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Implementing A Comparative Anatomy Information System for the Foundational 
Model of Anatomy and Mouse Anatomy Ontology 

 
 
 

INTRODUCTION 
 
 
 

Research in bioinformatics, genomics, and animal models of human disease, as well as 

other fields, has shown an increasing need for extrapolating information from one species 

to another [19]. This means that contemporary researchers would find it helpful to be able 

to compare anatomical entities of two different species. For example, if experiments are 

conducted on a certain part of a mouse, it is critical to know how closely the relevant 

anatomical entity of the mouse models the corresponding human entity, so that it is easier 

to evaluate the significance of the results for humans.  Furthermore, the amount of 

anatomical and related medical data emerging from such animal modeling experiments is 

growing at an exponential rate, calling for innovative methods of evaluating, organizing 

and managing this information.  

With these motivations in mind, Ravensara Travillian, a graduate student 

supervised by Dr. Linda Shapiro at University of Washington, is working on the design 

of a comparative anatomy information system that will allow users to issue queries to 

determine the similarities and differences between two species. The system will serve as 

a pilot project for cross-species anatomical information collection, storage, and retrieval.  

In her previous work with her collaborators, Ravensara proposed an approach called the 

Structural Difference Method (SDM) which uses the Foundational Model of Anatomy 

(FMA) as a framework (see Background section for details about the FMA), and graph 
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matching as a method, for determining the similarities and differences between node 

attributes and relationships (edges) defined by the attributed graph of the FMA. [19] 

A prototype of the proposed system needed to be implemented to demonstrate the 

functionality of the theoretical design. As part of the CRA-W Distributed Mentor Project 

in summer 2005, I worked with another undergraduate student from University of 

Wisconsin-Madison, Tejinder Judge, to create a working version of the application. I 

have continued development of the application during my senior year at Oregon State 

University. This thesis describes the relevant background information, the details of my 

part of the implementation, the challenges and problems that I have faced and ideas about 

future work on this project. 
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RELATED LITERATURE AND BACKGROUND INFORMATION 
 
 
 

Knowledge representation 
 
 
The Foundational Model of Anatomy is developed and maintained by the Structural 

Informatics Group (SIG) at the University of Washington.  The FMA is a symbolic 

model of the physical organization of the human body.  More specifically, it is an 

ontology that furnishes a comprehensive set of concepts and relationships that describe 

the human body at all levels of structural organization [17].  It is an evolving resource for 

bioinformatics projects that require anatomical information [7].  Therefore, the FMA is 

well suited as a framework for the knowledge base of the application we are developing. 

The FMA was implemented using Protégé 3.0 - a free, open-source ontology 

editor and knowledge base framework [12]. Protégé was developed by the medical 

informatics group at Stanford University.  

Protégé represents information as frames.  A frame represents a concept or a 

situation, and in the case of the FMA, a frame stands for an anatomical class.  Different 

kinds of information can be attached to a frame to define or describe the purpose of the 

frame [8].  In Protégé, this information is represented as slots, which have slot values. 

The slots stand for attributes and relationships relevant to the anatomical class.   

We can imagine the FMA as a graph, with each anatomical class being a node, 

nodes having attributes and attribute values, and edges of the graph representing 

relationships between nodes.  In Protégé, slots of the class represent either node attributes 

or edges and slot values represent either node attribute values or edge attribute values.  

For example, the anatomical class Prostate has the Boolean attribute (slot) has 
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boundary, and the attribute value (slot value) for that attribute is true.  There is also a 

directed edge from the node Prostate to the node Cavity of Male Pelvis, 

which represents the relationship contained in; in Protégé, the class Prostate would 

then have slot called contained in which would have the slot value Cavity of Male 

Pelvis. 

 

 
Figure 1: A simple graph representation of the knowledge base 
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It was decided that initially, our application would be designed to compare 

structures from two species – the human and the mouse.  Therefore, we are developing a 

partial Mouse Anatomy Ontology (MAO) [18].  Currently, the knowledge base that is 

used for making cross-species comparisons is a hybrid between the FMA and the MAO, 

as it contains anatomical information about both species under one general abstraction.  

Like the FMA, it is implemented in Protégé 3.0. As the project progressed, however, we 

decided to include the rat as a third species in our knowledge base.  This is because a lot 

of the work done in entering mouse anatomy information could easily be extended to 

include the rat. 

We began the development of the knowledge base by entering anatomical 

information about the mouse and human prostates and the mouse and human mammary 

glands.  Those structures have been identified as cancer sites and were selected because 

of their medical importance.  Currently, the knowledge base contains somewhat complete 

information about the mouse, rat and human prostate, but does not contain any 

comprehensive mammary gland information. 

 
 
Comparing structures 
 
 
 
Mappings 

 
Ravensara developed the design of the comparative anatomy system to map the 

anatomical entities of one species to those of another species, and to determine the 

similarities and differences between these entities [1,3]. 
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A mapping is a correspondence between a structure in one species and a structure 

in the other species. A mapping answers the question, “What is the structure in species1 

that corresponds to a structure in species2?” For example, the answer to the question 

“What is the structure in the human that corresponds to the set of prostates in the 

mouse?” is the human Prostate, which means the human Prostate maps to a set of 

mouse prostates.  The structures that are mapped across species are selected based on 

homology (evolutionary relatedness), and not on homoplasy (similarity of appearance) or 

analogy (similarity of function) [18]. The mapping correspondence may either be genetic 

or embryological. 

It is important to note that a mapping is bidirectional; i.e. if structure A in species 

1 maps to structure B in species 2, then necessarily structure B in species 2 maps to 

structure A in species 1.  The user expects the query “What is the difference between the 

human and mouse prostates?” to return the same result as the query “What is the 

difference between the mouse and human prostates?” and this implementation ensures 

this consistency in response [18]. 

 

Structural Difference Method 

 
In order to gauge the difference between two structures, the following types of 

differences have been proposed: node set differences, node attribute differences, node 

attribute value differences, and relationship differences.  A very brief explanation of each 

follows, as they are described more fully in [19].  A more detailed description of how the 

difference types used in the CAIS system is included in the Full system design details 

section. 
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Node set differences – the difference between the number of entities in the source and 

target species i.e. a mapping difference where a structure in one species corresponds to 

more that one structure in the other species, or there is no correspondence at all (a null 

mapping). 

 

Node attribute differences – differences in the existence of an attribute between two 

corresponding structures in the source and target species. 

Node attribute value differences – differences in values of corresponding attributes 

shared between corresponding nodes of two species. 

Relationship differences – differences in relationships (edges) between structures across 

species. 

 

Emily 

 
Emily is a relation-centric interface for querying the Foundational Model of Anatomy. 

The Structural Informatics Group at University of Washington, who also developed the 

FMA, created Emily to enable users to explore in-depth the complex relationships 

between anatomical entities in the human body presented in the FMA [12]. 

Emily served as a learning tool, as well as inspiration for the design of the 

graphical user interface of our application. We used Emily to learn how to query the 

knowledge base using the Protégé Java API, as well as how to set up our application to 

run from the web using the Java Web Start Service.  We also referred to Emily when 

considering the design of the user interface.   
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One of the design objectives of the Emily system was to provide a simple method for 

entering queries so that nonprogrammers would require very little training to do so [15]. 

Since Emily and our CAIS application are likely to have a comparable user base, we 

decided to keep our interface similar to Emily’s, and strive for simplicity. This approach 

has the following advantages: 

- reduces the learning curve for first-time users of our application who have had 

experience with Emily 

- potentially expands the user base for our application because Emily users are 

more likely to want to use CAIS if they already know how to navigate the 

interface 

- creates a unified theme for similar applications developed by related research 

groups at the University of Washington 

 

  Thus Emily was a valuable reference, especially during the initial phase of our 

implementation.  
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FULL SYSTEM DESIGN DETAILS 
 
 
 

CAIS is a Java application that accesses the Protégé API (a Java programming interface) 

to communicate with the knowledge base. This structure is very similar to the way the 

Emily system was designed [15].  

 
 
Knowledge base implementation 
 

 
Modeling anatomical entities 

 
The knowledge base is implemented in Protégé as an is-a hierarchy. There are some 

Protégé classes that do not represent actual anatomical structures of a particular species 

but are abstractions that can be used to model more than one species. For example, the 

class Organ is an abstraction or non-mapping class, and subclasses of it such as 

Prostate (human) are mapping classes that do not necessarily belong to the same 

species.  We refer to these subclasses as mapping classes because those are the classes 

that correspond to actual physical structures.  It is useful to think of mapping classes as 

instances of anatomical entities that exist in the real world.  The non-mapping classes do 

not correspond to actual structures, and therefore they cannot be mapped to anything. 

Furthermore, our knowledge base takes advantage of the concept of meta-classes 

in Protégé. The meta-classes serve as “template” classes that determine which slots class 

that inherit from them will have. A meta-class has a number of template slots, and any 

class that inherits from that meta-class will have those slots as its own slots.  For 

example, the Anatomical entity template class has the template slots “species type” and 
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“maps-to”. Therefore, the Anatomical entity class and all its subclasses will have those 

two slots. If one of these subclasses requires new slots that are not needed by its 

superclasses, then a new meta-class would have to be created for that subclass that 

defines the new slots needed. The advantage of this approach is that once you get to a 

level in the anatomical hierarchy that is specific enough to cover all the subclasses, you 

only need to define the structure of the classes (what slots they require) once, instead of 

for each single class. 

 

Modeling attributes 

 
The attributes of anatomical entities and relationships between entities are modeled using 

slots in Protégé. Each class that has a particular slot will fill in the appropriate values for 

it. The slot form in Protégé allows the knowledge base editor to define and edit the 

attributes of a slot. Table 1 shows a list of the slot attributes that we used, and a 

description of each, as described on p.43 of [11] (except for the “Allowed superclasses” 

slot which is not included in that document). The available types of slots are summarized 

in Table 2 (from p. 44 in [11]). Appendix B lists all the slots in the current version of the 

CAIS knowledge base and their attributes.  
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Slot attribute Description 
Name Slot names are case-sensitive. We followed the convention of 

making the names lower-case. 
Value type Determines the kind of values the slot may hold. Refer to 

Table X below for a summary of the different types.  
Allowed Superclasses Only available for slots of type Class or Instance. Specifies 

the superclasses which bound the value that this slot may 
have. The slot value must be a subclass of the allowed 
superclasses specified.  

Cardinality Specifies the number of values allowed or required for the 
slot. The default configuration is to allow the slot to have at 
most one value. 

Inverse slot (optional) Only available for slots of type Class or Instance. Allows you 
to create a reciprocal relationship between two slots. If the 
relationship is set up correctly, assigning a value to the slot 
for one instance automatically assigns the instance as a value 
to the appropriate inverse slot.  

 
 
Table 1: Slot attributes used in the CAIS knowledge base 
 
 
 
Type  Description Examples 
Any Any of the types below (logical Union)  
Boolean Logical value True, false 
Class Class in the knowledge base Mammary gland 
Float  Number with a decimal point 1.0, 3.4e10, -0.3e-3 
Instance Instance of a class in the knowledge base Instance of Maps-to class 
Integer Whole number 1, 7, -6 
String String of alphanumeric characters, possibly 

including spaces 
“Mapping reference” 

Symbol List of values, which may not include spaces Sphere, cylinder 
 
 
Table 2: Available slot value types in Protégé 3.1 
 
  

The slots in our knowledge base also have the attribute “Domain”, which specifies the 

classes on which a slot may be used [7]. This slot value of this slot is automatically set to 

the class from the meta-class (or template) hierarchy that adds the slot as its template slot. 
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For example, one of the template slots for the Anatomical Set template class is “has 

member”.  The “Domain” slot attribute of the “has member” slot thus automatically 

contains the value Anatomical Set template class. 

 

Modeling relationships  

 
Protégé slots whose value type is a class or instance represent a relationship between the 

anatomical entity that owns the slot and the slot value(s). These relationships can be 

thought of as the edges in the knowledge base graph. Modeling attributed relations is 

slightly more complicated, as described in the following section. 

 

 
Modeling attributed relations 
 
 
Sometimes, more information needs to be attached to a relationship besides just the name 

of the relationship and the two concepts it connects. For example, the “orientation” 

relationship needs to specify how two anatomical entities (in the same species) are 

oriented with respect to each other. To illustrate this more clearly, here is a concrete 

example: in the human, the Prostate is inferior to the Apex of prostate and 

superior to the Base of prostate. We refer to this kind of relationship as an 

attributed relation and we implement it in the knowledge base in the same way that is 

implemented in the FMA, using attributed slots. Here is how this is done: 

1. Create a new class that will represent the attributed relation.   

2. Create new slots for each attribute of the relationship.   

3. Add the slots created in step 2 as template slots of the class created in step 1.  
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4. Create a slot that will represent the attributed relation. Make its value type 

Instance.  

5. Create an Instance for every attributed relationship of this kind that needs to be 

represented. Use the appropriate Instance as the slot value for the slot created in 4 

in the appropriate class. 

In the following section I illustrate this process by describing how I implemented the 

maps-to slot in the CAIS knowledge base. 

   
 
The mapping relationship  

 
A mapping relationship between two classes represents a genetic and/or an embryological 

correspondence between the anatomical structures of the different species. Querying two 

structures that map to each other produces results that give details about the mapping 

relationship. The literary sources for the embryological or genetic mappings between 

structures are included in the knowledge base, as an attribute of the mapping relationship. 

Including references gives the user more confidence in the validity of the results of the 

query. Moreover, it provides the user with the opportunity to easily take a more in-depth 

look at the relationship between structures than our application provides. The idea of 

including references was suggested at a fairly late stage of my involvement with this 

project, therefore although I have included the required functionality in the code, the 

knowledge base is not yet populated with mapping references, so at this stage, we have 

not used this feature extensively in our informal testing of the application. 

Mappings in Protégé are represented using a slot called “maps-to”. Since each 

mapping has attached attributes such as literature references for the origin of the mapping 
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relationship, the slot was implemented in the following way.  A class called “Maps-to” 

was created, which has template slots for the attributes of the relationship.  Each class 

that has a mapping relationship with another class will have a maps-to slot, whose value 

will be an instance of the Maps-to class. The Maps-to class slots, along with detailed 

explanations, are included in Table X. Each class may have multiple maps-to slots 

values; each slot value will represent one mapping relationship. If a class maps to another 

class both embryologically and genetically, then two separate instances of the Mapping 

class will be created and the maps-to slot will have two values. 

 

Cardinality Slot Slot value type Slot value explanation 
Required Multiple 

Mapping-class Class The class that maps to 
the original class which 
has this slot 

Yes At most 1 

Mapping-ref String The references for the 
mapping relationship 

No Any 
number 

Mapping-type Symbol, with 
allowed values 
embryologically 
and genetically 

Indicates the kind of 
correspondence 

Yes At most 1 

 

Table 3: Template slots for the Maps-to class 

 

An example of how a contributor to the knowledge base would include a mapping 

relationship between structure A and structure B is as follows: 

1. Include the “maps-to” slot as a template slot for both classes representing the two 

structures (if not already included) 

2. Create a new instance of the Maps-to class, which will be the slot value of the 

maps-to slot of structure A. 
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3. Fill in the Maps-to class slot values for the instance of the class created in step 2. 

The “mapping-class” slot value will be the class of structure B; the “mapping-ref” 

slot value(s) will include the reference in the literature that documents the 

mapping relationship between structure A and structure B; the “mapping-type” 

value will be either embryologically or genetically (but not both). If both mapping 

types are appropriate, then two separate instances of the Maps-to class should be 

created. 

4. Include the instance of the Maps-to class as the slot value for the maps-to slot for 

structure A. 

5. Repeat steps 2 – 4 for structure B.  

 

 
 
Figure 2: The Protégé interface, with the knowledge base concepts (nodes), attributes 
(node attributes) and relationships (edges) highlighted. This diagram is an updated 
version of Figure 2.15 on p. 43 of [20].  
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Query types 

 
This section describes the query types we implemented and the approach we took 

comparing structures, based on the theory described in the previous sections.  We 

imagine the generic structure of a query like this:  

Anatomical entity A in species 1 <query type> anatomical entity B in species 2 

We often refer to “Anatomical entity A in species 1” as the subject of the query and 

“anatomical entity B in species 2” as the object of the query for simplicity. 

We implemented seven query types; two of them are Boolean queries that return a 

true/false result, and five are non-Boolean queries that return a set of results.  Below is a 

description of the results of each query type. 

 

Boolean queries 

 
The Boolean query operators are <is different?> and <is homologous?>.  

• Species1.anatomical-entity1 <is different?> species2.anatomical-entity2 

Returns true if species1.anatomical-entity1 does not map to species2.anatomical-

entity2, and false if the two entities map to each other. 

• Species1.anatomical-entity1 <is homologous?> species2.anatomical-entity2 

Returns false if species1.anatomical-entity1 does not map to species2.anatomical-

entity2, and true if the two entities map to each other. This operation is the inverse of 

the <is different?> query type. 
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Non-Boolean queries 
 

The non-Boolean operators are <differs from>, <similar to>, <shared>, <not shared> 

and <union>.  

• Species1.anatomical-entity1 <differs from> species2.anatomical-entity2  

 Returns the difference between anatomical-entity1 in species1 and anatomical-entity2 

in species2, as computed by the comparing structures method described below. The 

result set is a non-null correspondence other than anatomical isomorphism (e.g. a one-

to-many relationship) between two homologous structures at the level of granularity 

of the query [15]. If there is no correspondence (the structures do not map to each 

other), then the user is notified and nothing further is returned. 

• Species1.anatomical-entity1 <similar to> species2.anatomical-entity2 

 Returns the similarities between anatomical-entity1 in species1 and anatomical-

entity2 in species2, as computed by the comparing structures method described 

below. The result set corresponds to an anatomical isomorphism (1-to-1 and onto 

correspondence) between the two homologous structures at the level of granularity of 

the query [1, 14]. If there is no correspondence (the structures do not map to each 

other), then the user is notified and nothing further is returned.  

• Species1.anatomical-entity1 <shared> species2.anatomical-entity2 

 Returns the set of parts in anatomical-entity1 and anatomical-entity2 that map to each 

other.  The result set corresponds to all the parts of the structure which occur in both 

species to the level of granularity specified [15]. 

• Species1.anatomical-entity1 <not shared> species2.anatomical-entity2 
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 Returns the set of parts in anatomical-entity1 and anatomical-entity2 that do not map 

to each other.  This is the set complement of the structured returned by the shared 

query type, and the result set corresponds to all the parts of the structure which occur 

in one species or the other, but not both, to the level of granularity specified [15].  

• Species1.anatomical-entity1 <union> species2.anatomical-entity2 

 In the current implementation, this query returns what anatomical-entity1 maps to and 

what anatomical-entity2 maps to.  This does not correspond to the desired definition 

of this query, which is the following: the result set contains all the parts of the 

structure which occur either in one species or the other, or in both, to the level of 

granularity specified – in other words, the set union of the structures returned by the 

<shared> and <not shared> query types [15].  

 

Comparing structures  
 

The following approach is taken when comparing two structures to find similarities or 

differences:  

1. The mapping results check whether the structures map to each other. If they do, 

proceed to the next step. If they do not, inform the user what each structure does 

map to.  

 2. The attribute and relationship results compare the attributes and relationships 

of the subject and object. If the user is looking for similarities, the shared 

attributes and relationships are returned. If the user is looking for differences, 

attributes and relationships that only the subject has and that only the object has 

are displayed.  
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3. The attribute value and relationship value results check whether the values for 

the attributes and relationships that the structures share are the same. For example, 

if both the subject and the object have the Boolean attribute has mass compare the 

value of has mass i.e. true or false. If the user is looking for similarities, display 

the values that both structures share. If the user is looking for differences, display 

what value the subject has that the object does not and what value the object has 

that the subject does not. 

4. The user has the option of making queries with unknown structures by selecting 

unknown for either the subject or the object entity.  A query that involves one 

known and one unknown entity returns what the known entity maps to. A query 

involving two unknowns returns an error message. For a query involving an 

unknown, the query type chosen is not considered.   

 

Level specification  
 

It has been found that similarities and differences can occur at all levels between two 

graphs [19]; performing a query down the part-of hierarchy of both species would show 

the user all levels of similarities and differences of the structures of interest. Therefore, I 

implemented an option for the user to select the number of levels of the part-of hierarchy 

that the query should be performed on. If the level is 0, only the subject and the object are 

compared and the results displayed. If the level is 1, the subject and object are compared 

with the specified relationship and their parts are also compared using the same query 

type.  
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The number of levels of the part hierarchy that the query can be performed on is 0 

to 4, inclusive. If a number greater than 4 is entered, a message is displayed informing the 

user that it is not possible to search more than 4 levels deep, and the search defaults to 4 

levels. I set a limit on the number of levels for performance reasons – querying more than 

4 levels results in a large number of detailed queries which may take more time than the 

user is willing to spare. If a user does require more than 4 levels, she may perform more 

than one query, using the previous results in each successive query, thus working her way 

down the part hierarchy. In the latest version of the code, the option to perform queries 

down the part hierarchy is not implemented for queries with unknown structures, and it is 

also not implemented for the query type union.  

 

 

Testing the functionality of CAIS 

 

It is difficult to fully test the functionality of CAIS because the knowledge base is very 

sparsely populated and there are not enough anatomical entities that can be used in the 

different kinds of queries supported. Therefore, most of the testing has been limited to 

existing classes such as Prostate (human) and Set of prostates (mouse), 

and a very small test hierarchy I created, which is described below.  

 

The test hierarchy 
 
 
The test classes I created are by no means exhaustive, and I include them mostly as an 

example of the application's functionality. A fully comprehensive test will be possible 
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when the knowledge base is more complete, and searching down the part hierarchy is 

possible for actual anatomical entities. 

 An example of using this test hierarchy was to test the “shared” and “not shared” 

queries. The query type “shared” checks the parts of the two selected structures and 

shows the user that parts map to each other. The query type “not shared” is the 

complement of “shared” and shows the user the parts that one structure has that do not 

map to any of the other structure, and vice versa. The results of the “shared” query 

performed with Test 1 and Test 2 correctly indicate that Test 1 has a part called 

Part 1 of test 1 that maps to the part of Test 2 called Part 1 of test 2. 

The results of the “not shared” query with Test 1 and Test 2 correctly indicate that 

Part 2 of test 1 and Part 3 of test 1 are parts of Test 1 that do not 

map to any parts of Test 2 and that Part 2 of test 2 is a part of Test 2 that 

does not map to any parts of Test 1. Furthermore, if the recursion level is set to 1 or 2, 

the query is executed down the specified number of levels of the part hierarchy.  
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Figure 3: A very simple hierarchy added to the knowledge base to test the functionality of 
the part hierarchy search 
 
 

The “To be determined” class 
 
 
While entering information in the CAIS knowledge base, Travillian found that it was 

useful to have a placeholder class that indicates that a class needs to exist at a certain 

level of the hierarchy, but the exact details of the class have not been determined yet. For 

example, a knowledge base contributor may know that Class A maps to some other 

class, but she may not know what that class is yet, or she may know but not have created 
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it in the knowledge base. To deal with this instance, we created a class called TBD-not 

null which simply acts as a place holder. It may also be used as either the subject or the 

object of a query: 

Any mapping class <any query type> TBD-not null  

TBD-not null <any query type> Any mapping class  

The result set of either of the above queries includes the subclasses of Any mapping 

class that map to TBD-not null. This is a useful query if a user needs to find out 

which classes in the knowledge base currently have incomplete information and which 

classes have not yet been entered.  

 

The Graphical User Interface (GUI) 
 
 
One of the big tasks of this project was designing and implementing the Graphical User 

Interface for the application.  We started off with a very basic prototype of the interface 

and built up to a working version that supports the current needs of the application.   

 

The GUI is designed in three main sections arranged vertically:   

1. The top section is the “mapping direction” panel 

2. The middle section contains the necessary components to select the structures and 

query type and execute the query 

3. The bottom section shows the results of the query  
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Changing the mapping direction 
 
 
The user can specify which species should be the subject of the query and which species 

should be the object by selecting the appropriate species from the drop-down menu at the 

top of the application window.   

 

The anatomical hierarchy display 
 
 
The anatomical classes are fetched from the knowledge base and displayed in a tree form 

for the user to search or browse through, and select the subject and object of the queries.  

Even though all the Protégé classes are displayed, the user may not select every one of 

them.  Therefore, even though we display the whole anatomical hierarchy, including the 

non-mapping classes, the user is only allowed to select mapping classes to perform 

queries on. 
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Figure 4: The GUI has three main sections: the top “Mapping direction” panel, the 
middle section containing the anatomical hierarchies and the bottom results section. 
 
 
 
Results 
 
 
The query results panel contains a previous queries pane and the actual results display.  

Previous queries are saved and their results can be seen by clicking on the corresponding 

row in the "Previous queries" table. If the query is executed a second time by selecting its 

row, it is not added to the table again. Each query has a single entry in the table, and even 

if it is executed again, its place in the table does not change. As queries are executed, they 

are added to the bottom of the table.  

There are also two buttons, a Delete Selected button and a Clear all button which 

are used to remove previous queries. Clicking the Delete Selected button removes the row 
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of the table selected at that time, and clicking the Clear all button removes all entries 

from the table.  

The display panel has four tabs - text, tree, graphics and references. The text tab displays 

results in a text format, the tree tab displays the results in a tree hierarchy, the graphics 

tab shows images of the anatomical entities used in the query and the references tab 

contains citations of the sources that were used to determine the mapping relationship 

between the two queries. Presenting results in different formats is meant to more 

adequately meet the needs of all users. It is possible to switch between tabs by clicking 

on the tabs or by pressing Alt-1, Alt-2, Alt-3 or Alt-4 where:  

1 = text tab  

2 = tree tab  

3 = graphics tab 

4 = references tab 

• Text tab - the text results are useful if the user would like to copy-and-paste the 

results in a different document. The text tab also displays all the error messages, 

and so it is the default tab.  
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Figure 5: the text results tab 

 

• Tree tab - the tree display is useful when a user is interested in searching multiple 

levels of the part hierarchy, because the results are displayed in an intuitively 

hierarchical fashion.  

 

 

Figure 6: the tree results tab 
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• Graphics tab – shows images of the structures being queried to help the user 

visualize the query.  Currently only images of the mouse and human prostates are 

available. 

 

Figure 7: the graphics results tab 

 
• References tab – the literature references from which the mapping relationship 

between the two classes being queried is derived are included in this display. If 

the two classes do not map to each other, then there is nothing to be displayed in 

this tab. 

 

Simple Searching Algorithm 

Another aspect of the interface I implemented was the searching function in the hierarchy 

display section. If a user already knows the approximate name of an anatomical entity she 

wants to use in her query, then it would be easier for her to search for it directly rather 
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than browse through the knowledge base tree. The very simple searching algorithm I 

implemented has the same basic functionality as the search function in Protégé 3.1. It 

matches the string typed in the search box to the anatomical entity names using the 

regular expression .*stringTyped.*  Therefore, it will match any anatomical 

entity name which contains the string typed. If there is a single match, the hierarchy is 

expanded and the class with the matched name is highlighted.  However, if the class is a 

non-mapping class then the hierarchy is expanded to show that class, and a warning 

message is displayed to the user informing her that the class she searched for may not be 

used in a query.  

 

Figure 8: A screen shot of the GUI illustrating the search function 
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IMPLEMENTATION DETAILS 
 
 

This is a description of the Java code structure for the CAIS system. I am including a 

description of each Java class, as well as detailed descriptions of function calls during the 

flow of the program when a query is made.  

 

Classes 

The application currently consists of the following classes:  

 

MainView 

This is the main class of the project that contains the main method. It has methods for 

fetching the knowledge base and displaying the GUI of the application.  

 

Dbcontents 

 
This is a class for accessing the knowledge base and displaying its contents. There are  

two different constructors:  

1. The constructor for getting the "mapping directions" panel - the knowledge base 

is accessed to find the different species that it contains and then the GUI for the 

panel is created.  

2. The constructor for the "species trees" panels - All the classes are fetched from 

the knowledge base, and the ones that are from the appropriate species for the 

panel are displayed in a tree.  
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Dbquery 

A class that represents a query to be made to the knowledge base. The query has a subject 

(the class selected from the "From" tree), and object (the class selected from the "To" 

tree) and a query type (selected from the radio-button list). The class contains methods to 

answer all of the query types, and some "utility methods" that answer non-query specific, 

generic questions and thus can be used when implementing future query types.  

 

RadioGroup 

 
This class creates radio buttons to display query type choices. The panel that contains the  

radio buttons also has a "recursion level" box, which lets the user specify how many  

levels down the part hierarchy she would like to take the query. By default, the level is  

zero so that the query is only performed on the selected structures and not on any of their  

parts. The maximum number of levels is four, but any programmer working on extending  

my implementation in the future may wish to change this.  

 

Results 

 
This is a class for creating the results panel and the "previous query" table. It contains  

methods for updating the table and for displaying results in textual and hierarchical (tree)  

form in the tabbed results pane.  

 

Shared 
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This is a very simple object with two variables of type Cls. It is supposed to represent a  

"shared" structure between two species i.e. if structure A for species A maps to structure  

B from species B, then species A and species B "share" structure A and structure B.  

 

Global 

 
A global class for displaying the query in the query information box next to the "Execute  

Query" button.  

 

Applet vs. application 
 
 
The program runs as a Java application because when it ran as an applet with Java Web 

Start, there were problems with the display. The MainView class is an applet with a main 

method, and the applet is instantiated and its methods are called in main.  

 

The query methods 
 
 
All the methods for making the queries to the knowledge base are in the DBquery class. 

When the user selects a structure from the "from" and "to" trees (we refer to the selected 

structures as the subject and the object of the query) and a query type and pressed the 

"Execute query" button, an instance of the DBquery class is created and the makeQuery() 

method is called.  
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Depending on what the subject and object are, and what the query type is, 

different methods are called to deal with the query in the makeQuery() method. Here is 

the basic outline of the method: 

1. First check for and deal with unknowns (i.e. when either the subject or the 

object or both are "unknown"), because their results are shown no matter 

which query type is selected.  

2. Check and deal with “TBD-not null” queries.  

3. If neither the subject nor the object is "unknown" or “TBD-not null”, then 

check and save the query type.  

4. a. For the "similar to" and "differs from" queries:  

Only compare slots and slot values if the subject and object map to each other. 

If they don't, then just say what each maps to and quit. There is one exception 

to this, and that is that you can compare entities even if they don't map to each 

other if one of them is a member of a set, and that set maps to the other entity. 

That is why the Boolean variable isSetQuery is included as a parameter to the 

makeQuery() method; it is true if either the subject or the object or both are 

sets, and the makeQuery() method is called with their members. If isSetQuery 

is true, then you can perform the comparisons checks described in the next 

paragraph that you would normally only do if the structures map to each other.  

Check if either the subject or the object or both are sets. If so, compare the 

members of the set to the other entity, or if both are sets, the members of each 

set to each other. If neither the subject nor the object are sets, then compare 

them to each other.  
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Comparing two structures to each other (in the makeComparison() method) 

entails comparing their slots and slot values. Getting the slots and slot values 

of the classes is done through the Protégé API.  

b. For the "shared" and "not shared" queries:  

The compareParts() method is called to get the parts from both classes that 

either map to or do not map to each other.  

c. For the "union" queries:  

Since in the current implementation of the union query all we do is show what 

the subject maps to and what the object maps to, all you do in this case is call 

the showMapsTo() method twice, once with the subject as a parameter and 

once with the object as a parameter.  

d. Recursively making the query down the part hierarchy  

The integer variable "depth" is set to the number of levels of the part hierarchy 

that the query should be made on. If the depth is not yet 0 (so there is still 

levels to search), then the searchParts() method is called. The searchParts() 

method gets the parts of the current subject and object and calls the 

makeQuery() method with parts from the current subject and object as the new 

subject and object. Every time the searchParts() method is called in the 

makeQuery() method, the depth is decremented, so that searchParts() is called 

as many times as the depth specified.  



 35 

e. The Boolean queries "is different?" and "is homologous?"  

These two Boolean queries are complements of each other. If a structure maps 

to another structure, the two structures are homologous and they are not 

different (so "is different?" would return false and "is homologous?" would 

return true). Conversely, if two structures don't map to each other, then they 

are not homologous and are different. Therefore, when implementing these 

queries, all we do is call the checkMapping() method which returns true if its 

two parameters map to each other, and false otherwise.  

 

The "Previous results" table  
 
 
The above description is basically a run-through of the code as it gets executed when a 

user selects two structures and presses the "Execute Query" button. Exactly the same 

thing happens when a user selects a row in the "Previous query" table when she wants to 

see the results from an old query.  

The table contains DBquery objects, and when a row is selected, the object in that 

row is fetched, a new instance of the DBquery class is made and the makeQuery() 

method is called on that new instance.  
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USAGE SCENARIOS 

 

The following two usage scenarios from the literature outline in detail how CAIS may 

be used by researchers in various medical fields. They were compiled by Travillian 

[15], and I am including them here so that the reader may easily see the relevance of 

the system described in this document. Two other scenarios are included in [15], as 

further examples of CAIS functionality.  

 

Scenario 1: Correlating prostatic lobes/organs 

 

Dr. A is a pharmacological scientist who is studying the effect of 
candidate compounds for new prostate cancer drugs. Because different regions of 
the human prostate are subject to different diseases, those regions that develop 
benign prostatic hyperplasia do not develop cancer, and vice-versa. Dr. A wants 
to determine the rat-human homologies for the dorsolateral and ventral regions of 
the prostate, so that she can correlate the observed effects of the compounds in rat 
tissue with predictions for the effects in humans expected to be observed in later 
clinical trials. Specifically, her questions are: do the dorsolateral prostates of the 
rat correspond to the dorsolateral regions of the human prostate, and does the rat 
ventral prostate correspond to the ventral region of the human prostate (called 
Anterior lobe in humans)? 

The CAIS operator similar-to provides information for the researcher on 
what structures are homologous across species, what evidence exists that they are 
homologous (e.g., traditional embryological studies, genetic assays), and the 
provenance or source of that information. Dr. A’s queries will be:  

 
Dorsolateral prostate (rat) <is-homologous?> Dorsal lobe of prostate (human) 

Ventral prostate(rat) <is-homologous?> Anterior lobe of prostate (human) 

The attributed relationship returned by CAIS answers the researcher’s 
query: documented in Dorothy Price’s embryological work on “Comparative 
Aspects of Development and Structure in the Prostate” in the National Cancer 
Institute Monograph 1963 Oct. 12:1-27 [10]. The rat dorsolateral prostates are 
homologous to the dorsolateral lobes of the human, while the rat ventral prostate 
is not homologous to the anterior lobe of the human prostate. Based on this 
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information, Dr. A. adjusts her expected correlations of the compound’s effect 
accordingly. 

 

 

Scenario 2: Correlating prostatic zones/organs 

 

Dr. B is a pathologist who is formally developing new mouse models of 
human prostate cancer. Part of his evaluation is the application of analyses of 
previous results in mouse modeling of human prostate cancer and the 
determination of what those analyses imply for a mouse model that more soundly 
mirrors the initial development and the subsequent progression of prostatic 
tumors. 

He has a candidate model in mind, pending confirmation of certain 
homologies. Given that the human peripheral zone is the region in which most 
prostate carcinomas originate, his question to establish the validity of that 
candidate rests on the results of the following correspondence: what is the mouse 
prostate region corresponding to the human peripheral zone of the prostate? His 
CAIS query based on that question will be in the form 

Unknown (mouse) <similar-to> Peripheral zone of prostate (human). 

In this case, CAIS can be used to return not only the result set for the 
query, but also the references that back up the result, including, for example, the 
information that on the basis of an epidemiological study, Xue [20] reports that 
the mouse dorsolateral prostate corresponds to the peripheral zone of the human 
prostate, and that Roy-Burman [20] concurs on a preliminary basis, but cautions 
that Xue’s assertion is based on descriptive data, and that the molecular studies 
that would confirm the correspondence remain to be carried out. Based on this 
information, Dr. B. determines that his mouse model is as yet insufficiently 
validated, and incorporates certain molecular assays on the dorsolateral prostate 
as part of the validation process for this model. 
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DISCUSSION/CONCLUSIONS 

 

The Comparative Anatomy Information System (CAIS) is an application which allows 

users to query the differences between the anatomical structures of different species. It is 

based on the Structural Difference Method (SDM) for representing the similarities and 

differences between homologous structures across species, proposed by Travillian and 

others at the University of Washington [19]. I was the main contributor to the 

implementation of CAIS as a Java application, and also worked on building the CAIS 

knowledge base using Protégé 3.1, a free, open-source knowledge base framework.   

 CAIS allows the user to view the anatomical structure hierarchy of two species, to 

switch between the hierarchies that are displayed and to search for anatomical entities 

within the hierarchy. It does not allow the user to select non-mapping structures that may 

not be used in a query. Furthermore, six types of queries were implemented: similar-to, 

different from, shared, not shared, is-homologous and, is-different?. When the user 

selects the anatomical entities and the query type for the query and executes it, the results 

are presented to him in four different formats – as text, in a tree, in graphics showing the 

anatomical entities queried, and as references which cite the source of the relationship 

identified by the application. Other features were included to make the application more 

user-friendly, such as displaying the full query string as the user is building it, and storing 

previous queries for reuse.  

 Future work on this application includes expanding the formats results are 

displayed in, adding more query types or refining the current ones to better suit the user, 

and populating the knowledge base with anatomical information about more organs 
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and/or species. A fifth result format that may be implemented in the future is displaying 

the results in a graphical hierarchy with links between mapping classes and color 

schemes to identify the structures that are members of the result set. As more testing is 

conducted with real users, the need for refining the current queries or adding further 

queries may arise. The code permits future work in this area since it is structured to allow 

the extension of query types easily. The area where immediate attention is most critical is 

the population of the knowledge base. Including more anatomical information will allow 

interesting queries to be posed and tested, and will permit full scale testing and evaluation 

of CAIS that has not yet been possible. 

 To illustrate the motivation behind the development of CAIS, Travillian created 

potential usage scenarios which outline how CAIS may be used. These scenarios reflect 

the need for a user-friendly, valid comparative information system as research into 

animal models of disease becomes more interdisciplinary and researchers from varied 

backgrounds require anatomical correspondence information.  
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GLOSSARY 

 

ANALOGY, adj. ANALOGOUS: Similarity in function but not in structure and 

evolutionary origin [18]. 

ANATOMICAL ENTITY: Biological entity, which constitutes the structural 

organization of a biological organism, or is an attribute of that organization. 

Examples: cell, heart, peritoneal cavity [20].  

ANATOMICAL SET: Material physical anatomical entity which consists of the 

maximum number of discontinuous members of the same class [20].  

ANATOMICAL STRUCTURE: Material physical anatomical entity which has inherent 

3D shape; is generated by coordinated expression of the organism’s own 

structural genes; its parts are spatially related to one another in patterns 

determined by coordinated gene expression. Examples: heart, prostate [20]. 

ATTRIBUTE: A quality or characteristic inherent in or ascribed to the node of a graph. It 

is modeled using a slot in Protégé.  

ATTRIBUTED RELATION: a relationship that has one or more attributes attached to it. 

Example: Prostate is inferior to the Apex of prostate (orientation 

relationship with attribute inferior). 

COMPARATIVE ANATOMY: The study of corresponding anatomical entities in 

different species, at all levels of organization, in order to understand the 

significance of those similarities and differences, and their implications for 

organizing the derived medical information [20].  

CORRESPOND, adj. CORRESPONDING, noun CORRESPONDENCE: 1. Elements 

from two sets or graphs that are linked by a mapping are said to correspond. 2. 
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Anatomical entities from different organisms that are linked by homology are said 

to correspond [20]. 

FOUNDATIONAL MODEL OF ANATOMY (FMA): an ontology that furnishes a 

comprehensive set of concepts and relationships that describe the human body at 

all levels of structural organization [17]. 

HOMOLOGY, adj. HOMOLOGOUS: similarity of ancestral origin between anatomical 

structures in different structures in different species, or the relationship between 

two anatomical structures which can be traced back in time to the same structure, 

or clearly-related structures, in a common ancestor.  

KNOWLEDGE BASE: The facts, relationships, and procedures that constitute the 

knowledge about a given domain or task; the database of an expert (or knowledge 

based) system [19]. 

MAPPING: For two different sets of parts representing comparable structures in two 

different species, a mapping is a specification of the correspondences [20]. 

ONTOLOGY: An explicit specification of a conceptualization [17].  

PROTÉGÉ: A free, open-source ontology editor and knowledge base framework [12]. 

STRUCTURAL DIFFERENCE METHOD (SDM): A method of creating general 

symbolic models of cross-species anatomical comparisons.  
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Table A: The slots (representing attributes of anatomical entities or relationships between 
entities) in the current version of the Protégé knowledge base. 
 
Slot name Value 

type 
Allowed superclasses / 
values 

Cardinality Inverse slot 

Arterial supply Class Anatomical entity template Multiple  
Bounded by Class Lobular organ template 

Null 
Anatomical set template 

Multiple  

Contained in Class Anatomical entity template Multiple  
Coordinate 
system 

Symbol Cranial 
Caudal 
Anterior 
Posterior 
Superior 
Inferior 

At most 1  

Deprecated 
name 

String  At most 1  

Has boundary Boolean  At most 1   
Has dimension Boolean  At most 1  
Has inherent 3-
D shape 

Boolean  At most 1  

Has mass Boolean  At most 1  
Has member Class Lobular organ template 

Null 
Anatomical set template  

Multiple Member of 

Has part Class Physical anatomical entity 
template 

Multiple Part of 

Has orientation Instance Orientation Multiple  
Inherent 3-D 
shape 

Symbol Sphere 
Cylinder 

At most 1  

Lymphatic 
drainage 

Class Anatomical entity template Multiple  

Mapping class  Class Material physical 
anatomical entity 
Null 

Required 
At most 1 

 

Mapping ref String  Multiple  
Mapping type Symbol Embryologically 

Genetically 
Required 
At most 1 

 

Maps to Instance  Maps-to Multiple  
Member of Class Lobular organ template 

Anatomical set template 
Set of organs template 
Null 

Multiple Has member 
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Nerve supply Class Anatomical entity Multiple  
Part of Class Anatomical Set 

Lobular Organ 
Physical Anatomical Entity 

Multiple Has part 

Preferred name String  At most 1  
Reference Class Anatomical entity At most 1  
Species type Class Species At most 1  
Venous 
drainage 

Class Anatomical entity At most 1  
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