile,
rheum) that governed life in sickness
and health.

It is worth noting that formal logic
shared some of the same classical
roots with anatomy. Comparative
anatomist Aristotle (depicted in Fig.
1) developed a classical foundational
logic in which syllogisms could be
used for formalized, provable reason-
ing. Over the following centuries, for-
mal logic advanced in theory and
practice, and by the late 20th century,
it had been incorporated into the fu-
sion of psychology, neurosciences,
and computational sciences that be-
came the new science of artificial in-
telligence (AI). It is in this latter con-
text that contemporary anatomical
reasoning has reencountered sym-
bolic logic, specifically in computa-
tional machine tools of biology and

medicine such as research models, di-
agnostic systems, and biomedical im-
aging.

A variety of planned scientific and
clinical applications are in fact de-
pending on the development of usable
computer-based anatomical reason-
ing. Initiatives in systems biology,
including the Gene Ontology and
Physiome projects, are demanding
structured, machine-readable ana-
tomical knowledge for producing
comprehensive representations of
biological functions. In a related
way, high-order “in-silico” biological
modeling efforts require compre-
hensive anatomical knowledge for
organ and body-level simulation. Di-
agnostic expert systems, such as
those in use as “background consult-
ants” for emergency room computer
systems, will require anatomical knowl-
edge for prompting caution or appro-
priate actions on structure-based clini-
cal problems. New-generation medical
imaging systems, such as body scan-
ners, will also require machine-usable
anatomical knowledge for automated
anomaly and lesion detection. Ad-
vances in AI-based “intelligent tutoring
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BOX 1. Foundations of Logic, Machine Calculation, and AI for Scholarly Anatomists

The science of artificial intelligence has provided the
methods and tools needed for building ontologies and
programming computer-based reasoning. Since sciences
can advance by assimilating the methods of other disci-
plines, scholarly anatomists may find it worthwhile to un-
derstand some of the basic tenets and evolution of AI.
While it is beyond the scope of this article to provide a
comprehensive history (see Russell and Norvig, 2003), we
offer the following brief developmental overview of the
concepts crucial to machine-based anatomical reasoning
and ontologies. Linking these foundational discoveries are
three vital conceptual threads—logic, mechanism, and cal-
culation—that converged to support the development of
machine-based reasoning as we now know it.

Logic
In his Organon, Aristotle (384–322 B.C.E.) is credited with
defining the earliest form of formal logic and reasoning:
inference by syllogism. A syllogism is a propositional ar-
gument comprised of three statements, two of them pre-
mises and one a conclusion. This has the following form: if
A is predicated of all B, and B is predicated of all C, then
A is predicated of all C. In these terms, the following is a
classic example: if all Greeks are humans, and all humans
are mortal, then all Greeks are mortal. Aristotle distin-
guished 19 different types of fundamental valid syllogisms,
including “some” and “not” terms in predicates and pre-
mises. In discourse and rhetoric, valid syllogisms became
the foundation for deductive inference (deduction), and by
the Middle Ages, syllogism had become the dominant
model for correct philosophical argumentation and logical
proof. As will be seen later, the general form of the syllo-
gism can still be found in some simple AI process rules.

Forms of syllogism survived virtually unchallenged as the
foundation for formal logic in Western cultures until the
19th century, when English mathematician George Boole
(1815–1864) defined his propositional calculus. Although
representing the most common Aristotelian forms in his
calculus, Boole proved that two classic types of syllogism
were not valid for inferring conclusions from their premises.
His calculus (otherwise known as “Boolean algebra”) later
served as the basis for the binary logic calculations per-
formed by the electronic circuits (“logic gates”) used to
build digital computers. In the larger context of reasoning,
Boole established the usefulness of propositional logic,
wherein meaning derives from the syntax or grammatical
relationships of the concept’s defining sentence elements.

Later, Gottlob Frege (1848–1925) developed the critical
concepts of a “first-order logic” that went beyond propo-
sitional logic in adding a compositional framework for de-
fining objects and their relationships. In effect, where prop-
ositional logic could not easily represent knowledge in
complex real-world environments, first-order logic allowed
objects to be defined from the meaning (semantics) of their
component parts in logical statements. This established
the foundation for logical operations supporting valid infer-
ence, the development of new facts, from existing facts
about the real world.

Twentieth-century philosophers Bertrand Russell (1872–

1970) and Ludwig Wittgenstein (1889–1951) defined the
strong philosophical relations between logic and reality,
the latter establishing that there could be a universal lan-
guage for describing or modeling real-world objects. In this
philosophical context, novelist Herman Hesse later wrote
about a high-level sociopolitical game (Glasperlenspiel)
that modeled the behaviors of real-world organizations and
activities (Hesse, 2002).

Mechanism
Concepts of mechanisms (e.g., deus ex machina) and ar-
tificial life were also part of Aristotle’s early classical culture
and those that followed. Initially, the development of mech-
anisms was historically distinct from the development of
the concepts and principles of formal logic. The early
Greek myths of Hephaestus and Pygmalion told of artifi-
cially creating women (including Pandora and Galatea)
from clay, metals, and ivory. In the first century (C.E.),
mathematician and engineer Hero (Heron of Alexandria)
designed self-regulating mechanisms (automata) for his
“magic theaters” and for producing “miracles” (thaumata)
for temples. He is also reported to have designed automata
that talked (see the Hero Web site). The practice of creating
human-like mechanisms continued over the following era,
and later in the 13th century, philosopher-monk Albertus
Magnus (1206–1280) and Roger Bacon (1220–1292) are
said to have produced mechanical talking heads (Albert’s
android or Barbiton).

After the dawn of the machine age, 17th-century math-
ematician and natural philosopher René Descartes (1596–
1670) promoted the view of animals and men as being
biological machines. Physiology later developed as the
study of biological mechanisms, setting the stage for later
mathematical and qualitative descriptions of living func-
tions.

Calculation
Distinct from efforts to produce human-like automata or
simulacra, other later-era philosophers sought to create
machines that could do calculations. The great German
philosopher, mathematician, and logician Gottfried Wil-
helm von Leibniz (1646–1716) gave notable effort to de-
veloping a mechanical calculator for performing multiplica-
tion and division. In the larger context, though, he was
most important for describing a universal standard logic or
calculus, in which all physical problems and mechanisms
could be represented for purposes of calculation. He pro-
vided the logical and philosophical proof that such abstract
representations of nature could produce useful inferences
and conclusions.

Over the following centuries, various Western mathema-
ticians and clockmakers refined their own designs for me-
chanical calculating machines. Calculating mechanisms
were dominated by these gear drives (“clockwork”) up
through Charles Babbage’s Difference Engine (1822),
which was designed for tabulating polynomial functions
with decimal numbers. Difference Engines and their loga-
rithmic kin might be considered the first real computing
machines.
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systems” provide the potential for em-
ploying anatomical knowledge in con-
cept-oriented educational tools that go
beyond acting as simple electronic lex-
icons or atlases. All these applications
of anatomical knowledge can provide
research and development opportuni-
ties for informatics-skilled anatomists
acting as vital scientific knowledge do-
main experts.

The purpose of this article is to ex-
amine the state of the art and future of
anatomical reasoning in the form of
computer-based anatomical ontolo-
gies, “databases” of formalized knowl-
edge about biological structure. We
focus primarily on ontologies as foun-

dational, hierarchical concept librar-
ies that support structure-based infer-
ence functions using established AI
programming tools.

We begin by considering special
characteristics of anatomical informa-
tion, semantics, and the knowledge that
developers must represent in usable an-
atomical ontologies. To focus on as-
pects of the science of AI that can be
incorporated into modern anatomy, we
review some of the history and funda-
mental concepts of logic and computa-
tion that led to the development of the
methods for building ontologies. We ex-
amine the formal aspects of knowledge
acquisition and representation used to

develop functional ontologies that seek
to transform biomedical research. We
compare the structures and capabilities
of two available human anatomy ontol-
ogies, GALEN and the Foundational
Model of Anatomy. Finally, we consider
some of the substantial challenges fac-
ing continuing research and develop-
ment of anatomical knowledge re-
sources.

SCOPE OF ANATOMICAL
KNOWLEDGE UND EIN KLEIN
SEMANTIK

The fundamental concepts and enti-
ties for classical anatomical reason-

BOX 1. (Continued)

Laying the immediate groundwork for the modern pro-
grammable digital computer, Alan Turing (1912–1954) de-
fined the basis for a universal computer (the Universal
Turing Machine) (Turing, 1937) capable of solving real-
world problems that could be mathematically formulated.
His later work had practical expression in the British effort
to break Nazi military codes, and his organization pro-
duced the first electromechanical and vacuum tube-based
computers for these deciphering applications. In addition
to paving the theoretical and physical path for the devel-
opment of electronic digital computers, he also described
the “Turing test,” a continuing AI standard for assessing
the intelligence of computer interactions with human users.
In this test, a computer is deemed intelligent if a user
cannot tell if a machine or a human being is on the other
end of an interactive online text-based conversation .

Wartime efforts to control radar and tracking equipment
also evoked other innovations important to developing
computers as autonomous mechanisms. In 1948, mathe-
matician Norbert Weiner (1894–1964) synthesized his con-
trol and tracking knowledge by roughly defining the prin-
ciples of cybernetics—self-regulating mechanisms or
processes—harking back to Hero’s early concepts of au-
tomata. At present, the popular use of the prefix cyber-
evokes culturally embedded associations of computer
mechanisms, AI, and robotics.

Birth of AI and Symbolic Programming
All these conceptual threads—logic, mechanism, and
computation—were woven together with psychology and
neurosciences near mid-twentieth century, and the sci-
ence of artificial intelligence was born (Russell and Norvig,
2003). John McCarthy is credited with first using the term
during a series of seminal scientific meetings at Dartmouth
in 1967. The field has grown prodigiously over the last 3
decades, carried along with the ongoing rapid advances in
computer sciences. AI has also differentiated into subdis-
ciplines centered on different methodologies and theoret-
ical domains such as cognitive functions, machine vision

and perception, and language recognition. While a few
researchers have concerned themselves with “deep AI,”
focusing on developing truly intelligent machines, the ma-
jority has worked on “light AI” tasks aimed at achieving
human- or intelligent-like functions on computers.

Early “symbolic” approaches to AI involved using logic-
oriented computer programming languages to generate
programs that emulated characteristics of human intelli-
gence. Later “connectionist” approaches used computa-
tional models of neural networks to emulate pattern rec-
ognition and memory immanent in neuronal activity (per
McCulloch and Pitts, 1943). Nearly all the work relevant to
anatomical reasoning has relied on symbolic programming
for representation of and inference with biological struc-
tural knowledge.

Much of the symbolic programming and development
framework of practical use to us today has emerged from
the earliest successful AI applications: expert systems.
Some of the earliest useful expert systems performed
medical diagnosis (Clancy and Shortliffe, 1984). In the early
development of expert systems and other latter-day AI
programs, the construction of an ontology (a knowledge
base of domain knowledge) was established as a crucial
foundation for problem-solving in a given conceptual do-
main (Waterman, 1986). The processes involved in acquir-
ing and programming expert knowledge were collectively
defined as knowledge engineering. In conventional circum-
stances, a knowledge engineer (e.g., AI programmer)
worked with a domain expert (e.g., anatomist) to create an
ontology defining the core concepts for a specific problem
domain. In addition to the core ontology (including the
hierarchies of entities), additional process rules or heuris-
tics must be added to produce a software system capable
of inference for structure-based reasoning about pro-
cesses. Evolved from expert systems, qualitative process
modeling systems have allowed experimental biology and
physical simulations to be created from ontologies and
inferential process rules (Bylander et al., 1988; Trelease
and Park, 1996; Trelease et al., 1999).
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ing, ideas about the organs and other
structures of the body, have long been
the basis for how people conceive of
themselves physically. From a very
early age, we all learn of hearts, lungs,
stomachs, and brains as vital organs,
and we understand intuitively how
muscles and bones might work to al-
low us to walk. Beyond the intuitive,
formal concepts, language, and defini-
tions of organs and tissues, regions
and systems are central to expert an-
atomical knowledge at the higher lev-
els. The way we describe and classify
anatomical structures relies on se-
mantics, the meaning of words. In the
larger sense, then, formalisms of se-
mantics (the discipline) are part of
structured anatomical reasoning at
the level of human discourse. Simi-
larly, the special formalisms of compu-
tational semantics in AI are required for
creating symbolic representations of
anatomical knowledge for machine-
based reasoning, as we will see below.
Rosse et al. (1998) provide an excellent
review of the crucial concepts.

Part-whole relationships, or mero-
nymy and holonymy, are essential se-
mantic features of most anatomical
reasoning. Meronyms include con-
cepts, structures, or materials that are
part of the substance of something or
are members of a larger group or class
of things. For example, consider the
following meronyms: the mitral valve
(part of the heart), white pulp (part of
the splenic parenchyma), and an eo-
sinophil (one of the granulocytes or
white blood cells). Conversely, a hol-
onym is the whole concept of which
the meronym is a part. For example,

the heart is a holonym for the mitral
valve, and the circulatory system is a
holonym for the heart.

Taxonomy is another intrinsic as-
pect of anatomy, and anatomical
concepts and structures are related
along a number of different concep-
tual axes. These include the afore-
mentioned meronymous/holony-
mous relationships, with structures
having defined hierarchical relation-
ships with parent and sibling con-
cepts (e.g., the left gastric artery as a
branch of the celiac artery, itself a
branch of the abdominal aorta).
When such specific taxonomic rela-
tionships are depicted graphically,
interrelated concepts appear as
branches in a tree structure, as
shown in Figure 2. In symbolic rea-
soning terms, a concept (structure)
involved in several taxonomic rela-
tionships has multiple inheritance,
resulting in taxonomic structures
comparable to networks of linked
trees (Fig. 2, middle and right). For
example, the heart can be viewed as
a hollow muscular organ, part of the
mediastinum, and the pumping part
of the circulatory system. None of
these denotations amounts to a syn-
onym, nor are they mutually exclu-
sive. They are vital to reasoning

about the heart, blood pressure, and
circulation, interrelated concepts
that an anatomist would readily un-
derstand. Multiple inheritance of
core concepts provides considerable
challenges for the task of logically
programming machine-based ana-
tomical reasoning. However, since
ontologies intrinsically involve taxon-
omies of interrelated concepts, much of
the programming environment has
been specialized for handling them, as
we will see below.

Precise representation of topologi-
cal/spatial relationships and morphol-
ogy is also crucial for effective ana-
tomical reasoning. Included are
arrays of concepts dealing with shape,
connectivity, relative position, bound-
aries, regions, and sequences. Thus,
we distinguish cavities and openings,
branches and tributaries, three-di-
mensional shapes, areas of attach-
ment and entries of vessels and
nerves, and hollow and solid organs.
Additional explicit and implicit char-
acteristics, properties, and physical
relationships related to topology and
morphology, such as blood being a
liquid, the lungs being in the chest,
and air being in lung airways.

Below the tissue level, the realm of
microscopic anatomy views the cellu-

Figure 1. Aristotle contemplating the bust of
Homer, in Rembrandt van Rijn’s classical vi-
sualization.

Figure 2. Graphic depiction of the relationships between concepts (green dots) in taxon-
omies of different ontologies. The uppermost concept can be called a root (or superpar-
ent). Left: Simple hierarchical relationships between concepts yields a tree-like branching
structure. Middle: Multiple inheritance with unidirectional associations (links) between hier-
archical branches and concepts (directed acyclic graph). Right: Multiple inheritance with
bidirectional associations (links) between hierarchical branches and concepts (graph).
Reprinted with permission from Bard (2003).
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lar, subcellular, and molecular struc-
tures that comprise each larger ana-
tomical entity. Modern anatomical
reasoning thus spans multiple levels
of abstraction (granularity) at and
above the cellular and molecular. The
nervous system presents a particular
challenge in terms of representation
and complexity at the cellular level of
abstraction. Structural aspects of
nerve cell aggregations (in functional
“nuclei”) and microscopic patterns of
intercellular synapses (functional
connectivity) are certainly anatomical
substrates for brain function (e.g., vi-
sion and consciousness), but they are
not well understood. Central nervous
system functions and parallel pro-
cesses are so complex and numerous
that they are being studied as rela-
tively restricted partial models in
computational anatomy and brain
mapping (Schwartz, 1980; Toga and
Thompson, 2001). Because of such
scaling issues, representation of brain
structure must remain relatively high
level in whole-body ontologies. For
purposes of this article, we will focus
mostly on the special challenges of
representing high-level “macro” anat-
omy in a definitive ontology.

The high-level view of anatomical
systems provides some additional
challenges in terms of multiple inher-
itance or “fuzzy” definitions of specific
systems (Smith et al., 2003). For ex-
ample, the definition of the kidney as
being part of genitourinary and renal
systems entails functional associa-
tions with reproductive, blood gas and
electrolyte regulation, and excretory
systems.

Comprehensive anatomical reason-
ing must also encompass temporal re-
lationships, such as time-related
changes in structure, particularly
those associated with prenatal devel-
opment (e.g., the differentiation of the
fetal heart) and ongoing function
(e.g., changes in the size of heart
chambers during the cardiac contrac-
tion cycle). Furthermore, the compar-
ative anatomy of different nonhuman
species becomes important in consid-
ering the mapping of fundamental bi-
ological process knowledge obtained
from laboratory animal research
models.

At the highest levels, representa-
tions of behaviors and pathologies of
organ systems and the body are nec-

essary correlates of research models,
clinical information, and medical
practice knowledge. For the most
part, anatomical knowledge must pro-
vide direct associations (mapping) to
functional knowledge, although deep
representation of cellular, molecular,
and detailed clinical processes is not
properly part of the main anatomical
knowledge domain. Rather than inval-
idate the expertise of anatomists who
practice cell and molecular biology,
this points to the need for computer-
based anatomy systems to provide
links to external ontologies and
knowledge resources being developed
in molecular and cell biology and
physiology. We will return to the con-
sideration of linking later.

Historically, atlases, textbooks, and
other compendia of the knowledge of
macroscopic body structure have em-
phasized canonical anatomy, i.e., de-
scriptions of ideal or “normal” struc-
ture. Because anatomists have long
recognized the rule of variation, other
descriptive works and quantitative
studies on individual structural differ-
ences, variation, and clinical condi-
tions represent instantiated anatomy.
A comprehensive anatomy ontology
must thus be defined in canonical
terms that allow for the existence of
variation, including functional logic
for defining the nomenclature and

other properties of variant structures.
In this context, pathological disrup-
tions of structure can be defined by
structural variations linked to func-
tional changes.

All these semantic considerations
make anatomical reasoning an ex-
tremely complex logical task for the hu-
man mind, within the larger overall
context of the dynamic complexity of
biology. From the outset, it is thus a
nontrivial programming task to develop
a computer resource mobilizing the
fundamental knowledge encompassed
in the training of a PhD-level anatomist.
Representing anatomical knowledge on
computers for the purposes of auto-
mated reasoning or scientific discovery
requires a mastery of the principles and
methods of emulating human reason-
ing as organized in the science of arti-
ficial intelligence (described in more de-
tail in Box 1). Symbolic programming
has been the principal tool for repre-
senting knowledge in ontologies used
for AI applications, such as expert sys-
tems, image recognition, and quali-
tative simulation. As we will see be-
low, informatics-skilled anatomists
can readily make use of well-devel-
oped and freely available AI pro-
gramming tools for building ana-
tomical ontologies and related
intelligent applications.

Figure 3. Programming “pseudocode” illustrating the definition of the concept heart as a
frame in an object-oriented environment. Some of these attributes (slots) may not need to
be explicitly defined depending on the structure of the ontology. For example, dimensions,
boundaries, and mass may be implicitly inherited because the heart is defined as a
cavitated organ.
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DEVELOPING ANATOMICAL
ONTOLOGIES

Tools and Methods

Ontologies have been most frequently
encoded in object-oriented, frame-
based AI programming languages,
wherein each concept is defined as a
frame having a varying number of
slots containing semantic constants
or variables. Fundamental slots for
meronymic relations, such as part-of
and parts, accommodate lists of each
concept’s correlated concepts. All
characteristic attributes of each con-
cept in an ontology are thus defined
by the information in slots, including
numbers, physical characteristics,
names, and attributes of other con-
cepts. Figure 3 illustrates the general
form and components for a frame de-
fining the heart. Such ontological con-
cept frames are easily compiled in da-
tabases.

In object-oriented programming,
these concepts are called objects, and
they are defined in part in terms of
their taxonomic relationships with
other defined objects. Given a proto-
typic definition of an artery, for exam-
ple, specific named arteries can in-
herit the fundamental attributes of
the “parent” artery concept, without
those being explicitly part of the
“child” vessel’s definition. Inheritance
of parent attributes is set up in is-a
frame slots. This makes it relatively
easy to encode the fact that a left gas-
tric artery is a branch of the celiac
axis, which is a branch of the aorta.

Fortunately for New Anatomists
who want to work on an ontology,
there are good free programming
tools that reduce the effort of enter-
ing, programming, and managing
structural concept information. Per-
haps the most useful of these cur-
rently is Protégé, a well-supported
open-source ontology editor and
knowledge-based framework devel-
oped at Stanford (see Web links in
Table 1). Written extensibly in Java,
Protégé supports the development of
ontologies and associated process
rules in formats compatible with the
frame language of CLIPS, a common
AI development system. Protégé also
saves knowledge in the MySQL data-
base management system, providing a
good environment for mobilizing

large-scale ontologies via the World
Wide Web and the Internet. Protégé is
also a preferred tool for working with
existing ontologies, as we will see be-
low. Figure 4 shows a Protégé editing
screen demonstrating some of the
complex relationships that can be en-
coded for anatomical structure ob-
jects in an ontology. Slot values ap-
pear as text in the various panels.

Available Anatomical
Vocabulary Sources

Aspiring anatomical ontologists
would wisely not start de novo, but
with an available controlled nomen-
clature or consensus vocabulary of
anatomy. Raw source material should
encompass the legacy canonical anat-
omy that has been collected in the
form of individual texts and reference
books. The first international effort to
compile a consensus relational struc-
tural nomenclature resulted in the
Latin-based Basle Nomina Anatomica
(BNA), approved in 1895 by the Ger-
man Anatomical Society. BNA was
subsequently revised multiple times
by the International Congress of Anat-
omists, transformed into the Paris No-
mina Anatomica (1955) and, later in
1980, the Nomina Anatomica (NA).
The latest controlled anatomy nomen-
clature to supercede NA is Terminolo-
gia Anatomica (TA), combining Latin
and English nomenclatures (Whit-
more, 1999).

TA was published as a hardbound
volume in 1998 (Federative Commit-
tee on Anatomical Terminology,
1998), and it was also distributed on
CD-ROM in the form of a locked pro-
prietary database (Filemaker binary
application). Although demonstrating
the potential of a computer-based
structural database, the TA database
has been unavailable for direct open
development, and its limitations in
structural relationship knowledge
(Rosse, 2001) have constrained its di-
rect use to that of a passive nomencla-
tural reference.

To be of practical use in represent-
ing gross body structure, an anatomi-
cal ontology must go beyond a simple
structured vocabulary such as NA or
its TA successor. Beyond TA, a more
inclusive multidisciplinary approach
to a controlled anatomical nomencla-
ture was incorporated into the Unified
Medical Language System (UMLS), a
digital library project started in the
mid-1980s by the National Library of
Medicine (Humphries et al., 1998). A
general-purpose system intended to
cover all of medicine, rather than a
single structural nomenclature, the
initial release of UMLS included a
MetaThesaurus of over 125,000 bio-
medical concepts, as well as a seman-
tic network providing relationships
between the different kinds of con-
cepts. A major focus of this system
was to provide the fundamental com-

TABLE 1.Web links

AAAI: a brief history of AI: http://www.aaai.org/AITopics/bbhist.html
Aristotle: http://www.seop.leeds.ac.uk/entries/aristotle-logic/
Hero: http://www.mlahanas.de/Greeks/HeronAlexandria.htm
History of automata: http://www.smithsrisca.demon.co.uk/automata-history.

html
Hypertext translation of Aristotle’s Organon: http://www.rbjones.com/

rbjpub/philos/classics/aristotl/oi.htm
Leibniz: http://mally.stanford.edu/leibniz.html
Open Galen: http://www.opengalen.org
Prótegé; Ontology editor: http://protege.stanford.edu/
Stanford Encyclopedia of Philosophy: http://plato.stanford.edu/
Alan Turing: http://www.turing.org.uk/turing/index.html; http://plato.stanford.

edu/entries/turing-machine/; http://www.abelard.org/turpap2/
tp2-ie.asp

University of Washington Structural Informatics Group: http://sig.biostr.
washington.edu/

Virtual Soldier Project: http://www.virtualsoldier.net/
Norbert Wiener: http://www-history.mcs.st-andrews.ac.uk/history/

Mathematicians/Wiener_Norbert.html
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puter semantic resources for describ-
ing any aspect of clinical medicine
and surgery. Although it was thus em-
bedded within the larger generalized
semantic network of UMLS, the anat-
omy component initially lacked cru-
cial structural and functional relation-
ship mappings necessary to support
fundamental anatomical reasoning.

Existing Whole-Body Anatomy
Ontologies

The Foundational Model of Anatomy
(FMA) was developed by Cornelius
Rosse and colleagues of the Structural
Informatics Group (SIG) at the Uni-
versity of Washington (Rosse et al.,
1998; Rosse and Mejino, 2003). In-
tended by design to serve as a compo-
nent of the basic UMLS anatomy vo-
cabulary, FMA was publicly released
as a unit in November 2003. Free ac-
ademic licensing is readily available
through the SIG Web site. FMA is dis-
tributed as a MySQL database image

(dump) together with an ontology
project file that can be loaded into
Protégé (Fig. 4).

FMA has four conceptual compo-
nents: an anatomical taxonomy, an
anatomical structural abstraction
(partitive and spatial relationships be-
tween taxonomy concepts), an ana-
tomical transformation abstraction
(describing time-dependent changes
in structure during the life cycle), and
metaknowledge (the rules for rela-
tionship mapping between the con-
stituent abstractions). The taxonomic
root of the ontology is the anatomical
entity (Fig. 5A). FMA incorporates the
essential information of TA within its
anatomical terminology component.

In the current distribution, FMA in-
cludes over 70,000 distinct anatomical
concepts, ranging from cell compo-
nents to major body parts, associated
with more than 110,000 terms and re-
lated to each other by more than 1.5
million instantiations of over 170
kinds of relationships. All concepts

and relationships are represented as
Protégé frames (classes and instances)
stored in the MySQL database. Esti-
mates of cumulative work by FMA
project personnel approach 20 years
of fulltime effort, and development
and online resource support continue.

FMA was designed from the outset
to be portable, reusable, and mappa-
ble to external ontologies (e.g., Gene
Ontology). This entailed disciplined
modeling methods employing Aristo-
telian definition and principles includ-
ing a strictly structural context, a ca-
nonical abstraction level, human
species specificity, content constraint
between body and macromolecule lev-
els of abstraction. The principle of co-
herence limited anatomical abstrac-
tion to one root, anatomical entity.
Representation of central nervous sys-
tem structures is coarse, because of
brain mapping concerns related to the
Brain Project (Martin et al., 2001). For
purposes of mapping to other ontolo-
gies, FMA was also designed to be

Figure 4. View of the Protégé ontology editor “Concepts pane” with the FMA database loaded. This shows a small part of the semantic
information for the concept heart. The panel at the left displays an expansion of the high-level (taxonomic) structure of the ontology. The
lower right information panels show some of the heart’s meronymic (part/whole) relationships.
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compliant with the Open Knowledge
Base Connectivity standard. FMA was
proposed as a unifying ontology for
other biological ontologies in initia-
tive by the Federation of American
Scientists.

Possibly the only other ontology
that FMA can currently be compared
to is the GALEN Common Resource
Model (GALEN-CRM) (Solomon et
al., 2000). GALEN is a generalized on-
tology for medical terminology that
incorporates anatomical concepts,
and the anatomical component is
available for separate download from

the Open GALEN organization. It en-
compasses approximately 10,000 ana-
tomical concepts, including primary
organs, bones, nerves, vessels, glands,
muscles, ligaments, bursae, as well as
their subcomponents. Its stated intent
was to cover slightly more detail than
would be found in an undergraduate
medical anatomy textbook, but its or-
ganization is not yet that comprehen-
sive. Different top-level organizational
concept roots are largely functional
and oriented toward medical lan-
guage recognition and comprehen-
sion, focusing on common clinical

conditions, procedures, and struc-
tures from surgical and medical refer-
ence frames. As with FMA, major
components of GALEN have been in-
corporated into versions of UMLS.
GALEN has a different set of super-
classes surrounding anatomical con-
cepts. As can be seen in Figure 5B, it
uses multiple major anatomical con-
cept classes for greater structural in-
heritance complexity than FMA. GA-
LEN-CRM also includes a variety of
other root concepts, including pathol-
ogy, processes, and clinical condi-
tions.

Figure 5. A: Ontology root class inheritance structure for anatomical entities within FMA as viewed in Protégé. B: Root class inheritance
structure for anatomical concepts in the GALEN-CRM ontology as viewed in Protégé.
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What can FMA and GALEN do now,
in their current configurations? On
querying, GALEN can return the
structural associations needed to sup-
port translation and encoding of med-
ical records, but it is not designed to
be an encyclopedic source for canon-
ical anatomical facts. Because GA-
LEN is not rigorously mapped to
existing anatomy-controlled vocabu-
laries (e.g., TA), it is not well suited to
biomedical research applications, al-
though it has been used for simple
conceptual modeling of surgical pro-
cedures (Trombert-Paviot et al.,
2000). FMA, on the other hand, is a
reasonably complete resource for ca-
nonical human anatomy, and it has
been effectively used with Web-based
applications supporting natural lan-
guage search of structural image da-
tabases and lookup of concept data.

Figure 6 shows two intelligent ap-
plications developed by the University
of Washington SIG. GAPP uses a nat-
ural language interface (Distelhorst et

al., 2003) to parse questions and for-
mulate structural query language re-
quests to the FMA database (Mork et
al., 2003). The questions are answered
in structured plain text, with HTML
links to associated structures and con-
cepts. GAPP can interact with the
Foundational Model Explorer (FME),
a browser program that interactively
displays information for FMA con-
cepts. GAPP was programmed to han-
dle simple and some limited nested
relationship questions about the con-
cepts defined in FMA.

The current UMLS database con-
tains advanced supersets of the FMA
and GALEN anatomy ontologies, but
they are not directly mapped to each
other. Given the large size of UMLS
and multiple inheritance of concepts
(e.g., heart) in its GALEN and FMA
components, it makes the most sense
to use FMA alone as a base platform
for further development in more ded-
icated machine-based anatomical rea-
soning.

ANATOMICAL ONTOLOGIES
AND BIOMEDICAL RESEARCH

Up to this point, we have considered
the development of high-level ontolo-
gies primarily from the perspective of
encoding and using legacy anatomical
knowledge and reasoning. Outside of
the anatomists’ domain, however,
other interests are focused on devel-
oping structural knowledge resources
that can interact with growing large-
scale biological ontologies. Foremost
of those needing anatomical knowledge
links, Gene Ontology is an international
consensus resource for accumulating
functional genomic information (Ash-
burner and Lewis, 2002). Part of a
larger Open Biological Ontologies effort
(OBO or GOBO), it has defined explicit
connectivity (mapping) to high-level
anatomy within its design specifica-
tions. The most active of these OBO
efforts seek to bridge genomic knowl-
edge with the anatomic in the context
of laboratory animal development mod-

Figure 6. Interactive Web-based inquiry and search programs that work with FMA. On the left is GAPP, which will answer natural language
inquiries about anatomy based on FMA knowledge. The area below the “Ask GAPP” button contains the response to the question,
including links to associated concepts. Clicking on the tricuspid valve link brings up the appropriate concept view in the FME browser. Note
that the question “Where” is answered in meronymic, not topological, terms.
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els. Jonathon Bard has provided an ex-
cellent overview of the fundamentals of
such biological research ontologies
(Bard, 2003), as well as a recent larger
perspective (Bard, 2005) on anatomical
ontologies as part of “anatomics” (com-
parable to genomics for genetics and
physiomics for physiology).

Other aspects of currently develop-
ing work in in-silico biology (McCul-
loch and Huber, 2002) have provided
some potential funding prospects for
anatomical reasoning systems. One of
the long-term objectives of anatomi-
cal data organization within the Na-
tional Library of Medicine (NLM) had

been the development of “digital hu-
man” resources. Visible Human struc-
tural data were intended from the out-
set to be functionally integrated with
the FMA structural ontology and
physiological, pharmacologic, genetic
ontologies and databases (Spitzer and
Whitlock, 1998). This proposed stan-
dardized modeling resource was in-
tended to be available for the develop-
ment of advanced patient simulations
and research models.

In a preview of such a clinical sim-
ulation context, Simo and Cavazza
(2003) have demonstrated the value of
integrating a qualitative AI-based
model of shock with a video game
graphics engine to produce a 3D-mod-
eled virtual patient that can show
physical and behavioral changes on
screen. Anatomical knowledge in on-
tologies provides crucial dimensions
to such simulation, beyond the physi-
ological processes that are conven-
tionally mathematically modeled. For
example, anatomical concepts are vi-
tal for representing the localized pool-
ing of blood in internal bleeding, the
effects of localized trauma on internal
organs, and the fundamental unifying
framework for representing the whole
body, individual organs, and tissues.

Since the later 1990s, the limited
U.S. federal support for high-level
anatomy computer resource develop-
ment has all but evaporated, and the
major source of high-level anatomy-
directed funding has become the U.S.
Department of Defense Advanced Re-
search Projects Agency (DARPA) Vir-
tual Soldier Project (Fig. 7). In a
sense, the NLM’s digital humans have
been drafted. Several research groups,
including the University of Washing-
ton SIG team, are working on a Vir-
tual Soldier project that aims to de-
velop a generalizable computational
model of the thorax using FMA and
Visible Human data. Per the overall
project description, the eventual aim
is to create whole person models (ho-
lomers) that can model trauma effects
as well as serve as templates for indi-
vidual physiognomic databases.

We have designed a different type of
generalized high-level simulation sys-
tem that uses FMA with other process
rules, external databases, and experi-
mental data to create an environment
for formalized testing of experimental
models (Fig. 8) (Trelease and Park,

Figure 7. Project summary page from the Virtual Soldier Web site. Note text describing
considerations for building complex human visualization and simulation resources, including
a virtual thorax model using FMA.

Figure 8. Modular design for a network-based multilevel qualitative modeling system
incorporating FMA. The modeling system would employ intelligent translators for using
external ontologies, and experimental simulations would represent conceptual levels from
molecular and genetic processes through gross anatomical.
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2003). This extends previous research
on multilevel modeling of primary im-
mune responses, lymphocyte circula-
tion through organs, wound healing,
and genetic regulation of cell pro-
cesses (Trelease and Park, 1996; Tre-
lease et al., 1999).

CONSIDERATION OF THINGS TO
COME AND A NEW
ANATOMIST’S AGENDAS

At this point in time, it is not possible
for a computer system to pass the Tur-
ing test by engaging in a believably
human, inquiry-based electronic con-
versation about anatomy. With all the
scientific changes associated with the
development and integration of the
digital computer, we have not yet
reached the point where programs
can emulate the biological reasoning
capabilities of a bright anatomist.
Anatomists and other developers
have, however, produced many pro-
grams giving ready and visually flexi-
ble access to dynamically presented
anatomical facts and visual informa-
tion. Inquiry-based access to structural
databases (e.g., the Digital Anatomist
GAPP program) clearly demonstrates
some of the promise of the functional
intelligence embedded in a working an-
atomical ontology.

Much additional work will be re-
quired to map ontology core concepts
to the spatial and volumetric anatom-
ical information needed for develop-
ing applications such as automated
medical image analysis and recogni-
tion. Early efforts of the Digital Anat-
omist and Virtual Soldier projects
have investigated linking FMA to the
Visible Human image data set and
others, but this has added an addi-
tional, nontrivial AI problem domain
(image-based reasoning) to the al-
ready formidable challenge of emulat-
ing symbolic anatomical reasoning.

Developing cell-level ontologies also
need mapping to high-level anatomy
in order to support what has been
called “the new architectonics” (Shutt
and Lindberg, 2000). Much more
work remains to be done to mobilize
anatomical knowledge for scientifi-
cally and clinically useful things such
as simulations of embryonic develop-
ment, autosegmentation in intelligent
diagnostic image processing systems,
and intelligent educational resources.

This New Anatomist believes that
such anatomical informatics projects
are vital to continuing evolution of the
science of anatomy (Trelease, 2002).
Nonetheless, future efforts on multi-
level anatomical ontologies face over-
coming substantial challenges related
to funding, development methods,
and the need for appropriate project
objectives.

The first challenge could be stated
quite simply: Who will pay for this
continuing research and develop-
ment? The days of large anatomy-cen-
tered projects like the Digital Anato-
mist and Visible Human are past, as
biomedical research funding has fo-
cused predominantly on the subcellu-
lar and service to a number of politi-
cally declared national funding
priorities (e.g., the conquest of can-
cer). In the current multidisciplinary
research environment, anatomists
must be part of a team focusing on a
larger issue of which anatomy may be
a small or circumscribed component.
Fortunate in this regard, some aca-
demic research groups that partici-
pated in previous Visible Human-re-
lated projects have found continuing
support as vital anatomy components
in DARPA’s Virtual Soldier project.
However, without widespread, well-
defined interest in high-level struc-
tural expertise, there will be few re-
sources available and little effort
expended to further development of
anatomical informatics resources.
With a scarcity of informatics-sophis-
ticated anatomists, the remaining
projects may have structural logic and
knowledge defined by computer scien-
tists or other non-domain experts.

As in the past, some combination of
private funding from philanthropies,
publishers, and local sources may pro-
vide a modest impetus for develop-
ment. Certainly, a number of comput-
er-based educational development
projects have benefited from such
support. Terminologia Anatomia, as
another example, has been aided by a
combination of various donors, in-
cluding publishers. However, as with
other historical anatomy develop-
ments (including Visible Human edu-
cational spin-off projects), the largely
voluntary implementation work of in-
dividual anatomists may be the key to
advancement of machine-based ana-
tomical reasoning resources.

This points to the second challenge:
implementing effective methods for
developing and managing anatomical
knowledge resources. While individ-
ual anatomist-developers can readily
use FMA as a mature foundation for
less resource-intensive program de-
velopment, substantial informatics
projects usually rely on a critical
mass of skilled workers. The decline
of anatomy graduate and postdoc-
toral programs has unfortunately re-
duced or eliminated a pool of new
likely participants. However, some
promise may lie in adopting an or-
ganized, voluntary Open Source
project organization (like that which
has worked for Linux development)
to link the voluntary efforts of mul-
tiple developers. User groups, in a
different approach for pooling
knowledge, have advanced the devel-
opment and support of a variety of
software projects, including Protégé.
However, given other concerns
about intellectual property rights
(e.g., the ownership of Terminologia
Anatomica by Federative Interna-
tional Committee on Anatomical
Terminology (FICAT)) and the inter-
ests of constituent international
anatomy organizations (including
the American Association of Anato-
mists), an Open Source-like ap-
proach would require substantial
political activity to achieve consen-
sus status and a critical mass of par-
ticipants.

Probably the greatest challenge is
choosing useful and appropriate
projects with well-defined design ob-
jectives. At some level, applications
for prospective extramural support
customarily define a priori a project’s
valued deliverables and the minimum
number of personnel needed for suc-
cess. For the single developer or small
group contributor, this translates into
a need for choosing circumscribed
projects that can achieve notable suc-
cess with few other participants.
Again, the current environment with
FMA and readily accessed Web-based
MySQL core provides considerable
programming and development lever-
age, facilitating the rapid implemen-
tation of working applications. A
small number of individual investiga-
tors have in fact contributed signifi-
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cantly to the ongoing development
and advances in AI and computer sci-
ences.

Rosse has long emphasized the ed-
ucational value and potentials of
structural image databases and ana-
tomical knowledge mobilized on net-
worked computers (Rosse, 1995). As
previously noted, the success of small
educational projects has yielded
greater visibility for anatomy develop-
ers. This has occurred even in envi-
ronments where the lack of wide-
spread integration of the touted
Visible Human resources may have
created skepticism about the real
promises of technology. Upcoming
anatomical reasoning projects may
thus want to focus on a restricted
knowledge domain in order to deliver
successful educational tools. A suc-
cessful project might focus on devel-
oping an intelligent tutoring module
for a single system or region, such as
the head and neck. To be sure, even
this is a nontrivial endeavor requiring
considerable educational psychology
and multimedia expertise, but there
would be great scientific precedent
and technical value in designing a sys-
tem that could dynamically infer stu-
dent knowledge gaps and present ap-
propriate multimedia lessons.

Given the substantial value of anat-
omy ontologies, New Anatomists
should consider working on additional
related consensus activities needed to
support access to standardized anatom-
ical knowledge resources in the evolv-
ing biomedical sciences environment.
Ontological databases can be repre-
sented in XML, and with it, ontologies
can be mobilized for Web use or se-
mantic Web development. Standard-
ized XML “dialects” for individual bio-
logical sciences are another important
developing conduit for integrating their
knowledge in practical use. Gene Ontol-
ogy, for example, is available as XML.
Since other biological XML dialects
have been developed based on a volun-
tary consensus-standardization effort,
the same should be recommended for
anatomy. Again, considering the FICAT
model, perhaps a similar standards
group should be established for an
anatomy XML. It is certainly possible to
translate the FMA into XML without an
international consensus standard, al-
though MySQL is a more compact and
manageable host medium.

Given the scarcity of appropriate
structural research funding and the
decline of scholarly anatomy depart-
ments and graduate programs, ana-
tomical ontology efforts face some
risk of becoming textbook examples
of cardinal reasons for building an AI
expert systems. As Waterman (1986)
noted earlier in the AI era, the tremen-
dous effort of compiling a compre-
hensive knowledge-based expert sys-
tem can be justified if the domain’s
expertise is becoming increasingly
rare or at risk of being lost. Perhaps
with the combined efforts of infor-
matics-savvy scholars, the dual lega-
cies of Aristotle will yet be passed on
to new generations in the forms of
human expert anatomists empowered
with machine-usable knowledge.
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