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Abstract

Objective: The objective of this paper isto demonstrate how a formal spatial theory can be used as an important
tool for disambiguating the spatial information embodied in biomedicd ontologies and for enhancing their auto-
meatic reasoning capabilities.

Method and Materials. This paper presents a formal theory of parthood and location relations among individuals,
called Basic Inclusion Theory (BIT). Since biomedical ontologies are comprised of assertions about classes of
individuals (rather than assertions about individuals), we define parthood and location relations among clases in
the extended theory BIT+Cl (Basic Inclusion Theory for Classes). We then demonstrate the usefulnessof this
formal theory for making the logicd structure of spatial information more precise in two ontologies concerned
with human anatomy: the Foundetional Model of Anatomy (FMA) and GALEN.

Results: We find that in both the FMA and GALEN, classlevel spatial relations with different logica properties
are not always explicitly distinguished. As aresult, the spatial information included in these biomedical ontolo-
gies is often ambiguous and the passbili ties for implementing consistent automatic reasoning within or across
ontologies are limited.

Conclusion: Precise formal charaderizations of al spatial relations assumed by a biomedical ontology are neces-
sary to ensure that the information embodied in the ontology can be fully and coherently utilized in a
computational environment. This paper can be seen as an important beginning step toward acdhieving this goal,
but much more work is dongthese lines is required.
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1. Introduction

Spatial reasoning is a centra component of medical research and practice and must be incorporated into any
successful medica informatics program. The spatial concepts most often used in biology and medicine ae not
the quantitative, point-based concepts of classcd geometry, but rather quditative relations among extended ob-



quantitative, point-based concepts of classcd geometry, but rather qualitative relations among extended objeds
such as body parts. The purpose of this paper isto propase aforma basis for the kind of qualitative spatial rea-
soning that is found in biology and medicine. We focus in this paper only on the most basic qualitative spatial
relations—parthood and location relations. But the general approach taken here can be extended to also include
other, more cmplex, quditative spatial relations which are important in biomedica reasoning such as adjacency,
connededness and continuity.

Spatial reasoning in biology and medicine mncerns either individuals or classes of individuals. By an individual
(also cdled a particular or an instance), we mean a concrete entity which, at ead moment of its existence, occu-
pies aunique spatial location. Individuals can be ather materia (my liver, your brain) or immeateria (the cavity of
my stomach), where material individuas are here understood as those individuals with a positive mass and im-
material individuals are those individuals with no mass Individuals are distinguished from classes (also called
universals, kinds, or types) which may have, at each moment, multiple individual instances. Examples of classes
are Liver (the classwhose instances are individual livers) and White Blood Cell (the classwhose instances are
individual white blood cells). (Throughout this paper, we use italics and initial capitals for class names.) Al-
though with time classes may gain and lose instances (when, e.g., white blood cells are aeated or die), the dass
itself does not change its identity. In the design of biomedicd ontologies, a special challenge is presented by the
need for asociating spatial relations with classes, since in redity such relations hold only among individuals (see
below).

In recent yeas, much work has been done on constructing formal theories that model reasoning about qualitative
spatial relations among individuas [1-4]. A mereology is a formal theory of parthood and of relations--such as
overlap (having a common part) and dscreteness (having no common part)--defined in terms of parthood. Since
its relations apply directly to concrete individuals and require neither quantitative data nor mathematical abstrac-
tions (points, lines, etc), amereology isa natural basis for qualitative spatial reasoning in medicine.

In Section 2 of this paper, we present an extended mereology, Basic Inclusion Theory (BIT), which includes lo-
cation relations in addition to the usual mereological relations. By location relations, we mean relations that de-
pend only on the locations of relevant individuals and not on whether they share parts. Though not incorporated
into most mereologies, the distinction between mereologica relations and location relations is crucia for medi-
cine since human bodies include immeterial spaces (cavities and lumina) which have no material parts but which
may contain material structures or substances. For example, a parasite (a material entity) may be locaed in an
intestinal lumen (an immeterial space) but the parasite is not itself part of the lumen or of the intestines and does
not share parts with them. Similarly, a portion of blood (a material substance) currently located in the cavity of
my right ventricle (an immeterial space) is not part of the right ventricle or its cavity.

All mereologies, including BIT, apply directly only to individuals such as my stomach or the lumen of a particu-
lar patient’s snall intestine. A more complicated form of qualitative spatial reasoning -- reasoning about relations
among classes of individuals -- is also common in medica contexts. In canonicd anatomy, we find assertions
such as "the somach is continuous with the esophagus’, "the right ventricle is part of the heart” or "the brain is
contained in the cranial cavity". As is emphasized in [5], it is important to distinguish these sorts of assertions
from claims about relations among individuals (e.g. "patient X’s right ventricle is part of patient X’s heart" or
"my stomach is continuous with my esophagus”).

Since they apply to multiple individuals, the dass-level relations are defined formally in terms of relations among
individuals using universal quantification. For example, [5] uses universal quantification and a mereologically-
formalized parthood relation to define relations among classes corresponding to the use of "part of" in assertions
of canonical anatomy such as "the right ventricle is part of the heart”. In Section 3 of this paper, we show how
the same strategy can be used to define dasslevel versions of any relations among individuals, including al rela-
tions of BIT. Here we develop an extension of BIT, caled Basic Incluson Theory for Classes (BIT+Cl), which



formally characterizes mereological and location relations among classes. In Section 4, we examine the logical
properties of the defined class relations. We find that different versions of the dass relations have significantly
different logicd properties. We dso see that several important logical properties of the individual relations do
not transfer automaticaly to the corresponding class relations. Thus, though a strong formal theory of relations
among individuas is a necessary foundation for aformal theory of relations among class, it isimportant to also
investigate the distinct logical properties of the dass relations and to determine how they behave with respect to
particular kinds of classes.

A formal analysis of relations among classes, such as that presented in BIT+Cl, is critical for the development
and aignment of biomedica ontologies including the Foundational Model of Anatomy (FMA) [6], GALEN [7,
8], and the Gene Ontology (GO) [9], as well as terminologies gich as the Systemized Nomenclature of Medi-
cine-Clinicd Terms (SNOMED-CT) [10] and the Unified Medicd Language System (UMLS). These ontologies
and terminologies consist mainly of claims about relations among biologicd classes. For example, in the FMA,
we have assertions such as. Right Ventricle part_of Heart; Liver contained_in Abdominal Cavity. In GALEN,
we have: Left Heart Ventricle isDivisionOf Heart; Liver isContainedIn Abdominal Cavity. (Throughout this
paper, we use Arial font for the relations of specific ontologies.)) By establishing links between their relation
terms and the relations of a formal theory, the developers of a biomedica ontology can ensure that all curators
use their relation terms consistently within the biomedica ontology and make the meanings of their relation
terms clea to outside ontologists. In particular, formal analyses of the relation terms in the FMA and GALEN
are needed to determine whether these ontologies attribute the same meanings to smilar terms (e.g. the FMA'’s
contained_in vs. GALEN’s isContainedIn). In addition, forma anayses of relation terms are required for
strong, congstent automated reasoning within the ontologies. In Section 5 of this paper, we use BIT+CI to ana-
lyze and compare the most general of the parthood and containment relations in the FMA and GALEN. We
show how predse and consistent characterizations of these relations would improve the darity of the information
embodied in these ontologies and lead to stronger automated reasoning capabilities.

Because we focus at the end of this paper on the FMA and GALEN, our discusson throughout the paper con-
centrates on examples from human anatomy. However, the formal theory developed here is very general and can
be used to for reasoning about other kinds of classes of spatially or spatio-temporally located individuals (e.g.
classes of chemical substances or classes of diseases). In a different context, BIT+Cl could be used to describe
sub-processes of diseases or components of chemicd substances.

2 Mereological and Location Relations among I ndividuals

Several different mereologies have been proposed in recent literature, for example [1, 2, 4]. Mereologies have
been extended to include also location relations in [3, 11]. In this sedion, we present a verson of the formal
theory of [3] and discuss how it can be used to model medical reasoning about individual human bodies and the
parts and occupants of those bodies. We present the basic axioms, definitions, and theorems in sedions 2.1 and
2.2. We cadll the formal theory consisting of these axioms and definitions Basic Inclusion Theory (BIT).

Notice that mereologica and location relations may hold between individuals at some times but not at other
times. For example, the sinus venosus was part of my heat at an earlier developmental stage but no longer ex-
ists. Fully formed organisms also gain and lose parts: blood cdls that are part of my body today will not be part
of my body in twenty days. However, for reasons of simplicity, mereologies typically do not ded with time and
change. We will follow that procedure and trea mereological and location relations throughout this paper as
time-independent relations. The theory thus developed here describes, within a given time-frame, a static spatial
arrangement of individuals. An important projea for further work isto incorporate time and change into our the-
ory. Some progressis being made in this diredion [12, 13].



2.1 Mereological Relations

In this section, we introduce the basic mereologicd relations, axioms, and theorems. The theory is formulated in
first-order predicate logic with identity.

Parthood (symbolized as “P’) isthe relation that holds between two individuals, x and y, whenever x is part of
y. In the mereologies of [3, 4, 11], parthood is treated as a primitive relation. This means that, instead of being
defined, axioms fixing the logical properties of the parthood relation are built into the theory. The parthood rela-
tion must then be interpreted in applications in away that conforms to these aioms. Axioms that are included in
nearly every mereology are:

(P1)" Pxx (every object is part of itself)?
(P2) Pxy & Pyx - x =y (if xispart of y and y is part of X, then x and y are identical)
(P3) Pxy & Pyz — Pxz (if xispart of y and y is part of z, then x is part of z)

(P1) tellsusthat Pisreflexive (P2) tells usthat P is antisymnetric, and (P3) tellsus that P istransitive. Thus, P
is a partial ordering (a reflexive, antisymmetric, and transitive binary relation). Axioms (P1)-(P3) are not very
strong. They cannot distinguish the parthood relation from other partial orderings such as the lessthan-or-equal-
to relation on the real numbers or the is-a-factor-of relation on the positive integers. For this reason, most
mereologies include additional axioms which further restrict the parthood relation [14]. We suggest a few addi-
tional axioms that seem appropriate for anatomical reasoning in Section 2.3.

Proper parthood and overlap are binary relations among individuals that are defined in terms of parthood.

Proper Parthood: x isaproper part of y, if x isany part of y other than y itself. Symbolically:
PPxy =: Pxy & x 2 y.
For example, my hand is a proper part of my body. My body is a part of itself, but it is not a proper part of itself.

Overlap: x and y overlap, if there is me object, z, that is part of both x and y. Symbolically:
Oxy =: [z (Pzx & Pzy).
My bony pelvis and my vertebral column overlap: my sacrum and my coccyx are part of both.

Inverse Relations: Inverses of the relations above may be introduced. The inverse of abinary relation Sisthe
binary relation S* defined: S'xy if and only if Syx. (Here, Scan be any binary relation, including a relation
among clases such as those introduced in Section 3. However, we focus now only on binary relations among
individuals.) Thus, PP'xy if and only if PPyx. For example, PP*(my heat, my right ventricle) tells us that my
heart has my right ventricle a one of its proper parts.

Notice however that when Sis asymmetric relation (i.e. for al x and y, Sxy if and only if Syx), S* is the same
relation as S For example, the overlap relation is symmetric and, therefore, isits own inverse (O™ = O).

Additiond relations (and their inverses) can be easily introduced into a mereology, but will not be cnsidered in
this paper. For example, we @uld say that two individuals are discrete when they do not overlap (e.g. my brain
and my cranid cavity are discrete) and that two individuals properly overlap when they overlap but neither is
part of the other (e.g. my bony pelvis and my vertebra column properly overlap).

Basic M ereological Theorems: Because BIT isformulated in first-order predicate logic, we Gan derive an infi-
nite number of additional formulaefrom the axioms and definitions of BIT. These alditiona formulae are the

! Axioms goecific to the parthood relation are labeled with a"P".
2 Throughott this paper, initial universal quantifiers are dropped uriessthey are needed for clarity.



theorems of BIT. Most of the theorems of any theory are uninteresting reformulations of the aiioms and defini-
tions. But some ae important logica consequences of the aioms and definitions that may not be obvious.

Even BIT s relatively weak mereological axioms yield interesting theorems. Theorems siuch as the following are
useful for distinguishing the different mereological relations and for deriving additiona assertions from one or
more input assrtions about the mereological relations holding between specific individuals.

(PT1)° PPxy & PPyz - PPxz (proper parthood is transitive)
(PT2) PPxy —» ~PPyx (proper parthood is asymmetric: if x isa proper part of y, theny isnot a proper part of x)
(PT3) ~PPxx (proper parthood isirreflexive: nothing is a proper part of itself)
(PT4) Oxy - Oyx (overlapis ymmetric: if x overlapsy theny overlaps x)
(PT5) Oxx (overlap isreflexive: everything overlaps itself)
(PT6) PPxy — Oxy (if x isaproper part of y, then x overlapsy)
(PT7) Oxy & Pyz - Oxz (if x overlapsy andy is part of z, then x overlaps z)
For example, (PT1) tells usthat from:
patient x’s left ventricle is a proper part of patient x's heart
and
patient xX’s aortic vestibule is a proper part of patient X’s left ventricle
it follows that
patient X’s aortic vestibule is a proper part of patient x's heart.

2.2 Location Relations

Basic Inclusion Theory needs to be further extended to include also location relations among individuals. We can
already say something about the relative location of two objects using mereological relations: if x is part of vy,
then xislocated iny in the sense that x’s location isincluded in y's location. Also, if x and y overlap, then x and
y partially coincide in the sense that X’ s locaion and y’ s location overlap. The location relations enable us to, in
addition, describe the relative location of objects that may coincide wholly or partialy without being part of one
another or overlapping. A parasite in the interior of a person’s intestine is located in the lumen of his intestines,
but it is not part of the lumen of his intestines. As another example, my esophagus partially coincides with my
mediastina space, but does not overlap (i.e. share parts with) my mediastinal space.

Human bodies have not only material parts (livers, heats, etc) but also immaterial parts such as passageways and
spaces (the lumen of an esophagus, the cvities of the ventricles of a heat, an abdominal cavity) through which
substances pass and in which anatomicd structures are located. Since the material entities which are temporarily
or permanently located in these spaces and passageways never share parts with them, mereologicd relations are
not useful for describing the positions of material individuals relative to spaces and passageways. For these rea-
sons, anatomical reasoning requires location relations distinct from mereological relations [15-18].

In both [3] and [11], all location relations are introduced in terms of a region function, r, that maps eacd individ-
ual to the unique spatial region at which it is exactly located at the given moment. Spatial regions are here &
sumed to be the parts of an independent background space in which al individuals are located. Because we are
abstrading from temporal change and, in particular, from movement, we treat r as a time-independent primitive
function. BIT’s axioms for the region function are & follows.

(LD)* Pxy — Pr(x)r(y) (if x is part of y, then X sregion is part of y’s region)

(L2) r(r(x)) =r(x) (x'sspatial region isitsown spatial region)

The locaion relations are defined using the region function and mereological relations.

% Theorems which can be derived from just the mereological axioms of BIT are labeled with "PT".
* Axioms gecific to the region function are labeled with "L".



Located In: x islocated iny if X’sregionis part of y’'s region. Symbolicaly:
Loc-In(x, y) =: Pr(X)r(y).
For example, my brain islocated in (but not part of) my crania cavity. A parasite may be located in (but not part
of) a patient’ s intestinal lumen.
Partial Coincidence: x and y partially coincideif x’s gatial region and y's Patial region overlap. Symbolicaly:
PCoin(x, y) =: Or(x)r(y) .
For example, my esophagus partially coincides with my mediastinal space. Notice that here the stronger relation
Loc-In does not hold. My esophagus’ region is not part of the region of my mediastinal space since part of my

esophagus lies outside of my mediastinal space. As another example, a bolus of food that is just beginning to en-
ter my ssomach cavity partialy coincides with (but is not located in) my stomach cavity.

Inverse Relations: Inverses of the relations above may be introduced. For example, x stands in the Loc-In™ to y
if and only if Loc-In(y,x). Thus, Loc-In*(my crania cavity, my brain) tells us that my brain is located in my cra-
nial cavity.

Figure 1 is a composite of different configurations of the individuals x and y which can be distinguished in BIT.
Below each component of the figure, we list: first, the strongest relation (or conjunction of relations and their
negations) which holds from x to y; second, the strongest relation (or conjunction of relations and their nega-
tions) which holds fromy to x; and third, an example of two anatomicd indviduals that stand in these relations.”
A solid line separating x and y indicaes that x and y do not share any parts. A dotted line separating x and y in-
dicates that x and y do share parts.

m——= P

// /'\ AN
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I'I I'I \\ \\
1 1
Y vy
\\ \\ // //
\\\\\ /\)\/\\ ////
Oxy
PPxy Oyx
PPlyx (e.g. x ismy vertebral
(e.g., x ismy left ventricle column andy ismy
and y is my heart) bony pelvis)
PCoin(x, Y)
OPCain(y, x)
(e.g. xismy heart and y ismy
liver)

Loc-In(x, y) & toxy PCoin(x, y) & COxy

Loc-In(y, x) & [Oyx )
(e.g. xisabolus of food and y _PCom(y, X) & [y .
is my stomach cavity) (e.g. x ismy esophagus andy is my
v y mediastinal space)

Figure 1: Basic Spatial Incluson Theory (BIT) relations

® Note that the shapes of the drawings are not intended to correspond to the shapes of the individuals used as examples.



As with the mereological relations, additional location relations could be essily added to BIT, but will not be
considered in this paper. For example, we could say that two individuals are non-coincident if they do not par-
tially coincide (e.g. my heart and my liver are non-coincident).

Theorems Involving L ocation Relations: From the aioms and definitions of BIT, we can derive the following
theorems concerning the location relations.

(LT1)® Loc-In(x, X) (the located in relation is reflexive: every individual is located in itself)

(LT2) Loc-In(x, y) & Loc-In(y, z2) — Loc-In(x, z) (thelocated in relation is transitive: if x islocated in y and y
islocated in z, then xis located in z)

(LT3) Pxy - Loc-In(x, y) (if x ispart of y, thenx islocaed iny)

(LT4) PPxy — Loc-In(x, y) (if x isaproper part of y, then xislocated in y)

(LT5) Loc-In(x, y) & PPyz — Loc-In(x, z) (if x islocated iny andy isa proper part of z, then x islocated in z)
(LT6) PPxy & Loc-In(y, z) - Loc-In(x, z) (if x isaproper part of y and y islocated in z, then xislocated in z)
(LT7) PCoin(x, x) (partial coincidenceis reflexive)

(LT8) PCoin(x, y) —» PCain(y, X) (partial coincidenceis symmetric)

(LT9) Oxy — PCoin(x, y) (if x and y overlap, then x andy partialy coincide)

(LT20) Loc-In(x, y) — PCoin(x, y) (if x islocated iny, then x partialy coincides with y)

Using, for example, (LT5) we @an derive:
patient X’s heat islocated in patient X’ s thoradc cavity
from
patient X’s heat islocated in patient x’s middle mediastinal space
and
patient X's middle mediastinal space is a proper part of patient X’ sthoradc cavity.

2.3 Additional Axioms

BIT’ srestrictions on the mereological and location relations are rather weak. In particular, they are significantly
weaker than those of the theories presented in [1-4, 11]. As pointed out in Sedion 2.1, axioms (P1) - (P3) can-
not distinguish the parthood relation from very different partial orderings, such as the lessthan-or-equal-to rela-
tion on the red numbers. The logicd properties of BIT’ s other relations are dso only loosely constrained.

The purpose of this subsection isto briefly give afew examples of axioms that might be added to BIT to further
restrict the interpretations of itsrelations. It is important for the developers of a biomedicd ontology to attempt
to link their relational terms to the relations of a strong formal theory. Even if additional axioms, such as those
listed here, are too complex to be implemented in an automated reasoning system, they can serve & guides to the
curators of the ontology and more predsely convey the intended understanding of the relationa terms to outside
ontologists.

We mention here only restrictions that can be placed directly on the mereological relations. These restrictions
would in turn affect the other relations snce the other relations are d delimited in terms of the parthood rela-
tion. For further examples of possble alditional axioms (including axioms that apply diredly to location rela-
tions) see[3, 11, 14].

® Theorems that are derived using the region function axioms are labeled with "LT".



The following pinciple annot be derived from the aiioms and definitions of BIT, but embodies an important
intuitive asumption about the mereological structure of concrete individuals such as body parts.

(*P4)" PPxy — [z(PPzy & [0zx) (if x isaproper part of y, then there is me proper part z of y that does not
overlap x)

(*P4) tellsusthat if an individual y has a proper part x then, since x does not comprise al of y, there must be &
least one proper part z that makes up some of what thereisto y besides x. For example, since my right ventricle
isaproper part of my heart, there must be at least one proper part of my heart that does not overlap my right
ventricle. In fact there ae several proper parts of my heat that do not overlap my right ventricle: my left ventri-
cle, my right and left atriums, my mitral valve, my aortic valve, and so on.

If added to BIT, (*P4) would allow usto derive the following theorem which prohibits individuals from having
only one proper part.

(*T1) PPxy — [z(PPzy & z # x) (if x isa proper part of y, then y has ome proper part besides x)

The following stronger axiom can be alded to BIT instead of (*P4):

(*P5) If x isaproper part of y, then y has proper parts x,, ..., X, such that none of x, X, ..., X, overlap and y isthe
sum of X, Xi, ..., Xn."

(*P5) tells us, for example, that sincethe body of my stomadh is a proper part of my stomach, my stomach must
have other proper parts, namely, the fundus of my sscomach and the pylorus of my stomach, such that none of
these parts overlap and, taken together, the three parts add up to my whole stomach. (In this case, we can say
that the colledion consisting of the body of my ssomach, the fundus of my ssomach, and the pylorus of my stom-
ach form a partition of my ssomach. See [13] for aformal treament of partitions.)

Asafinal example, BIT could be further strengthened by the addition of the following axiom.
(*P6) Uylx PPxy (for every individual y there is some individual x such that x isa proper part of y)

(*P6) tells us that every individual has ome proper part. For example, my heart has millions of cdls as proper
parts. The cdls have membranes, cytoplasm, and nuclei as proper parts. And so on.

3. Relations among Classs
The a<ertions of canonical anatomy such as
the right ventricleis part of the heart
or
the brain is contained in the aania cavity

are not limited to specific individuals but rather apply to all instances (or al normal instances) of the related ana-
tomical clases. On one interpretation, the first assertion tells us roughly that any right ventricle is part of a heat
and any heart has aright ventricle a apart. The second assertion can be interpreted as sying roughly that any
brainis contained in a aanial cavity and any cranial cavity contains a brain. Thus, these general statements imply
that certain spatial relations hold among very many specific individuals.

"Thelabels for all additional axioms and theorems begin with an asterisk (*). The reader should keep in mind that these acioms are not included
in BIT and these theorems cannot be derived from the a<ioms of BIT.

8 (*P5) can be gproximated formally, but the necessary formula is long and tedious and requires more formal machinery than we have i ntroduced
in this paper.



The purpose of this sction isto present ageneral procedure for extending a formal theory of spatial relations
among individuas, such as BIT, to aso include relations among classes corresponding to those made use of in
the two assertions above.

3.1. Thelnstantiation Relation

Since spatial relations hold direaly only among concrete individuals, "spatial" relations among classes, such as
those assumed in the as<ertions of canonical anatomy, must be defined in terms of spatia relations among the
individual instances of the dasses. Thusto define parthood and location relations among classes, we require, in
addition to the relations of BIT, arelation that links a dassto itsindividual instances. We use here the time-
independent instantiation relation, Inst, of [5]. For atime-dependent version of thisrelation, see [13].

Following [5], we alopt the convention of restricting the variables x, y, z to individuals and using the variables
A, B, C, D for classes. All quantification is restricted to either the sub-domain of individuals or the sub-domain
of classes. Restrictions on quantification are not stated explicitly but can be understood from conventions on
variable usage.

For simplicity, we assume throughout the remainder of this paper that all anatomicd classes are restricted to hu-
man anatomy, athoughwe do not usually explicitly mention this restriction. Thus, Heart is the dassof all human
hearts, White Blood Cell isthe dassof all human white blood cdls.

The binary relation Inst holds between an individual x and a dassA if x isan instance of A. In this case, we write
Inst(x, A).

For example, Inst(my heat, Heart) and Inst(my cranial cavity, Cranial Cavity).

Axioms for the instantiation relation include the following.

(11)° Ox Inst(x, A) (every classhas me member)

(12) OA Inst(x, A) (every individua is a member of some dass)

The Is_a subsumption relation between classes plays a key structuring role in most biomedicd ontologies. It can
be defined in terms of Inst as follows.

Is a(A, B) =: Ox( Inst(x, A) - Inst(x, B))

This definition tellsusthat Is_a(A, B) (A is subsumed by B) means: every instance of A is aso an instance of B.
For example Is_a(White Blood Cell, Cell) and Is_a(Heart, Organ).

We @n also use the Inst relation and the overlap relation (O) of BIT to define aproperty of classes which will
turn out to be useful in our discusgon of the logica properties of class relations below (Section 4). We will say
that classA isdiscreteif and only if no two instances of A overlap one another. Symbolicaly:

Discrete(A) =: Ox Oy(Inst(x, A) & Inst(y, A) & x #y — [Oxy)

Most familiar examples of anatomical classes are discrete dasses. For example, Heart, Liver, Cranial Cavity,
and Cell are all discrete dasses-- two distinct hearts do not overlap, two distinct livers do not overlap, and so on.
Examples of non-discrete dasses include many general classes such as Anatomical Structure, Organ System, or
Subdivision of Skeletal System (my alimentary system and my respiratory system are overlapping organ systems,
my bony pelvis and my vertebra column are overlapping subdvisions of my skeletal system) and substance
classes such as Blood or Urine (the portion of blood that is currently in the right side of my heat overlaps the
portion of blood that is currently in my right ventricle).

Notice that if aclassA isdiscrete, then so are dl of its subclasses.
(IT1) Discrete(B) & Is a(A, B) — Discrete(A)

® Axioms for the instantiation rel ation are labeled with "I". Theorems are |abeled with "IT".



Thus, for example, since Cell is adiscrete class the subclasses of Cell (Epithelial Cell, Muscle Cdll, Neural
Cell, and so on) are dl discrete dasses.

3.2 Spatial Relations between Classes

Let T be ay formal theory whose domain isrestricted to individuas. T can be, for example, BIT or any other
formal theory of spatial relations among individuals. (In particular, T can be a extension of BIT which includes
more relations or more aiomsthan BIT.) T+Cl is the formal theory whose domain includes all individuals in the
domain of T plus classes of those individuals. The aioms of T+Cl arethe aiioms of T plus axioms (11)-(12). For
example, the aioms of BIT+Cl are (P1)-(P3), (L1)-(L2), and (11)-(12).

Let Rbe awy binary relation from T. Risthen areation on individuals -- for example, the parthood relation (P),
the overlap relation (O), the located in relation (Loc-In), or any of the other relations of BIT. In T+Cl, we can
use R and the ingtantiation relation to define the following three relations among classs. (See &so [5, 13, 19]
where these distinctions are made for different versions of classparthood relations. [20] uses description logic
for distinguishing versions of class parthood relations.)

Ri(A, B) =: Ox (Ing(x, A) - Oy( Inst(y, B) & Rxy))
Rx(A, B) =: Oy (Inst(y, B) — X( Inst(x, A) & Rxy))
Rlz(A, B) = Rl(A, B) & Rz(A, B)

R, classrelations placerestrictions on al instances of the first argument. R;(A, B) tells us that somethingistrue
of dl A’s-- each A stands in the R relation to some B.

R; class relations place restrictions on all instances of the second argument. Rx(A, B) tells us that something is
trueof al B’s-- for each B thereis me A that standsin the R relation to it.

Ry, class relations place restrictions on all instances of both arguments. R;x(A, B) tells us that something istrue
of al A’sand something elseistrue of dl B's- each A stands in the R relation to some B and for each B there is
some A that stands in the Rrelation to it.

As an example, we consider how three such classleve relations are defined when R is the proper part relation
(PP).

PP; isthe relation that holds between classA and class B if and only if every instance of A isa proper part of
some instance of B. For example, every instance of Human Female Reproductive Systemis a proper part of
some instance of Human Being. Thus, PP;(Human Female Reproductive System, Human Being).

PP, isthe relation that holds between class A and class B if and only if every instance of B has some instance of
A asaproper part. For example, every instance of Heart has an instance of Cell as a proper part. Thus,
PP,(Cell, Heart). But notice that PP,(Human Female Reproductive System, Human Being) does NOT hold,
since not al human beings have female reproductive systems. Also noticethat PP;(Cell, Heart) doesNOT hold,
since not al cells are part of aheat.

PP, isthe relation that holds between class A and class B if and only if: i) every instance of A isa proper part of
some instance of B and ii) every instance of B has ome instance of A as a proper part. For example, every in-
stance of Human Nervous Systemis a proper part of some instance of Human Being and every instance of Hu-
man Being has some instance of Human Nervous System as a proper part. Thus, PP;x(Human Nervous System,
Human Being). By contrast, neither PP;x(Human Female Reproductive System, Human Being) nor PP;(Cell,
Heart) hold.

A few examples of assertions using other relations defined on classes are the following:



O12(Bony Pelvis, Vertebral Column) (every bony pelvis overlaps sme vertebra column and every vertebral col-
umn overlaps ome bony pelvis)

O1(Male Genital System, Urinary System) (every male genital system overlaps ome urinary system)
O,(Genital System, Male Urinary System) (every male urinary system overlaps some genita system)

Loc-Im,(Brain, Cranial Cavity) (every brainislocated in some aanial cavity and some aanial cavity hasabran
located in it)

Loc-1nx(Blood, Cavity of the Right Ventricle) (blood islocated in every cavity of aright ventricle)

PCoin,»(Esophagus, Mediastinal Space) (every esophagus partially coincides with some mediastinal space and
every mediastinal space partiadly coincides with some esophagus)

For the purposes of this paper, we assume that assrtions such as the following hold:
PP1(Cell Nucleus, Cell) (every cdl nucleus is aproper part of some cell)

PP12 (Thumb, Hand) (every thumb is a proper part of some hand and every hand has ssme thumb as a proper
part).

To be precise, not every cell nucleusis part of a cell -- a cell nucleus can be removed from acdl. But normally
cell nuclei are parts of cells.*® Similarly, not every thumb is part of ahand and not every hand has a thumb as a
part, but normally thumbs are proper parts of hands and hands have thumbs as proper parts. Canonical anatomy
is concerned with anatomically normal individuals and not with aberrant cases. In a full theory of anatomical
classes, we will need a variant of the Inst relation (the normal-instance-of relation) that can distinguish the nor-
mal from abnormal instances of a class But such arelation involves complications which go beyond the scope of
this paper. We do not dea here with abnormal instances of anatomical classs. In other words, we assume that
the domain of our theory isrestricted to anatomicaly normal individuals. This palicy is consistent with the
treatment of anatomicd classes in the FMA. It also fits the treatment of classes of normal body parts (subclasses
of Intrinsically Normal Body Structure) in GALEN.

Finally, we note briefly that other strengths of classrelations can be defined in terms of binary spatial relations on
individuals using either universal or existential quantification. For example, a much stronger type of classrelation
than Ry, Ry, or Ry, would hold between clasees A and B only when all A’s gand inrelationRto all B's. A
weaker type of classrelation than Ry, R, or R;> would hold between classes A and B when some A’s gand in
relation Rto some B’s. (See[19] for other posshilities.) We do not explore such varieties of classrelationsin
this paper because they are not useful for analyzing (in Sedion 5) the aurrent state of parthood and location as-
sertions for canonicd anatomy in the FMA and GALEN. But such classrelations could be useful either in some
other context or for expanding the type of anatomical information currently in the FMA and GALEN.

4 Reasoning about Relations among Classes

The adioms and cefinitions of BIT fix the logicd properties of the spatial relations among individuals introduced
in that theory. However, most biomedical ontologies ded with relations between anatomical classes and not with
relations between individuals. We ae thus particularly interested in determining the logicd properties of class
relations such as those introduced by the definition schemas of Subsections 3.2.

10 Notice, however, that there ae some cells (red bload cells) that do nd normally have nuclei. Thus, even if we limit our domain to namal ind-
viduals, PR(Cdl Nucleus, Cell) does not hald.



In this sction, we discussthe logical properties of the R;, R,, and Ry, types of class relations. Section 4is di-
vided into two parts. Subsedion 4.1 considers how the logica properties of the dassrelations correspond to the
logicd properties of the underlying relations among individuals. Subsection 4.2 focuses both on the interaction
between Ry, R;, and Ry, relations and on the interaction between each of these relations and the Is_a (class sib-
sumption) relation. Throughout the sedion, we keep the discusson as genera as possble, giving results that ap-
ply to T+Cl where T isany underlying forma theory of relations among individuals. But we frequently focus on
BIT+CI for specific examples and list theorems of BIT+CI that are useful for our discusson of the FMA and
GALEN in Section 5.

4.1 Transferring Properties of Individual Relationsto Class Relations

Let T be, asabove, any formal theory of relations among individuals. We @nsider here which of the logica
properties of the relationsin T are inherited by the defined class relationsin T+Cl. For example, if the relation R
in T isastrict partial ordering -- irreflexive, asymmetric, and transitive (asis the relation PPin BIT) -- doesiit
follow that in T+Cl that R, R,, and Ry, are aso strict partial orderings? The answer is: not necessarily. When R
isastrict partial ordering, then each of R;, R,, and R;> must be transitive, but the dassrelations need not beirre-
flexive or asymmetric. For example, in BIT+Cl we an prove that eadch of PP,, PP,, and PPy, istransitive, but we
cannot prove that any of these relations are irreflexive or asymmetric.

We will seethat in BIT+Cl, the R, R;, and Ry, classrelations lack several logical properties of their BIT coun-
terparts. But first we discussimportant properties of the relations among individuals that are transferred to at
least some of the dass relations.

4.1.1 Trangtivity. Let R be ay transitive relation on individuals in theory T. Thenin T + Cl, each of R;, R, and
Ry, isalso transitive. Thus, since P, PP, and Loc-In are transitive relations of BIT, the dassrelations Py, P», Py,
PP;, PP,, PP;,, Loc-1n,, Loc-1n,, and Loc-In;, are dl trangtive.

(CIT1-3)"* P(A,B) & P(B, C) - P(A, C) i=1,2 12"
(CIT4-6) PP(A, B) & PP(B, C) - PP(A, C) i=1,2 12
(CIT7-9) Loc-In(A, B) & Loc-In(B, C) - Loc-In(A, C) i=1,2 12

For example, it follows logicdly from
PP,(Cell, Heart)
(every heat has ome cdl as a proper part)
and
PP,(Heart, Cardiovascular System)
(every cardiovascular system has ome heart as a proper part)

that
PP,(Cell, Cardiovascular System)
(every cardiovascular system has some cdl as a proper part).

Also, it follows logicdly from Loc-1n;x(Heart, Middle Mediastinal Space) and Loc-1n;x(Middle Mediastinal
Space, Thoracic Cavity) that Loc-1n(Heart, Thoracic Cavity).

1 Theorems gecificto BIT+Cl are labeled with “CIT”. Wein general list explicitly only those theorems of BIT+Cl which are useful for our dis-
cussion of the FMA and GALEN in Section 5.

%2 To save pointless repetitions, we frequently condense into one line threedistinct theorems which differ only in indexing o the classrel ations.
Thus, for example, thisline is a condensed representation of the following threeBIT+Cl theorems:

(CIT1) Py(A, B) & Py(B, C) - Py(A, C)

(CIT2) P(A, B) & PAB, C) — Px(A, C)

(CIT3) Pi(A, B) & Piz(B, C) - Prx(A, C).



But care must be taken not to mix R, and R; class relations together in transitivity reasoning. For example, from

PP, (Uterus, Pelvis)
(every uterusis a proper part of a pelvis)
and
PP,(Pelvis, Male Human Being)
(every male human being has a pelvis as a proper part)
we cannot infer either
PP:(Uterus, Male Human Being)
(every uterusis a proper part of a male human being)
or
PP,(Uterus, Male Human Being)
(every male human being hes a uterus as a proper part).

In general, for transitive R, R(A, B) & R(B, C) - Ri(A, C) holds only wheni =j = k.** For thisreason, it is
important for biomedica ontologies that use more than one of the relations Ry, R;, Ry» for agiven R (for exam-
ple, both PP, and PP,) to explicitly distinguish these relations.

4.1.2 Reflexivity. Let R be ay reflexive relation on individuasin theory T. Then the dassréations R, R;, and
Ry, of T + Cl must be reflexive on the sub-domain of classes. Thus, Py, P,, P12, Os, Oz, O1, Loc-In, Loc-1ng,
Loc-1ns,, PCoim, PCoing, and PCoin,, are reflexive relations on classes in BIT+Cl. For example, for any class A,
Pio(A, A) -- each instance of A is part of some instance of A (itself) and each instance of A has me instance of
A (itself) as a part.
4.1.3 Symmetry. Let R be any symmetric relation on individuals in T. Then Ry, must also be symmetric. Thus,
the relations O, and PCoiny, of BIT + Cl are symmetric. For example, from
O12(Bony Pelvis, Vertebral Column)
(every bony pelvis overlaps ome vertebra column and every vertebral column overlaps sme bony pelvis)
we can in BIT+Cl derive:
O1x(Vertebral Column, Bony Pelvis)
(every vertebral column overlaps ome bony pelvis and every bony pelvis overlaps some vertebra column).

But R; and R; need not be symmetric dassrelations even if R is asymmetric relation among individuals. In
BIT+CI, we may have O,(A, B) but not O,(B, A); O,(A, B) but not Oy(B, A); PCoim(A, B) but not PCoin(B,
A); and PCoiny(A, B) but not PCoiny(B, A). For example, O;(Hand, Nerve) (every hand overlaps sosme nerve)
does NOT imply O,(Nerve, Hand) (every nerve overlaps ame hand). Also PCoiny(Anatomical Cavity, Esopha-
gus) (every esophagus partially coincides with some anatomica cavity) does NOT imply PCoiny(Esophagus,
Anatomical Cavity) (every anatomicd cavity partially coincides with some esophagus).

However, we can prove that if Ris symmetric, then the following equivalence holds:

Rl(Ai B) « RZ(Ba A)
Thus, O,(Hand, Nerve) implies, not O,(Nerve, Hand), but O,(Nerve, Hand). PCoiny(Anatomical Space,
Esophagus) implies, not PCoiny(Esophagus, Anatomical Space), but PCoin,(Esophagus, Anatomical Space).

Once gain, we seethat it isimportant for biomedical ontologiesto explicitly distinguish class relations of type
R1, Ry, and Ryz.

4.1.4 Simple Implications. Certain smple implications involving relations among individuals hold also for their
class relation counterparts. For example, let R and Sbe binary relations of T. Suppose that T includes a theorem
stating that for any individuals x and y

Rxy - Sy

B But nate, as will be discussed in Subsection 4.2, that the stronger Ry relation may replace aR; or R; relationin the antecedent of a conditional
intheformof R & R - R«. Thus, for example, for any transitive relation R, Ry(A, B) & Rix(B, C) - Ry(A, C).



Then in T+Cl we can prove that, for any classes A and B, all of the following hold:
Rl(Ai B) - SL(A’ B)
R:(A, B) - S(A, B)
RiA(A, B) - SiA(A, B).
For example, sncePPxy — Loc-In(x, y) in BIT (theorem (LT 3), subsedion 2.2), we have the following theo-
remsin BIT+Cl:

(CIT10-12) PR(A, B) — Loc-In(A, B) i=1,2 12

Similarly, when either Rxy & Syz - Rxzor &y & Ryz - Rxz aretheorems of T, then the three classrelation
counterparts of each of these formulae ae theorems of T+Cl. For example, from theorems (LT5) and (LT6) of
BIT (Subsection 2.2), we can derive the following theoremsin BIT+Cl:

(CIT13-15) Loc-In(A, B) & PP(B, C) — Loc-In(A,C)  i=1,2,12

(CIT16-18) PP(A, B) & Loc-In(B, C) — Loc-In(A,C)  i=1,2,12

Thus, it follows from Loc-Inx(Heart, Middle Mediastinal Space) and PP:x(Middle Mediastinal Space, Thoracic
Cauvity), that Loc-1n,,(Heart, Thoracic Cavity).

Aswith transitivity inferences, implications that involve mixes of different types of classrelations will not in gen-
erd be derivable. For example, neither Loc-1m (A, B) & PPy(B, C) — Loc-1ny(A, C) nor Loc-In,(A, B) & PP,(B,
C) - Loc-Iny(A, C) are theorems of BIT+Cl. This matches our intuitions about anatomical reasoning. From
Loc-In,(Progtate, Pelvic Cavity)
(every prostate is located in some pelvic cavity)
and
P,(Pelvic Cavity, Female Pelvis)
(every female pelvis has a pelvic cavity as a part)
we can infer neither
Loc-Im(Progtate, Female Pelvis)
(every prostate is located in some female pelvis)
nor
Loc-Iny(Progtate, Female Pelvis)
(every female pelvis has sme prostate located in it).

Also, implications involving negation, existential quantification, or a switch in the variables argument places need
not transfer from the relations among individuals to their classrelation counterparts. For example, we have d-
ready seen that O,(A, B) — Oy(B, A) and O,(A, B) - O,(B, A) are not theorems of BIT +Cl, athough Oxy -
Oyx isatheorem of BIT. Wewill seebelow more examples of implications involving relations among individuals
that do not cary over to the dassrelations.

4.1.5 Inverses. Recall that for any binary relation R in theory T, the inverse of Ris the relation R™ such that for
any individuals x andy
R'xy < Ryx.
In T+Cl, (R")12must be the inverse of Ry,. In other words, we can provein T +Cl that for any classes A and B
(RY1(A, B) « Rix(B, A).
In BIT+CI, we have the following theorems:
(CIT19) (PPY) 1A, B)  PPiy(B, A)
(CIT20) (Loc-In")15(A, B) < Loc-Iny(B, A).
Thus, it follows from PP,,(Right Ventricle, Heart) that (PP")15(Heart, Right Ventricle) and vice versa.

However, inverse equivalences are not preserved for the weaker R; and R; class relations. In T+Cl, the following
equivalences do NOT in general hold:



(R)1(A, B) « Ru(B, A)
(RM):(A, B) & Ry(B, A).
Instead, the following equivalences are derivable in T+Cl:
(R)2(A, B)  Ru(B, A)
(R)1(A, B) « Ry(B, A).
Thus, in BIT+Cl, (PP, isthe inverse of PR, (Loc-InY), isthe inverse of Loc-Iny, (PPY); isthe inverse of PR,
and (Loc—ln‘l)l isthe inverse of Loc-In.
(CIT21) (PPY(A, B) « PPy(B, A)
(CIT22) (PPY4(A, B) « PPy(B, A)
(CIT23) (Loc-In"),(A, B) « Loc-Imy(B, A)
(CIT24) (Loc-In")y(A, B) < Loc-Iny(B, A).

For example, PP,(Cell Nucleus, Cell) (every cdl nucleusis aproper part of some &l) is equivalent to (PP
)(Cell, Cell Nucleus) (for every cell nucleus thereis some cell which hes it as a proper part). PR(Cell Nucleus,
Cell) is NOT equivalent to (PP1),(Cell, Cell nucleus) (every cell has me cell nucleus as a proper part). Once
again, we see the importance of distinguishing between the R;, R;, and Ry» types of classrelations.

4.1.6 Logical Properties of Relations which do not necessarily Transfer to ClassRelations

Many of the theorems of the theory T need not hold in T+Cl for the dasscounterparts of the relations among
individuals. We have drealy seen above several examples of this discrepancy between the logical properties of
relations among individuals and the logica properties of the R, and R; types of class relations. Table 1 gives ad-
ditional information about which properties transfer automaticaly to the classrelations and which do not.

Among Individuals Among Classes

Ris.. R, must also be...? R, must also be...? Ri» must dso be...?
Reflexive Yes Yes Yes

Irreflexive No No No

Symmetric No No Yes

Asymmetric No No No

Antisymmetric No No No

Transitive Yes Yes Yes

Table 1: Correlation between the logical properties of arelation R for individuals and the logical proper-
tiesof the dassrédations Ry, R,, and Ry

For example, in BIT+Cl, we @annot prove that the relations PP;,, PP;, and PP, are irreflexive or asymmetric. In
particular, the following two formulae ae NOT theorems of BIT+CI:
“‘PPlz(A, A)
PP12(A, B) —» ~PPa(B, A)
We dso cannot prove in BIT+Cl that the relations P;,, P;, and P, are antisymmetric. In particular, the following
formulais NOT atheorem of BIT+Cl:
Plz(A, B) & Plz(B, A) - A=B.

4.1.7 Discrete Classes. Redl from Section 3.1 that adiscrete dassisaclassA such that no two instances of A
overlap. Recdl also that many typica anatomical classes (e.g. Heart, Liver, Cell) are discrete. When reasoning is
restricted to a sub-domain of discrete dasses, more of the logical properties of the relations of BIT are preserved
in the dassrelations. We @an prove in BIT+CI that, if all classes in a sub-domain D are discrete, then

i) PPy, PP, PPy, (PP, (PPY),, and (PP 1)1 are irreflexive and asymmetric on D;



i) Py, Py, Pio, (P11, (PY),, and (P, are antisymmetric.

Thus, for example, given that Heart and Right Ventricle are discrete dasses, PP1,(Right Ventricle, Heart) and
PP1, (Heart, Right Ventricle) cannot both hold. Also, for any discrete classA, none of the following can hold:
PPi(A, A), PP(A, A), and PPy(A, A).

Of course, when A isanon-discrete dass (e.g. Anatomical Entity or Blood), it may still be the case that none of
PP.(A, A), PRy(A, A), PP(A, A) hold or that PPx(A, B) and PP»(B, A) do not both hold for any classB. But
these asertions cannot be derived in BIT+CI.

4.1.8 Definitional Equivalences. In addition to the logical propertieslisted in TABLE 1, many of the equiva-
lences introduced in the definitions of BIT also do not carry over to the dassrelation setting and thisis © even
when reasoning is restricted to a sub-domain of discrete dasses. For example, according to the definition of the
overlap relation in BIT, for any xandy
Oxy o [Z(Pzx & Pzy)
(x and y overlap if and only if there is me individual z that is part of both x and y)

But none of the following equivalences is derivable in BIT + CI:

O4(A, B) « [C(P(C, A) & Pi(C, B))

OA, B) « [IC(PC, A) & P,(C, B))

Ow(A, B) » [C(Pi(C, A) & P1(C, B))

The R; and R, versions of the equivalence are clearly not appropriate for anatomical reasoning. For example,
P1(Uterus, Pelvis) (every uterusis part of some pelvis) and P,(Uterus, Female Reproductive System) both hold,
but O,(Pelvis, Female Reproductive System) (every pelvis overlaps some female reproductive system) does
NOT hold. Also, P,(Cell, Heart) (all heats have cdls as parts) and P,(Cell, Liver) (al livers have cdls as parts),
but NOT O(Heart, Liver) (al livers overlap some heat).

However, the Ry, version of the equivalence does seem plausible in an anatomica context. Infact, half of this
equivaence is derivable in BIT+Cl. It isatheorem of BIT+Cl that:

(CIT25) [C (Pi(C, A) & P1x(C, B)) - O1x(A, B) (if thereisa dassC that stands in the P;, relation to both A
and B, then every instance of A overlaps an instance of B and vice versa).

The full equivalence would tell usthat, in addition, whenever instance of A overlaps an instance of B and vice
versa, thereis a dassC that standsin the Py, relation to both A and B.

4.1.9 Conclusions. We draw at least two important conclusions from the points made in this subsection. First, as
emphasized throughout, it is crucid for biomedica ontologists to explicitly distinguish between Ry, R;, and Ry
relations.

Semnd, the logicd propertiesimposed on relations among individuas in a formal theory may not automaticaly
transfer to the classrelations that are defined in terms of them. Thisis one reason why it isimportant to always
clearly distinguish the classleve relations from the individua-level relations. In some caes, it is appropriate that
the logical properties of the individual-level relations do not transfer to the dass-level relations. For example, O,
does not behave & a symmetric relation on anatomical classes (e.g. O.(Hand, Nerve) but not O,(Nerve, Hand)),
so it isan advantage of BIT+Cl that it does not force O; to be symmetric. In other cases, the ontologist may find
it desirable to add axioms placing stronger restrictions directly on the dassrelations. For example, it seems plau-
sible that no anatomicd classA (even anon-discrete dass, such as Anatomical Entity or Blood) is such that



every instance x of A is aproper part of another instance of y of A.** If so, an axiom stating that for any ana-
tomical class A, ~PPi(A, A) could be added to BIT+CI. As another example, it seams plausible that whenever all
instances of A overlap instances of B and all instances of B overlap instances of A, there is ©me dassC consist-
ing of those individuals which are the shared parts of A’sand B’s. If so an axiom stating

O1x(A, B) - OC (Pi2(C, A) & P1(C, B))
could be aded to BIT+CI.

4.2 Reasoning about Relations among Classes: Additional Logical Properties of ClassReations

In this subsedion, we present important logical properties of the defined class relations which do not correspond
directly to properties of the crresponding relations among individuals.

4.2.1 Logical Implications Involving Combinations of R;; and R;or Ri> and R, Relations

One important property of the R, class relationsis that they always imply the @rresponding R; and R; classre-
lations. More predsely, let T again be any formd theory of relations on individuals and let R be any binary rela
tionin T. Then the following two implications hold:

Rio(A, B) - Ru(A, B)

Rio(A, B) —» Ro(A, B)

For example, the following are theorems of BIT+Cl:

(CIT26-27) PP15(A, B) - PR(A, B) i=1,2
(CIT28-29) Loc-Imo(A, B) - Loc-Ini(A, B) i=1,2

(CIT26)-(CIT29) alow usto substitute the stronger Ry, relations for the weaker R, or R; relationsin the antece-
dent of another implicaion. For example, in combination with the transitivity theorems (CIT4) — (CIT9),
(CIT26)-(CIT29) yield the following additional theorems.

(CIT30-31) PR(A, B) & PP1»(B, C) - PR(A, C) i=12
(CIT32-33) PP1x(A, B) & PR(B, C) - PR(A, C) i=12
(CIT34-35) Loc-In(A, B) & Loc-Inx(B, C) - Loc-In(A, C) i=1,2
(CIT36-37) Loc-Iniz(A, B) & Loc-In(B, C) — Loc-Ini(A, C) 1=1,2

Thus, from PP;(Uterus, Pelvis) (every uterusis a proper part of some pelvis) and PPy (Pelvis, Trunk) (every
pelvisis aproper part of some trunk and every trunk has a pelvis as a proper part) , it follows that PP;(Uterus,
Trunk) (every uterusis a proper part of some trunk). As another example, from PP,(Cartilage, Vertebra) (every
vertebra has sme cartilage as a proper part) and PPi(Vertebra, Vertebral Column) (every vertebrais a proper
part of some vertebra column and every vertebral column has ©me vertebra & a proper part) , it follows that
PP,(Cartilage, Vertebral Column) (every vertebral column has some cartilage & a proper part).

(CIT26) - (CIT29) dso yield important further theorems when combined with theorems (CIT13)-(CIT18). Each
of the following can be derived in BIT+Cl:

(CIT38-39) PP1x(A, B) & Loc-In(B, C) - Loc-Ini(A, C) =12
(CIT40-41) PRi(A, B) & Loc-In;»(B, C) - Loc-Ini(A, C) i=1,2
(CIT42-43) Loc-Im4(A, B) & PR(B, C) - Loc-In(A, C) =12
(CIT44-45) Loc-Ini(A, B) & PP1x(B, C) - Loc-Ini(A, C) i=1,2

¥ But natice that the following axiom may not be desirable: for any anatomical classA, ~PP,(A, A). For example, it would seem that every in-
stance of Blood(i.e. any portion of blood) must have some instance of Blood (a smaller portion of bload) as a proper part.



For example, from PP, (Cervix of Uterus, Uterus) (every cervix of auterusis a proper part of some uterus and
every uterus has a cervix of auterus as a proper part) and Loc-In(Uterus, Pelvic Cavity) (every uterusislo-
cated in some pelvic cavity), it follows that Loc-1n,(Cervix of Uterus, Pelvic Cavity) (every cervix of auterusis

located in some pelvic cavity).

The BIT+Cl theorems listed above ae important for our discusson in Sedion 5 of parthood and containment
relations in the FMA and GALEN. They are represented compactly along with theorems (CIT4) — (CIT9) and

(CIT13) — (CIT18) in TABLE 2.

PP,(B, C) PP,(B, C) PP.»(B, C) Loc-Iny(B, C) | Loc-Iny(B, C) | Loc-Ing(B,C)
PP,(A, B) PP,(A, C) PP,(A, C) Loc-Iny(A, C) Loc-Iny(A, C)
PP,(A, B) PP,(A, C) PP,(A, C) Loc-Iny(A, C) | Loc-Iny(A, C)
PP.(A, B) PP,(A, C) PP,(A, C) PP.,(A, C) Loc-Ini(A, C) | Loc-Iny(A, C) | Loc-Ing(A, C)
Loc-Im(A, B) Loc-Imy(A, C) Loc-Im(A, C) | Loc-Iny(A, C) Loc-Imy(A, C)
Loc-Iny(A, B) Loc-Iny(A, C) | Loc-Iny(A, C) Loc-Iny (A, C) | Loc-Iny(A, C)
Loc-In(A, B) | Loc-Iny(A, C) | Loc-Iny(A, C) | Loc-In(A, C) | Loc-Iny(A, C) | Loc-Iny(A, C) | Loc-In(A, C)

TABLE 2: Inferences from conjunctions of PP, and Loc-1n; assertions

TABLE 2 tells us which relation between class A and classC can be inferred from a given assertion about the
relation between classA and classB (listed in row headings) in conjunction with an assertion about the relation
between class B and class C (listed in the column healings). For example, given PP,(A, B) (row 2) and Loc-
Ini>(B, C) (column 6), it follows from the axioms of BIT+CI that Loc-1n(A, C) must aso hold. (Thisisjust
theorem (CIT41).)

A blank cell in the table tells us that, unlessadditional information is given, we cannot derive any assertion of the
formR(A, B) where Ris one of the relations of BIT. For example, from Loc-Im (A, B) (row 4) and PR(B, C)
we cannot in general make any inference dout the relation of class A and classC. To seethis, consider the ex-
ample. Loc-1ny(Prostate, Pelvic Cavity) (every prostate is located in a pelvic cavity) and PP,(Pelvic Cavity, Fe-
male Pelvis) (every female pelvis has a pelvic cavity as a proper part) both hold, but R( Prostate, Female Pelvis)
does not hold for any BIT relation R. In particular, Prostate stands in none of the relations PP;, PP,, PPy,, Loc-
Ing, Loc-1n,, or Loc-1m; to Female Pelvis.

4.2.2 Logical Implications Involving R;, Ry, Ri;and Is_a

We can aso derive many theorems describing the interadion between the R;, R;, and R» relationsandthe Is_a
relation. Intheory T +Cl where R is any binary relation among individualsin T, the following must hold for any
classes A, B, and C.

Ri(A, B) & Is aB, C) - Ry(A, C)
Ri(A,B) & Is a(C, A) - Ry(C, B)
R(A, B) & Is aA, C) » Ry(C, B)
R:(A,B) & Is a(C, B) —» Ry(A, C)
Ri2(A, B) & Is a(A, C) - Ry(C, B)
Riz(A, B) & Is a(C, A) - Ry(C, B)
Ri2(A,B) & Is a(B, C) - Ry(A, C)
Riz(A,B) & Is a(C,B) - Rx(A, C)




BIT+CI theorems for the PR relations corresponding to the schemata e&ove ae represented compadly in
TABLE 3.

Is a(C, A) Is a(A, O) Is a(C, B) Is a(B, C)
PP.(A, B) PP.(C, B) PP.(A, C)
PP,(A, B) PP,(C, B) PP,(A, C)
PP.(A, B) PP,(C, B) PP,(C, B) PP,(A, C) PP.(A, C)

TABLE 3: Inferences from conjunctions of PP, and |Is_a assrtions

The cllsof TABLE 3 tdl usi) which of the PR relations must hold between A and C when a given PP, relation
holds between A and B (listed in the row headings) and a given subsumption relation holds between B and C
(listed in the olumn headings) and ii) which of the PP, relations must hold between C and B when a given PP,
relation holds between A and B (row headings) and a given subsumption relations holds between A and C (col-
umn headings). For example, given PR,(A, B) (row 2) and Is_a(C, B) (column 3), it follows that PR(A, C) must
also hold. This corresponds to the BIT+Cl theorem:

PP,(A, B) & Is a(C, B) — PP,(A, C).
A blank cell indicates that, unlessfurther information is given, no inference of the form R (A, C), R(C, A), R(B,
C), or R(C, B) (with RaBIT relation) can be made. For example, from PR,(A, B) (row 1) and Is_a(C, B) (col-
umn 3), we canot in general make any inference dout the relation of A to C. To see mnsider the example:

PP,(Cell Nucleus, Cell) (every cdl nucleus is a proper part of a c&ll) and Is_a(Platelet, Cell) (aplatelet isa
cell), but no PP, relation holds between Cell nucleus and Platelet.

TABLE 4 isanalogowsto TABLE 3 but represents inferences involving the Loc-1n; relations rather than the PP,
relations.

Is aC, A) Is aA, C) Is a(C, B) Is a(B, C)
Loc-In, (A, B) Loc-1ny(C, B) Loc-Iny(A, C)
Loc-Im(A, B) Loc-1ny(C, B) Loc-Inx(A, C)
Loc-Ing»(A, B) Loc-1ny(C, B) Loc-1ny(C, B) Loc-Iny(A, C) Loc-Iny(A, C)

TABLE 4: Inferencesfrom conjunctions of Loc-In; and Is_a assertions

For example, from Loc-1m,(Ovary, Cavity of Female Pelvis) and Is_a(Cavity of Female Pelvis, Cavity of Pel-
vis), it follows (row 3/column 4) that Loc-In;(Ovary, Cavity of Pelvis). On the other hand, no assertion about
the Loc-1n; relation of Ovary to Cavity of Male Pelvis follows from Loc-Im(Ovary, Cavity of Pelvis) and

Is a(Cavity of Male Pelvis, Cavity of Pelvis) (row 1/column 3).

Finally, we note that tables for the inverses of the PR and Loc-1n; relations can be derived from TABLE 2 —
TABLE 4 and theorems (CIT21) — (CIT24) tying these relations to their inverses. For example, TABLE 5 repre-
sents BI T+Cl inferences from conjunctions of (Loc-In); assrtions and Is_a assertions.

Is a(C, A) Is a(A, C) Is a(C, B) Is a(B, C)

(Loc-In™)y(B, A)

(Loc-In™)4(B, C)

(Loc-In™)y(C, A)

(Loc-In"),(B, A)

(Loc-InM4(B, C)

(Loc-InM),(C, A)

(Loc-In")15(B, A)

(Loc-InM)2(B, C)

(Loc-InM)4(B, C)

(Loc-In™)4(C, A)

(Loc-InM)(C, A)

TABLE 5: Inferences from conjunctions of (Loc-In™"); and |Is_a asertions




5 Parthood and Containment Relationsin theFMA and GALEN

In this section, we use the classrelations introduced formally in BIT+Cl to analyze and compare dassrelations
used in the FMA and GALEN. We here select two biomedica ontologies with significant anatomical content and
focus on relations that roughly correspond to the PP;, PP,, PP;,, Loc-1n,, Loc-1n,, Loc-Imzand their inversesin
BIT+CI.

The Foundational Modd of Anatomy ingtantiates nealy 1 million part relations among its more than 70,000
classes. The FMA was developed over aten year period by anatomists who, like the developers of most other
biomedical terminologies, were essentially unaware of spatia theories and of the requirements of formal knowl-
edge representation. Recent collaborations with theoreticians and knowledge engineers [5, 21], of which the ar-
rent communication is another example, provide opportunities for evaluating the FMA and for endowing it with
formal medhanismsthat can enforce @mnsistency and eliminate anbiguity.

The OpenGALEN Common Reference Modd (CRM) was developed over anine year period as a dinical ontol-
ogy resource Likethe FMA, GALEN's CRM (and in particular the CRM’ s anatomica component) was initially
constructed by domain experts with no prior training in knowledge representation. The subsequent development
of GALEN’s CRM, particularly the CRM’s high-level ontology, has benefited from theoretical work in ontology
and knowledge representation [7, 22].

OpenGALEN has a broader scope than the FMA, covering physiology, pharmacology, symptomatology, dis-
eases, and procedures in addition to human anatomy. The CRM anatomy sub-model, which includes most of
OpenGALEN'’s as=ertions concerning classparthood and location relations, is approximately 25% the size of the
FMA. Unlike the FMA, the CRM anatomy sub-model deds with both normal and abnormal anatomy. However,
the level of detail of the anatomica information included in OpenGALEN isin general much coarser than that of
the FMA. In this paper, we @nsider only the CRM anatomy sub-model of OpenGALEN 6.

In colleding all data for this sction, we used a verson of the FMA dated from December, 2004 and the Open-
GALEN 6 Common Reference Model (Evaluation Edition) dated July 15, 2004.

5.1 ClassParthood in the FM A

The FMA has one general classparthood relation, part_of, which is divided into more specific sub-relations. For
example, the FMA distinguishes between anatomical parts and arbitrary parts. For this paper, we will not at-
tempt to distinguish these more spedfic dassparthood relations. We focus exclusively on part_of and itsin-
verse.

The FMA uses part_of as aproper parthood relation among anatomical classes, but does not (even with its
more spedfic parthod relations) explicitly distinguish between PP;, PP,, and PP, uses of part_of. The FMA’s
part_of corresponds in different contexts to PP;, PP, or PP,,. For example, we findin the FMA:

the FMA’s part_of BIT+Cl
relation
la | Female Pelvis part_of Body PP,
1b | Male Pelvis part_of Body PP,

2 Cavity of Female Pelvis part_of Abdominal Cavity PP,
3a | Urinary Bladder part_of Female Pelvis PP,
3b | Urinary Bladder part_of Male Pelvis PP,

4 Cell part_of Tissue PP,




5 | Right Ventricle part_of Heart PP,

6 Urinary Bladder part_of Body PP,

7 Nervous System part_of Body PP,

TABLE 6: Assertionsusing of the FMA’spart_of

Since, for example, every female pelvisis a proper part of some body but no male body has a female pelvis as a
part, part_of isused in 1ain the sense of PP;, On the other hand, since every female pelvis has a urinary bladder
as aproper part, but some urinary bladders (those belonging to men) are not part of any female pelvis, part_of is
used in 3ainthe sense of PP,. The FMA uses part_of as the stronger relation PPy, only in examples such as’5 -
7, where every instance of the first class (e.g. Nervous System) is a proper part of some instance of the second
class (e.g. Body) and every instance of the second classhas some instance of the first classas a proper part.

The FMA useshas_part as an inverse proper parthood relation among anatomica classes. No explicit distinc-
tions between (PP")1, (PP™),, and (PP")1, uses of has_part are made. However, inspedtion reveds that, for any
anatomicd classes A and B, A has_part B is asserted inthe FMA if and only if B part_of A is also asserted.
Thus, in contexts where part_of corresponds to PPy, has_part corresponds to the inverse of PP;, which is (PP
1,. In contexts where part_of corresponds to PPy, has_part corresponds to the inverse of PP, which is (PP™Y);.
In contexts where part_of corresponds to PPy, has_part corresponds to the inverse of PPy,, which is (PP)1..
Examples of the has_part relationin the FMA are:

the FMA’s has_part BIT+Cl
relation

la | Body has_part Female Pelvis (PP,
1b | Body has_part Male Pelvis (PP,
2 Abdominal Cavity has_part Cavity of Female Pelvis (PPY),
3a | Female Pelvis has_part Urinary Bladder (PP,
3b | Male Pelvishas_part Urinary Bladder (PPh),
4 | Tissehas_part Cell (PPY),
5 Heart has_part Right Ventricle (PP 12
6 | Body has_part Urinary Bladder (PP,
7 Body has_part Nervous System (PP,

TABLE 7: Assertionsusing the FMA’shas_part

Trangtivity of part_of in the FMA

The FMA allows unrestricted trangtivity reasoning over its part_of relation. Thusin many cases, the FMA con-
cludes

A part_of C
from part_of assertions corresponding to
PR(A, B) and PR(B, C)

where i andj may be different indices. As can be easily seen from the upper left corner of TABLE 2 in subsection
4.2, the conjunction above supports an inference to a parthood assrtion PR(A, C) (for k = 1, 2, or 12) only
when either i) theindicesi and j are identical or ii) at least one of i and j isthe index 12.

In severa cases, the FMA concludes A part_of C from a conjunction corresponding to PP,(A, B) and PR.(B,
C), even though we cannot in general infer from conjunctions of this form that one of the PPy relations holds be-
tween A and C. That the FMA does not by this procedure reach false conclusons is explained by spedal circum-
stances. In each of these @ses, thereis afourth class D such that Is a(B, D) (B is subsumed by D), PP1x(A, D),



and PP;»(D, C). Thus, the relations between D (the more general clas9 and each of A and C, guaranteethat A
part_of C (here, in the sense PP.x(A, C)).
The most common case of this type involves assrtions about classes of sexually dimorphic structures. For ex-
ample, the unrestricted transitivity of part_of inthe FMA alows usto derive

Urinary Bladder part_of Body
in the following ways:

a) from Urinary Bladder part_of Female Pelvis & Female Pelvis part_of Body

b) from Urinary Bladder part_of Male Pelvis & Male Pelvis part_of Body

If we make the distinctions between PP, PP,, and PP, explicit, we have
PPy, (Urinary Bladder, Body)
and:

a*) from | PP,(Urinary Bladder, Female Pelvis) & PP, (Female Pelvis, Body)

b*) from | PP,(Urinary Bladder, Male Pelvis) & PP; (Male Pelvis, Body)

In this case, the following also hold: Is_a(Female Pelvis, Pelvis), Is_a(Male Pelvis, Pelvis), PP;;(Urinary Blad-
der, Pelvis), and PPy,(Pelvis, Body) (see Figure 2)."°

Body
N w
7/ N\
PP, ¢ PPy, N o PP
part_of , NG
N part_of
7 , N
’ Pelvis Isa N
, s Is_a N
i e
Pelvis
'\ ~ Pplg - -~ ,
PP, N - -~ PP,
part_of < part_of

Urinary Bladder

Figure2: The FMA’spart_of with Classes of Sexually Dimorphic Structures

Thus, the urrestricted transitivity of part_of yields in this case atrue mnclusion: Urinary Bladder part_of Body
(where this can be understood as: PP, (Urinary Bladder, Body)).

Asfar aswe can seg the FMA'’s unrestricted trangtivity inferencing for part_of does not generate false asser-
tions. Thisis due partially to inherent feaures of human anatomy — e.g., that all human bodies are ather male or
femade. However, the FMA’sfailure to distinguish the PP;, PP,, and PP;, meanings of the part_of relation
makes assertions using part_of ambiguous and leaves the logicd structure of the knowledge embodied in the
FMA unclear.

Moreover, possibilities for expanding the FMA are limited unlessdistinctions between the different meanings of
part_of are made eplicit. This expansion might include ather i) additional explicit assertions about relations
between anatomical classes or ii) more sophisticated automated reasoning mechanisms. For i), there ae many
useful assertions about parthood relations among anatomicd classes which not only cannot be unambiguously

5 Note that Urinary Bladder part_of Pelvis and Pelvis part_of Body are nat asserted in the FMA.



stated in terms of the part_of relation, but also would, if added to the FMA, lead to false mnclusions. For ex-
ample, the FMA currently asserts Male Urethra part_of Urinary System. If the assertion Urinary System
part_of Female Pelvis (here in the sense PRy(Urinary System, Female Pelvis)) were alded, the unrestricted
trangitivity of part_of would yield the false mnclusion: Male Urethra part_of Female Pelvis.

For ii), note that in al of the inference tables presented in subsection 4.2, the distinction between Ry, R;, and Ry
classreationsis crucial for determining whether any inference can be made (and if so which one) from a con-
junction involving these relations. Thus, automated assertion generation based on these tables can be imple-
mented in the FMA only if PR, PP,, and PP;, uses of part_of are explicitly distinguished.

We give avery simple example of how such automated reasoning might be alvantageous for the FMA. The
FMA includes the assertions Ovary part_of Pelvis, Right Ovary subclass_of Ovary, and Left Ovary sub-
class_of Ovary (where subclass_of isthe FMA’s|s_arelation). No assertion is made aout the relation of the
classes Right Ovary and Left Ovary to Pelvis. An automated reasoning medanism based on TABLE 3 could
conclude both PP;(Right Ovary, Pelvis) and PP,( Left Ovary, Pelvis) from PP;(Ovary, Pelvis), Right Ovary
subclass_of Ovary, and Left Ovary subclass_of Ovary. On the other hand, no conclusion about parthood re-
lations between C and B follows from PR,(A, B) and Is_a(C, A). Thus, when we only have Ovary part_of Pelvis
without explicit information about which sense part_of isused in, we canot automatically infer anything about
the relation of Right Ovary or Left Ovary to Pelvis.

In the subsection 5.5, we advocae that both the FMA and GALEN use distinguished versions of the relations
PP,, PP,, and PP;,. There we sketch out further advantages of this approach.

5.2 ClassParthood in GALEN

According to the developers of GALEN, the GALEN version of agenera class-level parthoodrelationisthe
relation InversePartitiveAttribute [17]. However, the logica properties of thisrelation are not clearly stipu-
lated in GALEN. In particular, InversePartitiveAttribute is not required to be transitive. We will therefore fo-
cus instead on the relation isDivisionOf which is the most extensively used of InversePartitiveAttribute’s two
immediate sub-relations. GALEN stipulates that isDivisionOf is transitive. It is distinguished from makesUp,
the other immediate sub-relation of InversePartitiveAttribute, by holding between classes of anatomica struc-
tures[17]. By contrast, makesUp, but not isDivisionOf, may hold between classes of substances— e.g. Plasma
makesUp Blood. isDivisionOf isin this snse lessgeneral than the classleve proper parthood relations, PP,
PP,, PPy, of BIT+CI, since, e.g., PP1»(Plasma, Blood). However, this particular discrepancy between the
BIT+CI classparthood relations and isDivisionOf will not affect the discusson below since we consider only
examples involving classes of anatomical structures.

Aswith the FMA’s part_of, isDivisionOf has more specific sub-relations. These include: isSurfaceDivi-
sionOf, isSolidRegionOf, isLinearDivisionOf, isStructural ComponentOf, and isArbitraryComponentOf.
We will not attempt to distinguish between these sub-relations but will focus instead on isDivisionOf, their
common super-relation.

An ingpection of GALEN reveals that isDivisionOf is generally used as aredtricted version of (i.e. a sub-relation
of) PPR. That is, in most contexts, if A isDivisionOf B is asserted in GALEN, then PP,(A, B) aso holds— every
instance of A isaproper part of some instance of B. For example, GALEN asserts. Female Pelvic Cavity isDi-
visionOf Pelvic Part of Trunk, Prostate Gland isDivisionOf Genito-Urinary System, Prostate Gland isDivi-
sionOf Male Genito-Urinary System, and Left Heart Ventricle isDivisionOf Heart.

The GALEN reation hasDivision is generally used as a redtricted version of (PP™),. That is, in most contexts, if
A hasDivision B is asserted in GALEN, then (PPY)1(A, B) holds — every instance of A has ©me instance of B
asaproper part. For example, Pelvic Part of Trunk hasDivision Hair and Male Genito-Urinary System has-
Division Progtate Gland.



Recall that (PP™); isNOT the inverse of PP,. Rather, (PP"), isthe inverse of PP,. (See Subsection 4.1.5.)
GALEN's hasDivision is, correspondingly, NOT the inverse of isDivisionOf. In many cases, A isDivisionOf
B isasserted in GALEN, but B hasDivision A is not asserted. For example, Genito-Urinary System hasDivi-
sion Progtate Gland and Pelvic Part of Trunk hasDivision Female Pelvic Cavity are not asserted. In other
cases (but lessoften), B hasDivision A isasserted and A isDivisionOf B is not asserted. For example, Hair
isDivisionOf Pelvic Part of Trunk is not aserted.

GALEN generaly asserts both A isDivisionOf B and B hasDivison A when the stronger relation PP, holds
between A and B. For example, both Prostate Gland isDivisionOf Male Genito-Urinary System and Male
Genito-Urinary System hasDivision Prostate Gland are asserted. But hasDivision seemsto be lessregularly
used in GALEN than isDivisionOf. Thus, in severd cases in which PP;5(A, B) holds only A isDivisionOf B is
asserted. For example, Urinary Bladder isDivisionOf Genito-Urinary Systemis as®rted, but Genitio-Urinary
System hasDivision Urinary Bladder is not asserted.

Finaly, in afew contexts, isDivisionOf and hasDivision are used in away that does not correspond to any of
the BIT+CI classrelations. For example, GALEN asserts PericardiumisDivisionOf Heart, as well as Heart
hasDivision Pericardium. But of the three classes of membranes which are subclasses of Pericardium only one,
Visceral Serous Pericardium (also called “epicardium”) has instances which coincide partially with instances of
Heart. The other two classs, Parietal Serous Pericardium and Fibrous Pericardium, have no instances which
even partialy coincide with instances of Heart. Thus, not only the PR relations, but also the much weaker
PCoin relations, fail to hold between Pericardium and Heart.

TABLE 8 summarizes different uses of GALEN's isDivisionOf and hasDivision.

GALEN's isDivisionOf assertion BIT+CI GALEN's hasDivision BIT+CI
relation relation

Femal e Pelvic Cavity isDivisionOf Pelvic | PP, none

Part of Trunk

Prostate GlandisDivisionOf Genito- PP, none

Urinary System

none Pelvic Part of Trunk hasDivision Hair (PPh,

LeftHeartVentricle isDivisionOf Heart PP;» Heart hasDivision LeftHeartVentricle (PP,

Prostate GlandisDivisionOf Male Genito- | PPy, Male Genito-Urinary System hasDivision Prostate | (PPY)y,

Urinary System Gland

Urinary Bladder isDivisionOf Genito- PP;» none

Urinary System

PericardiumisDivisionOf Heart none Heart hasDivision Pericardium none

TABLE 8: Assertionsusing GALEN’sisDivisionOf and hasDivision

5.3 ClassContainment in the FM A

The FMA usestherelation contained_in as a class-leve location relation. Thisrelation is restricted so that
A contained_in B

may hold only when A isa dassof material individuals and B is a dassof immeterial individuals. Inthe FMA’s
terms, A must be asubclassof Material Physical Anatomical Entity and B must be asubclassof Anatomical
Space. Subclasses of Material Physical Anatomical Entity can be subclasses of either Anatomical Structure (e.g.



Heart) or subclasses of Anatomical Substance (e.g. Blood). Examples of subclasses of Anatomical Space include
Pelvic Cavity, Cavity of Stomach, and Lumen of Esophagus.

Because material individuals are never parts of immeterial individuals, A contained_in B and A part_of B can-
not both hold in the FMA. The mutual exclusivity of the FMA’s contained_in and part_of relations contrasts
with the inclusivity of the BIT+CI relations Loc-1n;, Loc-1n,, and Loc-1ny,. By theorems (CIT10) — (CIT12),
Loc-In(A, B) must aso hold whenever PPi(A, B) holds. For example, both PP:,( Right Ventricle, Heart) and
Loc-Ing( Right Ventricle, Heart) hold in BIT+Cl, whereas only Right Ventricle part_of Heart holdsin the
FMA.

Therelation contains is used throughout the FMA as the inverse of contained_in. Thus, A contains B can
hold only when A is a subclassof Anatomical Space and B is a subclass of Material Physical Anatomical Entity.

The FMA uses contained_in in different contexts as a sub-relation of Loc-1n, a sub-relation of Loc-In; or a
sub-relation of Loc-1n;,. Examples of these different uses of contained_in are givenin TABLE 9.

the FMA’s contained_in BIT+Cl
relation
1 Right Ovary contained_in Abdominopelvic Cavity Loc-Im
2a | Urinary Bladder contained_in Cavity of Female Pelvis Loc-In,
2b | Urinary Bladder contained_in Cavity of Male Pelvis Loc-In,
3 Blood contained_in Cavity of Cardiac Chamber Loc-In,
4 Urinary Bladder contained_in Pelvic Cavity Loc-In;,
5 Uterus contained_in Cavity of Female Pelvis Loc-In;,
6 Progtate contained_in Cavity of Male Pelvis Loc-Ing;
7 Heart contained_in Middle Mediastinal Space Loc-Ing,
8 Blood contained_in Lumen of Cardiovascular System Loc-Im
9 Bolus of Food contained_in Lumen of Esophagus none

TABLE 9: Assertionsusing the FMA’scontained_in

In example 7, every heat islocated in some middle mediastina space and every middle mediastinal space has a
heart located init. By contrast, (example 1) although every right ovary is located in some abdominopelvic cavity,
some abdominopelvic cavities (those belonging to males) do not contain aright ovary. Thus, only Loc-1n,(Right
Ovary, Abdominopelvic Cavity) holds. In example 3, every cavity of a cardiacchamber contains me portion
of blood, but not every portion of blood is located (at a specific time) in the cvity of a ardiac chamber (some
blood isinstead in the lumen of the blood ves=ls). Thus, only Loc-1ny(Blood, Cavity of Cardiac Chamber),
holds.

We note briefly that in a few examples involving anatomical substances, contained_in isnot used as a sub-
relation of any of the BIT+Cl relations. For example 9, it is not the @se that either i) every bolus of food is lo-
cated in the lumen of some esophagus or i) every lumen of an esophagus has (at a given time) as bolus of food
located init. In other words, neither Loc-1n,(Bolus of Food, Esophagus) nor Loc-1ny(Bolus of Food, Esopha-
gus) (aswell asthe stronger assertion Loc-1m(Bolus of Food, Esophagus)) holds. The a<ertion A con-
tained_in B seamsin thisand smilar casesto mean that i) every instance of A is at some time located in some
instance of B and ii) every instance of B at some time has an instance of B located in it. Thisis a much more
complicated classrelation than any considered in this paper since it assumes a time-dependent location relation
among individuals and requires quantification over times.



Aswith the part_of relation, an explicit distinction between the different uses of contained_in is essntial for
disambiguating the FM A’ s assertions. Different relations hold between the anatomica classes in examples 1, 2a,
4, and 9 above, but these differences are not made explicit in the FMA'’s assertions.

Also aswith part_of, a dea distinction between the different uses of the contained_in relation is neaessary for
implementing automated reasoning over containment asertions. Currently, the FMA has no automated reason-
ing for the contained_in and contains relations. Note that, although contained_in istransitive, transitivity
reasoning over contained_in does not generate alditiona assertions. Thisis because the agument restrictions
on contained_in do not alow clases A, B, and C such that

A contained_in B & B contained_in C.
Since B cannot be both a classof immaterial individuals (as the second argument of contained_in in the first
conjunct) and a dass of materia individuals (as the first argument of contained_in in the sscond conjunct), the

conjunction above cannot hold. Thus, the antecedent of the transitivity implication is never satisfied and we can-
not generate alditional assertions from the trangtivity of contained_in.

But other of the BIT+Cl theorems embodied in Table 2 and Table 4 would be useful for generating further asser-
tions, if the Loc-Iny, Loc-1n,, and Loc-1ny, uses of contained_in aswell asthe PP, PP,, and PP, uses of
part_of were dearly distinguished. For example, the FMA asrts
Heart contained_in Middle Mediastinal Space
and
Middle Mediastinal Space part_of Thoracic Cavity.

SinceLoc-In(Heart, Middle Mediastinal Space) and PP;,(Middle Mediastinal Soace, Thoracic Cavity), we
can use Table 2 (Row 6, Column 3) to infer: Loc-Im(Heart, Thoracic Cavity). Since, in addition, Thoracic
Cavity is a subclassof Anatomical Space, Heart contained_in Thoracic Cavity (with contained_in used asa
sub-relation of Loc-In;) should hold as well, but is not currently asserted in the FMA. SeeFigure 3.

Thoracic
A caiity

PPy,
/. part_of

, Middle
S Mediagtinal
Space

Loc-Ing»
contained_in

Figure 3: Potential for reasoning about parthood and containment in the FM A

As another example, the FMA includes the asertions Lung contained_in Thoracic Cavity and Right Lung
subclass Lung. Since, Loc-1n;(Lung, Thoracic Cavity), we can use Table 4 to derive Loc-Im(Right Lung, Tho-
racic Cavity). As asubclassof Lung, Right Lung must also be a subclassof Material Physical Anatomical En-



tity. Thus, Right Lung contained_in Thoracic Cavity (with contained_in used as a sub-relation of Loc-In,)
should also hold, but is not currently asserted in the FMA. SeeFigure 4.

Loc-In; )
contained_in ThO_r acic
Cavity
N
Lung 7
o8 T /’/ Loc-In;
Right .-~
Lung”’

Figure 4: Potential for reasoning about class sibsumption and containment in the FMA

In general, BIT+CI theorems concerning class location relations can be used to generate alditional containment
assertions in the FMA aslong asi) Ry, R,, and Ry, relations are distinguished and ii) if necessary, an extrastep is
taken to check that the arguments of the derived BIT+Cl location assertion satisfy the FMA’ s restrictions on the
arguments of contained_in.

5.4 ClassContainment in GALEN

GALEN’s most general location relation isisContainedin. Like isDivisionOf, isContainedIn has several sub-
relations. isPartitivelyContainedIn and isNonPartitivelyContainedIn are its two immediate sub-relations,
which are, in turn, each divided into several sub-relations. For the most part, the distinctions between the differ-
ent sub-relations of isContainedIn are not relevant to ou discussion and will be ignored. However, we will
briefly mention below the special use of isPartitivelyContainedIn, sincethis sub-relation highlights one impor-
tant distinction between GALEN'’s and the FMA’s containment relations.

TablelO lists examples of GALEN assertions using isContainedIn and its counterpart Contains.

In most—but not all—contexts, isContainedIn isused as arestricted version of Loc-1n;. For example, GALEN
asserts Ovarian Artery isContainedin Pelvic Cavity, UterusisContainedin Pelvic Cavity, UterusisContain-
edIn Female Pelvic Cavity, and MediastinumisContainedIn Thoracic Space

The relation Contains is used in most contexts as a restricted version of (Loc-In™);. For example, GALEN as-
serts Venous Blood Contains Haemoglobin, Male Pelvic Cavity Contains Urinary Bladder, Female Pelvic
Cavity Contains Uterus, and Thoracic Space Contains Mediastinum. However, we have dso found one con-
text in which Contains is used instead as a redtricted version of (Loc-In™"), — GALEN asserts Pelvic Cavity
Contains Ovarian Artery, Pelvic Cavity Contains Uterine Artery, and Pelvic Cavity Contains Vaginal Artery.

Just as (PPY); is not the inverse of PP, (Loc-In™); is not theinverse of Loc-In,. (See Subsection 4.1.5.) Thus,
aswith isDivisionOf and hasDivision, isContainedIn and Contains are not inverses. For example, GALEN
asserts UterusisContainedIn Pelvic Cavity, but not Pelvic Cavity Contains Uterus. Also, GALEN asserts Ve-
nous Blood Contains Haemoglobin, but not Haemoglobin isContainedin Venous Blood.

Typically— but again not aways — both A isContainedIn B and B Contains A are asserted when the stronger
Loc-Iny, relation holds between A and B. For example, GALEN assrts UterusisContainedIin Female Pelvic

Cavity and Female Pelvic Cavity Contains Uterus, as well as Mediastinum isContainedIn Thoracic Space and
Thoracic Space Contains Mediastinum. But note that Ovarian Artery isContainedIn Pelvic Cavity and Pelvic



Cavity Contains Ovarian Artery are both asserted even though Loc-In;,(Ovarian Artery, Pelvic Cavity) does
NOT hold (instead only Loc-Iny(Ovarian Artery, Pelvic Cavity) holds).

As additiona exceptionsto the typical behavior of isContainedin and Contains, GALEN includes a significant
number of assertions of the form A isContainedin B or B Contains A where none of the BIT+CI relations
holds between A and B. For example, GALEN asserts Lung isContainedIn Pleural Membrane (aswell as
Pleural Membrane Contains Lung). But no lung stands in the relation Loc-1n to any pleural membrane.
GALEN seemsto use isContainedIn in this and similar casesto indicate that members of one anatomical class
are surrounded by or enclosed within members of another anatomical class. This type of spatial relation is much
more complex than those introduced in BIT+Cl sinceit is based not just in topologicd structure but also re-
quires, at a minimum, some mechanism for distinguishing convex and non-convex structures (since only non-
convex individuals can surround ather individuals). A dightly different example is the GALEN assertion Tooth
isContainedIn Tooth Socket (and also Tooth Socket Contains Tooth). Note that the relation between atooth
and its cket is sgnificantly weaker than the relation between alung and its pleural membrane — a tooth socket
only partialy surroundsits tooth.

Finally, we have found a small group of erroneous asertions which seem to appear in GALEN as aresult of im-
proper automated reasoning over the Contains relation. GALEN implements urrestricted transitivity reasoning
on both isContainedIn and Contains. GALEN also seems to implement reasoning, corresponding roughly to
inferences represented in Tables 4 and 5, over conjunctions of isContainedIn and SubclassOf assrtions or
conjunctions of Contains and SubclassOf assrtions. As we have dready seen, these kinds of inferences can
lead to false mnclusionsif the Ry, Ry, and Ry, versions of classrelations are not explicitly distinguished.

A failureto tailor automated reasoning to the different properties of Loc-In;, Loc-1n,, Loc-1ny,, and their sub-
relations seems to be the reason for erroneous GALEN assertions such as Male Pelvic Cavity Contains Ovar-
ian Artery, Male Pelvic Cavity Contains Uterine Artery, and Male Pelvic Cavity Contains Vaginal Artery.
The assertion Male Pelvic Cavity Contains Ovarian Artery seemsto have been generated from the GALEN
assertions
Pelvic Cavity Contains Ovarian Artery

and

Male Pelvic Cavity SubclassOf Pelvic Cavity.
These asgertions correspond to the following BIT+Cl asertions:

(Loc-In"),(Pelvic Cavity, Ovarian Artery)
(every ovarian artery is located in some pelvic cavity)

Male Pelvic Cavity Is_a Pelvic Cavity
(every male pelvic cavity isa pelvic cavity).
SeeFigure5.

Pelvic Cavity
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(Loc-1n),
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Ovarian Artery

Male Pelvic Cavity
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Figure 5: Reasoning about containment and subclassrelationsin GALEN

As can been seen from Table 5 (row 2, column 3), no conclusion about locaion relations between clases A and
C can be derived from the wnjunction (Loc-1n"),(B, A) & Is_a(C, B).Thus, the inference from Pelvic Cavity
Contains Ovarian Artery and Male Pelvic Cavity SubclassOf Pelvic Cavity to Male Pelvic Cavity Contains
Ovarian Artery isinvalid.

GALEN’sisContainedIn BIT+Cl GALEN's Contains BIT+Cl
relation relation
1 | OvarianArteryisContainedIn Pelvic | Loc-In; Pelvic Cavity Contains Ovarian Artery (Loc-In™y,
Cavity
2 | UterusisContainedIn Pelvic Cavity Loc-Ing none
3 | none Venous Blood Contains Haemoglobin (Loc-InY),
4 | none Male Pelvic Cavity Contains Urinary Blad- | (Loc-In™),
der
5 | UterusisContainedIn Female Pelvic Loc-Iny, | Female Pelvic Cavity Contains Uterus (Loc-I n-1)12
Cavity
6 Mediastinum isContainedin Thoracic | Loc-In;, | Thoracic Space Contains Mediastinum (Loc-ln'l)lz
Space
7 Larynx isContainedIn Neck Loc-Iny, | NeckContains Larynx (Loc-ln'l)lz
8 | LungisContainedin Pleural Mem- none Pleural Membrane Contains Lung none
brane
9 | Tooth isContainedIn Tooth Socket none Tooth Sake Contains Tooth none
10 | none Male Pelvic Cavity Contains Ovarian Ar- none
tery

TABLE 10: As=rtionsusng GALEN’s isContainedin and Contains

Examplesin Table 10 highlight some important distinctions between the FMA’s and GALEN'’s containment rela-
tions.

Examples 6 and 7 show that GALEN’s classcontainment relation does not, like that of the FMA, exclude dass
parthood relations. GALEN uses the relation isPartitivelyContainedIn as a sub-relation of both isContaine-
din and isDivisionOf. Analogously, PartitivelyContains isin GALEN a sub-relation of both Contains and
hasDivision. These stronger relations hold between the pairs of anatomica classesin examples 6 and 7. Thus,
GALEN as=rts both MediastinumisContainedin Thoracic Space and MediastinumisDivisionOf Thoracic
Soace, aswell as both Larynx isContainedin Nedk and Larynx isDivisionOf Neck. Also, GALEN aserts both
Thoracic Space Contains Mediastinum and Thoracic Space hasDivision Mediastinum, as well as Neck Con-
tains Larynx and Neck hasDivision Larynx.

But note that GALEN's isDivisionOf is not a sub-relation of isContainedIn . We have seen that in BIT+Cl,
PP.(A, B) impliesLoc-In(A, B). By contrast, GALEN often assertsthat A isDivisionOf B without also assert-
ing A isContainedin B."® For example, GALEN asgrts Urinary Bladder isDivisionOf Lower Urinary Tract
but not Urinary Bladder isContainedin Lower Urinary Tract. Also GALEN assrts Left Sde Of Heart isDivi-

18 Of course, in these cases a sub-relation of isDivisionOf other than isPartitivel yContainedin is used.



sionOf Heart, but not Left Sde Of Heart isContainedIn Heart. Similarly, Contains is not a sub-relation of
hasDivision. For example, Lower Urinary Tract hasDivision Urinary Bladder and Heart hasDivision Left
Sde Of Heart are asserted but not Lower Urinary Tract Contains Urinary Bladder and Heart Contains Left
Sde Of Heart. It isnot clear, however, exadly what principle GALEN usesto distinguish cases of class
parthood which are also cases of classcontainment from cases of classparthood which are not cases of class
containment.

Examples 6 and 7 (as well as examples 8 and 9) also demonstrate that GALEN does not, as the FMA does, re-
strict the arguments of its containment relation so that the first must be a d¢assof material individuals and the
second must be aclassof immeteria individuas. In GALEN, Mediastinum (the first argument in example 6) is a
subclass of Body Space and Neck (the second argument in example 7) is a subclass of Muscle Tissle Structure.

In sum, we have seen that GALEN’ s failure to distinguish between (Loc-In™); and (Loc-In™), uses of Contains
has led in one cae to false asertions and invalid inference mechanisms. Also, the root spatial meaning of
GALEN's general containment relation isunclea. In particular, it is not clea what exadly (in the spatial con-
figurations the relevant individuals) is suppaosed to distinguish the isDivisionOf and isContainedin relations. In
addition, isContainedIn and its sub-relations are used in some cases, not as a dasslevel location relations (like
BIT+ClI’'sLoc-In relations or the FMA'’s contained_in), but rather as classleve surrounds relations. The spa-
tial relation between my urinary bladder and my pelvic cavity is very different from the spatial relation between a
tooth and its ocket. My urinary bladder occupies part of my pelvic cavity, while my tooth is partially surrounded
by its socket. Y et the same sub-relation of isContainedin -- isNonPartitivelyContainedin —is used in the
GALEN assertions about the corresponding classes: Urinary Bladder isNonPartitivelyContainedIn Pelvic-
Cavity and Tooth isNonPartitivelyContainedIn Tooth Socket.

5.5Using BIT+CI to Improve Anatomical Representation and Reasoning in Biomedical Ontologies

We recommend that all biomedical ontologies link their spatial terms to the relations of a formal theory, such as
BIT+CI or (for more mmplex relations) an extension of BIT+Cl. We particularly urge that relations which are
distinct in the formal theory be linked to dfferent relational termsin the biomedical ontology. Thiswill gredly
improve the clarity of the information contained in the biomedical ontology — the user will know, e.g., that the
class parthood relation holding between Male Pelvis and Body is different from the dassparthood relation hold-
ing between Urinary Bladder and Male Pelvis. It will also allow for expanded automated assertion generation
through the consistent implementation of reasoning based on theorems of the formal theory. The automated gen-
eration of assertions will, in turn, deaease the need for manual input into the ontology and, if consistently im-
plemented, decrease the number of erroneous assertions mistakenly entered into the ontology.

We have focused in Sedions 4 and 5 on the need to explicitly distinguish Ry, R, and Ry, types of class relations.
We now briefly sketch how a biomedical ontology which clearly distinguishes the PP;, PP,, and PPy, relations
might operate. For such an ontology, assertions involving the PP, and PP relations could be generated auto-
maticaly from PPy, assrtions and Is_a assertions. In addition, the transitivity of PP, can be used to automati-
cally generate PPy, assertions from a (relatively) small colledion of manualy entered PP;, assertions. For exam-
ple, given the following inputs:
PPlz(PeIVi S, BOdy)
PP,,(Urinary Bladder, Pelvis)
PP12(Neck of Urinary Bladder, Urinary Bladder)

trangitivity reasoning on PP,, generates:

PP12(Urinary Bladder, Body)

PPy,(Neck of Urinary Bladder, Body)



PP1>(Neck of Urinary Bladder, Pelvis).
Given also the Is_aassertions:
Is a(Female Pelvis, Pelvis)
Is a(Male Pelvis, Pelvis)
the theorems represented in Table 3, generate:
PP,(Urinary Bladder, Female Pelvis)
PP,(Urinary Bladder, Male Pelvis)
PP,(Neck of Urinary Bladder, Female Pelvis)
PP,(Neck of Urinary Bladder, Male Pelvis)

SeeFigure 2, Subsection 5.1.

Note that the strong PP;, relations can link to Pelvis or Body only classes, like Urinary Bladder, whose in-
stances are parts of all pelvises and bodies. But the PP,; relation can link classes of sexually dimorphic structures
to either Female Pelvis or Male Pelvis (or Female Body or Male Body). From inputs such as

PP1(Uterus, Female Pelvis)
PP.o(Prostate Gland, Male Pelvis)

PP, assrtions linking Pelvis (or Body) to the dasses of sexually dimorphic structure can be generated via Table
3
PPy (Uterus, Pelvis)
PP.(Progtate Gland, Pelvis).

Thus, given this kind of mechanism for automatically generating PP; and PP, assrtions from PP, and Is aas-
sertions and given also arich enough classfication system'’, the arators of a biomedical ontology need only
manually input a portion of its PP, and Is_aassertions to derive afull range of distinct PP;, PP,, and PP, asser-
tions.

Of course, displaying a once all PP, PP,, and PPy, assertions involving a given classis probably impracticd. It
would also be redundant since for each assertion of the form PP;,(A, B), we have dso (viatheorems (CIT26) —
(CIT27)) both PP1(A, B) and PR,(A, B). (For example, PPix(Urinary Bladder, Pelvis) entails the weaker asser-
tions: PP,(Urinary Bladder, Pelvis) and PP,(Urinary Bladder, Pelvis).) We suggest that PP;, PP,, and PP,, as-
sertions be displayed in separate (and clearly distinguished) modalities of the interface’ s parthood graphs or ta-
bles of assertions. Examples ill ustrating some diff erences in the kind of information that would be embodied in
separate PP:,, PP;, and PPy, graphs are given in Figure 6.

Body
T Female
Body Pelvis
T Pelvis
Pelvis /
/ \ Urinary
Urethra Urinary Urethra Bladder Uterus
. Uterus Prostate
Urethra Urinary Bladder Gland
Bladder
Y More precisely yels to satisfy tiie 1un uwiny wvu vonditions: i) whenever PR(A, B) hdds but PP(A, B) does NOT hdd,

there is either s0i1w uwoow wuu uw Sither Cls_aB and PP(A, C) or A Is_a C and PPi2(C, B); ii) whenever PP(A, B) hdds but PP2(A, B) does
NOT hold, there is ©ome classD such that either B Is_ aD and PP2(A, D) or D Is_aA and PPx(D, B).



PPy,
Graph

PP, Graph PP, Graph

Figure 6: Separate graphsfor the PP;,, PP,, ana PP, relations

The same kind of strategy can be used to input, derive, and display assertions involving Ry, R,, and Ry, classrela
tions for other underlying relations R. For example, it can be used for assertions involving the broad BIT+Cl lo-
cation relations, Loc-1ny, Loc-1n,, and Loc-1n,, or for assertions involving clearly distinguished versions of ei-
ther the FMA’s or GALEN's containment relations. With a wide collection of classrelations, more complex in-
ferencerules can be implemented for automaticaly generating asertions. For example, Table 2 can be used to
generate further assertions from combinations of classparthood and classlocation assertions.

We have focused in this sction on the alvantages to be gained and the problems to be avoiding by including
clearly distinguished Ry, R;, and Ry, versions of parthood and location relation in a biomedical ontology. But we
have dso seen other kinds of ambiguitiesinthe FMA’s and GALEN' s uses of their parthood and containment
relations. For example, we saw that GALEN uses the same relation, isNonPartativelyContainedIn, both as a
class-level surround relation and as classleve location relation (in the sense of the Loc-1n;). We have dso seen
that in some @ses the FMA seemsto use contained_in to mean: is-at-some-times-contained-in (as in Bolus of
Food contained_in Lumen of Esophagus). These kinds of ambiguities are undesirable and may, likethe Ry, Ry,
Ry, ambiguities, obstruct the development of robust reasoning mechanisms. A more @mplex extension of
BIT+Cl, which has atemporal component as well as awider range of spatial relations, can be used to disambigu-
ate such diverse uses of the cntainment relations and also to analyze other types of relations (e.g. adjacency and
continuity) which are used in the FMA and GALEN.

Finally, we note that some of the BIT+Cl relations have no counterparts in the FMA or GALEN. We suggest
that biomedical ontologies consider expanding their collection of spatial inclusion relations so that they canin-
clude more anatomical information. For example, with PCoin,,, the ontologies could assert:

PCoini»(Esophagus, Superior Mediastinal Space)
(every esophogus partially coincides with some superior mediastinal space and every superior mediastinal space
partialy coincides with some esophagus)
PCoinz(Esophagus, Posterior Mediastinal Space)
(every esophogus partially coincides with some posterior mediastinal space and every posterior mediastinal space
partialy coincides with some esophagus)

and so on. With O, the ontologies could assert:

O12(Bony Pelvis, Vertebral Column)
(every bony pelvis overlaps some vertebral column and every vertebral column overlaps sme bony pelvis)

Adding these particular relations to the ontologies would be especidly advantageous sncethey have strongin-
ferential tiesto the PP;, PP,, PP;,, Loc-1ny, Loc-1n,, and Loc-1ny; relations which correspond roughly to the
FMA'’s and GALEN'’s parthood and containment relations. For example, since the FMA has the assertions Sa-
crum part_of BonyPelvis and Sacrum part_of Vertebral Column and GALEN has analogous assertions stated
in terms of isDivisionOf*8, O12(Bony Pelvis, Vertebral Column) could be inferred from information already in
the ontologies once the different versions of their parthood relations are dearly distinguished. Similarly,
PCoinz(Esophagus, Superior Mediastinal Space) can be derived in BIT+Cl from PP,(T4 Segment of Esopha-
gus, Esophagus) and Loc-1n(T4 Segment of Esophagus, Superior Mediastinal Space). In thisway, given un-

%8 Note that GALEN uses the term “ Sgnal Colurmn” instead of “Vertebral Colurmn”.



ambiguous classparthood and containment assertions and strong automatic assrtion generation capabilities,
many overlap and partial coincidence asertions could be generated without additional manual input.

6. Conclusions and Further Work

A central goal in artificial intelligence is to create ontologies which encode the general badkground krowledge
needed for organizing and using cata in a spedfic domain such as medicine, biology, or geography. For these
domain ontologies to function as general references, they must be robust in the sense that they can be used in
different contexts by users with different kinds of expertise and different objedives. In particular, it should be
possbhle for usersto integrate data organized in terms of a domain ontology with data organized accordingto a
different system. The domain ontologies should also be expandable — we should be able to add content or
stronger inference mechanisms without having to restructure the entire ontology.

To achieve these goals, it is crucia that the aeators of an ontology organizethe termsin their ontology in a
clear and systematic way and that all relational terms are linked to aformal theory which makes the logical prop-
erties of the relations explicit. Our investigation has siown that the spatial relational terms used to organizethe
anatomical content of the FMA and GALEN are not clearly defined and that often the same relational termis
used for relations with significantly different logical properties. As aresult, some asertions in these ontologies
are anbiguous and it is not obvious how to integrate anatomical information from the FMA with anatomical in-
formation in GALEN." We have dso seen that the failure to distinguish different class-level relations obscures
the logica structure of the information embodied in these ontologies and limits possibilities for consstent
automated reasoning.

We have propased Basic Inclusion Theory for Class(BIT+Cl) as afirst-order logica theory in which dfferent
class-level parthoodand location relations can be clealy distinguished. The theory we develop here builds on
previouswork [3, 5, 19]. We go beyond this earlier work in distinguishing an interconneded group of parthood
and location relations among individuals which are used to formally define corresponding classrelations. We
have dso investigated in much greaer detail the logical properties of the relations introduced in our formal the-
ory and their correspondence with the relational terms of the FMA and GALEN.

Our gpproach can, in turn, be extended by strengthening the spatial component (BIT) of BIT+Cl. BIT can ke
strengthened either through the aldition of further restrictions on the relations aready included in BIT (along the
lines suggested in Subsection 2.3 of this paper) or through the introduction of further relations. Further formal
relations are necessary for giving a full anaysis of both the FMA’s and GALEN' s containment relations as well
as an analysis of other relations such as continuous_with or boundary_of. Another important areafor further
research is the introduction of time dependent spatia relations (along the lines ketched in [13]) which can be
used in, e.g. developmental anatomy, to describe intermittent or evolving spatial relations between the instances
of two classs.

Finally, in order to link the asertions of canonica anatomy to either general descriptions of aberrant physicd
structures or to descriptions of individual human beings' particular body structures, some mechanism must be
introduced for handling abnormal anatomical structures. We have suggested (in Section 3.1) that this might be
done by distinguishing between normal and abnormal instances of a given class Another promising approad is
to develop aversion of BIT+Cl, not in standard first-order predicate logic, but in a non-monotonic logic [23].
Instead of forcing usto make a mntext-independent distinction between normal and abnormal instances of a
given class a non-monotonic logic would alow usto over-ride ertain general background assumptions (in par-
ticular, some of the as=ertions of canonica anatomy) when relevant information is provided about a specific indi-
vidual or group of individuals (e.g that a given individual has a lung tumor or has had a hysterectomy).

¥ Note that obstacles to integration stemming from the use of unclear classlevel relations are compounded by the mutually inconsistent dlassfica-
tion schemes adapted by these ontologes. For example, in the FMA Mediastinumis a subclassof Material Physical Anatomical Entity andin
GALEN Mediastinumis a subclassof Body Space.
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