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Abstract

The representation of generic medical knowledge is a key component for “smart” decision support systems for, say, semi-automatic diagnosis. We describe a schema in the declarative tradition that captures the tangled structure of, among others, locations, body systems, abnormal conditions, symptoms and diseases. This schema has been used for over 5 years in a web-based application. We hope that publicizing this schema prevents others to have to reinvent the wheel, while we are, of course, eager to obtain critique. 

Introduction

Informatics has played a large role in improving operating efficiencies in many segments of the society during the last decades.   The business aspects of the medical establishment have benefited in accounting, billing, personnel management, etc. as in the other segments. Automating patient care, however, is less easy to achieve.  Diagnosis and treatments as well as the evaluation of patient status are hard to automate.  Tele-medicine has niches like the support for remote evaluation of x-rays, but due to the simple fact that a patient is typically at a different location than where medical expertise resides there are no off-the-shelf solutions.

The totality of medical knowledge is intimidating and lends itself routinely to errors with disastrous consequences.  Due to the state of the art the society has more or less grudgingly accepted these errors – partially because even with perfect knowledge we must often still accept the mysterious ways that Nature can thwart us.

Still there is hope that we can improve the situation by developing “knowledge power tools” that amplify the capabilities of physicians, care givers or even the patient themselves.  For example, we developed a tool that helps in the diagnosis process. All parties mentioned can use it and thereby addresses the “being in different locations problem”; see [HealthCheck4Me] as well as the Application section below.

Underlying these kinds of tools are vast amounts of medical knowledge.  Capturing knowledge and representing it so that machine reasoning can be applied is a major effort.  Many attempts have been made during the last decades.  Key issues for any representation is how it supports reasoning, what kind of reasoning it supports, how extensible the knowledge is, how flexible it is to accommodate other unexpected usages, etc.  

Knowledge representation is a field with a “long” tradition in AI; see for example KLONE [Brachman], CYC [Lenat], which are both, in essence, variants and extensions of predicate calculus and hence belong in the declarative camp.  Examples of items in a declarative format:

· The heart is located inside the chest

· Neck pain is a symptom of (among others) myocardial infarction

· Hypertension can cause (among others) myocardial infarction

Procedural representations for knowledge in the form of executable rules have been used as well for so called expert systems.  Several medical expert systems, see Mycin [Shortliffe], were based on rules.  Examples of items in a procedural format:

· In case of neck pain, increase the probability of a myocardial infarction (as well as of …)

· To support the conjecture of myocardial infarction look for neck pain (as well as of …)

The former is an example of a rule for forward reasoning, the latter is an example of backward reasoning.

The representation described in this paper belongs in the declarative realm.  It is strongly inspired by the formalisms developed in the 90-ies for Object-Oriented Analysis and Design, which culminated in UML [UML]; see also [OOSD, OOPM].  This formalism is neutral with respect to the types of reasoning to be used in applications.  We have used it for diagnosis, which is in essence a form of abductive reasoning, as well as for statistical analysis, which is a form of reasoning at the meta level. Backward chaining and forward chaining over a disease sequence can be plausibly supported as well.   

We have been encouraged to write this paper for the following reasons:

· The knowledge schema has been in use for over 5 years

· The schema has been stable with only a few minimal extensions during this period

· The knowledge base has grown to over 250 body locations, 100 body systems, 80 abnormal conditions, 860 symptoms, 560 diseases and a vocabulary of 3300 terms

· The schema has allowed to make tools to increase and edit content of the knowledge base

· Supporting Dutch in addition to English, an issue that came up in the 4th year, turned out to be “trivial” and required only a miniscule change of the schema

· Supporting telephone access of our diagnostic application in addition to “traditional” browser based Internet access did not require any change of the schema

This list suggests that the schema is quite resilient. Hence we hope that the schema outlined in this paper can be of use for other applications by others as well.  

Preliminaries

The number of medical concepts in our schema is quite limited.  The core concepts are just: Location, Body System, Abnormal Condition, Symptom and Disease.  Auxiliary concepts will be introduced along the way. We are happy to ignore the likely philosophical question regarding the precise demarcation between abnormal conditions, symptoms and diseases and simply use as default definitions:

· Abnormal condition: an atypical state of the body that is usually not directly observable, which can be a (contributing) cause of a disease or a consequence of a disease

· Symptom: an atypical state of the body that is usually directly observable, which is a defining/characterizing aspect of one or more diseases

· Disease: an atypical state of the body defined (among others) by a set of symptoms and optionally with associated abnormal conditions

We follow the conventions of UML by employing graphical notions to express concepts, inheritance relationships between concepts, and attributes of concepts.  The following example illustrates some of the notations we will use:

This diagram has four concepts (which are called “classes” in Object-Oriented lingo): Geographical Region, Country, City and State. The fat arrows depict inheritance relationships that express the assertions: every country, state and city is a geographical region. The labeled arrows depict a functional relationship between two concepts, here expressing the assertions: every country and state has a unique city, which is its capital. The Geographical Region has two attributes, respectively Name and Number of Inhabitants. These attributes have implicit value domains, respectively String and Number.  (Showing these value domains is often omitted at this high abstraction level.) The inheritance relationships make the attributes Name and Number of Inhabitants available in respectively Country, City and State; i.e. a Country also has the attributes Name and Number of Inhabitants, etc.  

We need one more notation as shown in:


The blocks containing City and State represent here respectively sets of Cities and sets of States.  Thus we represent the assertion that a State contains Cities and  a Country contains States. More generally we capture that there is a functional relationship between a concept and a set where the members of the set all belong to the same concept.  UML has additional annotations to represent the number of elements in the set, whether there is a minimum and/or maximum number in the set, etc. but we will not need this additional machinery here.  

This simple schema would allow populating a knowledge repository with assertions like:

Washington DC is the capitol of the US, Florida is a state of the US, Sacramento is the capitol of California, California has 33M inhabitants, etc.

We proceed with describing the schema that underlies the HealthCheck system.  The sequence of diagrams contains forward references due to the intrinsically tangled nature of medical knowledge.

Body Locations

Containment is an obvious feature of body locations.  Hence containment is plausibly a relationship to be modeled for a body location. However, there is one exception: the body itself. Hence we have chosen to use a class Location to represent body locations that are not contained in another location (with body as its only class member) and use a subclass Part-Location to represent all other locations. Part-Location inherits all attributes and relationships from Location and adds, among others, the relationship “part-of”.

Some locations are different in that they play a connecting role between two other locations, for example neck, joints, tendons, etc. This resulted in the class Connection-Location (as a subclass of Part-Location) with two additional relationships that describe the locations that are being connected.

The body has the peculiarity that certain components come in multiple “copies”: arms, kidneys, lungs, legs, bones, muscles, etc.  This motivated the class Location-Set. We made this class a subclass of Part-Location as well.  This is certainly counter-intuitive, if not wrong, because a set of locations is not a part-location (which is a location); rather the members of the sets are conceptually part-locations.  Still because all the attributes and relationships in Part-Locations - see below - could be applied we forged ahead with the sub classing. Hence we obtain the inheritance diagram:

We also created the following subclasses for Part-Location: Bone, Muscle, Organ, and Vein. The concept Connection-Location got the subclass Tendon. The concept Location-Set was extended with the subclasses: Bone-Set, Muscle-Set, Organ-Set, Tendon-Set, and Vein-Set. These subclasses were used to define, for example, skull, heart, kidneys, etc, but beyond these definitions our application has not (yet) exploited these refined concepts.

We proceed by focusing on the details of these concepts.  The class Location has the following attributes and functional relationships:

The attribute Location Type specifies whether the location is respectively a point, 1 dimensional line-like, 2 dimensional surface-like or 3 dimensional volume-like. The value domain of the Gender attribute is: “both”, “male” or “female”. The functional relationship “contained locations” refers to a set with “Location” inside, which is, of course, the same concept we have at the left hand side.  The other concepts Body-System, Abnormal-Condition and Symptom, the latter two not labeled, will be elaborated below.

The concept Part-Location expands into:

The “part of” relationship describes the primary body location of which an instance of Part-Location is a part. For example, head is part of the body. A not shown refinement permits specifying whether the sub part is to the left or right, at the top or bottom or at the back or the front, if this is relevant. The “adjacents” relationship can describe additional proximities; for example cheeks are close to ears, nose, mouth, jaws. The “memberships” relation captures what sets a location belongs to; for example the left pink is member of the pinks as well as of the left fingers.

The Connection-Location class adds two relationships to what is already inherited from Part-Location:

The types of the two reference locations that are connected are the same, while the two references for a particular instance of Connection-Location are, of course, different.  An example of a Connection-Location instance is the neck that connects the head with the torso.

The Location-Set concept has the following structure: 


Elbows is an example of a Location-Set. It has the members left-elbow and right-elbow. Not every Location-Set has a superset (which is not expressed in this diagram) but elbows happens to have the superset joints. In turn elbows is a member of the subsets of joints.

Building up a “knowledge”-base using these concepts relies on constructors for the creation of instances and operations for populating additional attributes. For example, an operation is used to set the “superset” attribute of elbows to joints. Operations can be added that capture obvious semantics; for example a Location-Set having a superset obtains the collection of symptoms of the superset. Since the entity joints has been given the symptom joint-pain, elbows obtains this symptom via this domain specific semantic operation.

The concept Location refers, among others, to the concept Body-System.  This will be elaborated next.

Body-System

Diseases are traditionally classified in ways that show the historical roots; i.e. it lacks the rigor of, say, the Periodic Table that classifies all atoms.  Most diseases are grouped according a particular system that is in disarray: immune disorders, respiratory disorders, metabolic disorders, endocrine disorders, etc.  But we see also groupings based on completely different aspects like causes, consequences and locations: genetic disorders, neo plasms, infection, trauma, obstetric, skin disorders, eye disorders, etc.  To create order in this chaos, we decided to complement the traditional classification, by insisting that every disease should specify which particular body system is involved  This motivated the introduction of the concept Body-System. 

It has the following structure:

The “location” relationship specifies a body area that “has” a specific instance of Body-System. The systems form a hierarchy with the instance body-system at the root.  Its location, obviously, is just body.

The use of different body-systems helps to spread out the collection of diseases, which helps machine reasoning. Still the root of the hierarchy, body-system, contains in our application too many diseases: traumas, infections, etc.

Condition

The Condition concept captures what Symptom, Abnormal-Condition and Disease have in common:

Condition has the following internal structure:

The attribute Web resource supports applications that provide access to readily available information on the Web.  Our HealthCheck application generates automatically the value for this attribute: a link into the Web that, when activated, produces specific pages for a specific item (a symptom, an abnormal condition or a disease). 

The Location attribute is inherited by Symptom, Abnormal-Condition and Disease. All their instances must specify them.  The value for individual diseases is set automatically in HealthCheck through the Body-System attribute in Disease; see below.

The Symptom concept expands into:

The two age attributes allow specifying a particular age range for a symptom.  (Disease has the same pair of attributes.) Status condition has as possible values: “pre menstruation”, “menstruating”, “pregnant”, “menopause”, “post menopause”, “none”.  The value “none” applies to gender-neutral symptoms. The relationship “diseases” captures in which diseases a particular symptom occurs.  A reverse relationship “symptoms” is available in Disease; see below.

The concept Abnormal-Condition has the following relationships beyond what it inherits from Condition:

The concept Disease has the reverse relationships for “caused by” and “causes”. We have added the “treatments” relationship to Abnormal-Condition, although we have hardly used it in the HealthCheck application.

The key concept Disease expands into:

The attribute Disease set has as value domain the concept Disease-Set, whose instances correspond with the traditional classification: cardio disorders, ear disorders, endocrine disorders, etc.  The instances of Disease-Set are just sets whose members are the instances of Disease that belong to them according to tradition.

The attribute Life threatening has as value domain just “true” or “false”.  The attribute Gender specific has as value domain: “none”, “male”, “female”, “more male”, “more female”. The attribute Frequency is a number that indicates the incidences of a disease in a population of one million. These numbers are hard to get for most diseases. Our application HealthCheck contains them for around 30 “popular” diseases - out of over 500.  

The relationships “super disease” and “sub diseases” are used to capture that there are disease ‘families” that have commonalities. For example, the super disease pneumonia is the root of a hierarchy with as sub diseases lower in the hierarchy: chicken pox, influenza, measles, etc.

The relationship “symptoms” is more complex in our application HealthCheck than depicted in the figure above.  We have added, among others, the probability of a particular symptom to be manifest in an occurrence of a disease. This facilitates capturing, for example, mutually exclusive symptom occurrences in diseases as in: constipation and diarrhea occurring in depression, acute renal failure, etc.

The relationships “internal causes” and “causes diseases” are dual in the sense that if disease A is an internal cause for disease B, then B belongs to the causing diseases in A. An example is leukemia being a cause for anemia.  A diagnosis algorithm can exploit these links when it has access to machine-readable patient records. 

A disease like syphilis demonstrates that certain diseases have distinct phases. Thus we considered introducing the concept Disease-Phase. We never got around to do it. Instead we exploited the relationships “internal causes” and “causes diseases” to express, for example, the causal connection between the different phases of syphilis: syphilis causing syphilis 2nd phase, which causes latent syphilis 3rd phase, which causes syphilis late 4th phase.

Other Concepts

The diagrams introduced already implicitly additional concepts: Treatment, External Cause, Reference, and Image. Our application contains also: Treatment-Action and Drug. All of these have straightforward internal structures. To support modules that take typed or spoken user input we added a Vocabulary with different types of Word entries. Our application generates the vocabulary entries automatically from the name and description of the instances in the “knowledge” base, while synonym definitions contribute as well yielding a total of over 3300 entries.

Application

Our HealthCheck application demonstrates the usability of the conceptual schema. At last count we have the following number of instances for the following categories:

· 134 
Part-Location

·   19
Connection-Location

·   81
Location-Set

· 101
Body-System

·   84
Abnormal-Condition

· 864
Symptom

· 569
Disease

·   30
Disease-Set

Our early commitment to this schema allowed the development of tools to extend the knowledge base.  These tools have access to what has been developed earlier and hence over time it is getting easier to add new material.  Tools for consistency checking, a patient simulator, and a symptom statistics analyzer have all exploited this schema as well.

Perhaps surprising is that we did not describe a Patient class.  Our application does contain this concept and it supports an electronic record that has, among others, summaries of interaction sessions with generated disease conjectures. The internals of the Patient class are as yet less stable than what we have described above.

The HealthCheck web based tool supports the following info connections:

The Call-Center is an optional component. Hence we have two versions from a patient perspective: assisted by a call-center and self-service without a call-center. The access modes, phone or web-browser yields two other versions. In addition, there are now two language versions: English and Dutch.  The self-service, English, browser access version is available to the public (free, anonymous and no ads) at:

www.healthcheck4me.info. 

The Dutch version is available at:

www.consultplusarts.nl.

A pilot version has demonstrated access by phone with English.  The Dutch variant is currently under development. The versions with a call-center are not operational because we have not yet been able to find a funding agency willing to assist, among others, the 40M + who uninsured. Noteworthy in this context is that half of the emergency room visits are not necessary. HealthCheck could plausibly avoid a fraction of them, potentially reducing the nation’s healthcare expenditures with many billions.

A paper giving more details about the HealthCheck system is available at:

www.ontooo.com/SelfDiagnosisTool.doc
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