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Introduction 

A major obstacle to the widespread use of computer-based medical expert systems 
is the difficulty in constructing high-quality medical knowledge bases. This problem is 
known as the knowledge acquisition bottleneck [l]. Although widely described in the 
literature [2, 12, 131, the problem is still far from being solved. 

Various approaches to knowledge acquisition have been attempted over the years; 
Marcus [12] presented an in-depth review of several approaches. Creation and mainten- 
ance of early knowledge-based systems typically required a knowledge engineer, that 
is, a computer expert who was familiar with the problems and techniques of knowledge 
acquisition, and who could translate domain knowledge (provided by a domain expert) 
into a form usable by a computer. This approach presents two difficulties. First, experi- 
enced knowledge engineers are not always available. Furthermore, unless they have 
sufficient knowledge of the domain they may not be able to successfully communicate 
with the domain expert. For this reason, many of the more recent knowledge-based 
systems take steps which reduce, and if possible eliminate, the need for a knowledge 
engineer during most of the knowledge acquisition process. 
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The previous discussion applies equally well to all fields in which knowledge-based 
systems are used. In this paper, however, we concentrate exclusively on medical 
knowledge-based systems. The term domain expert, therefore, will indicate an expert 
clinician involved with the creation of a medical knowledge base. The term knowledge 
engineer will be used in the sense explained above. 

Several strategies which facilitate knowledge acquisition have been employed in the 
construction of knowledge-based medical systems. An important strategy, embodied 
in some of the earliest systems such as MYCIN [24], is the separation of knowledge 
from inference engine. This separation allows modification of knowledge independently 
from the software which implements the inferencing aspects, and is adopted almost 
universally in modern systems. A second strategy is that of using knowledge about 
the inference engine itself to help a knowledge engineer or a domain expert refine and 
maintain the knowledge base; this principle was explored in TEIRESIAS [5]. 

A third strategy is that of using computer assistance to reduce the amount of human 
effort required for creation and maintenance of the knowledge base. This principle was 
emphasized by several knowledge-based systems, such as TETRESIAS, ROGET [3], 
and SALT [la] ( w ic is not specifically aimed at medical knowledge bases). Differ- h h 
ent possibilities have been explored. Some systems attempt to insure the consistency 
and completeness of knowledge as it is entered in the knowledge base. Other systems 
support the automatic generation of knowledge base entries from augmented transi- 
tion networks [16]. S ome systems support knowledge acquisition via generalization 
of sample entries provided by the expert; KNACK [II], for example, creates report- 
generator tools from sample textual reports provided by an expert. This is achieved 
by relying on a fixed model of the domain to restrict the possible generalizations. 

Another principle is that of using the knowledge base itself to assist in refining the 
knowledge base. Some systems can suggest possible modifications to the knowledge 
base based on the system’s performance on a set of problems. SEEK2 [22, 261 is a 
system which embodies this principle. Its knowledge is rule-based, and the system 
uses a library of cases to monitor its own performance and suggest changes that would 
improve performance. SEEK2 employs principles such as generalization and special- 
ization to suggest plausible changes. The domain expert is responsible for reviewing 
the proposed changes and deciding when to incorporate them in the knowledge base. 

The MUM system [S] incorporates a principle known as design for acquissition, which 
tries to facilitate knowledge acquisition by organizing the system in such a way as to 
reduce the representational gap between the system and the domain expert. One of 
key ideas in design for acquisition is to provide task-level primitives, i.e. to let the 
domain expert work with concepts that are already part of the domain rather than 
with combinations of system-level primitives. Yet another principle, exemplified by 
PROTEGE [19,20] and KNACK [ll], is that of using a single tool to generate families 
of related knowledge-based systems. Besides reducing the amount of effort required 
to create each system, this principle has the additional advantage that the tools thus 
created are automatically uniform and thus more amenable to standardized knowledge- 
engineering methods. 

Many features of PROTEGE are relevant to the issues raised later in this article. 
One such feature is that the tools generated by PROTEGE are intended for the end 
user, i.e. a physician who is designing oncology protocols, rather than for the do- 
main expert. Since the system is really a tool to build knowledge acquisition tools, 
the domain expert is chiefly involved at the intermediate level, i.e. using PROTEGE. 
Once a tool has been generated, the domain expert assumes a secondary role. Another 
feature that is worth mentioning is that both the system and the tools it generates 
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are graphical in nature. The interface is almost entirely menu- and form-based and 
is meant to match closely the ‘natural’ way of expressing knowledge in the domain, 
which is the design of oncology protocols. Note, however, that the tools generated by 
PROTEGE do not provide much support for long-term knowledge engineering. The 
knowledge itself is encoded into ONCOCIN [25] rules, and thus one would have to 
employ a different tool for long-term maintenance of the knowledge base. 

2. Maintaining 
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unit of the QMR knowledge base is the complete description of a disease and represents 
a sizable amount of knowledge. The unit of knowledge in rule-based expert systems, 
on the other hand, is the production rule, a much smaller entity. Strategies for semi- 
automatic improvement of a knowledge base which work well for rule-based systems 
may not work as well for a system such as QMR. Different systems, moreover, show dif- 
ferent degrees of interdependency among different components of the knowledge base, 
and thus strategies that work for one system may not apply to others. 

2.1. Disease profile: the unit of the QMR knowledge base 

Before starting the description of the tools, a brief introduction to the QMR disease 
profile is needed to clarify some of the terminology. The disease profile is the basic 
unit of the QMR medical knowledge base [7]. A disease profile is a comprehensive 
description of a disease and is composed chiefly of findings (also called manifestations) 
and links. Findings correspond to items of history, clinical observations, or results 
of laboratory tests. Each disease profile contains the list of all the findings that are 
known to occur in that particular disease. Links express relations between the disease 
and other diseases in the knowledge base. Links can express different types of relation, 
such as a causal relation or a co-occurrence relation. 

Two numbers, the evoking strength and the frequency [17], are associated with all 
findings and links in a disease profile. The evoking strength of finding F in disease D 
is analogous to the positive predictive value (the incidence of the disease is assumed to 
be that of the incidence in the population of patients presenting to a general internist 
in non-tropical climates). The evoking strength answers the question “When seeing a 
patient with finding F, how strongly should one consider diagnosis D?“. The frequency 
of finding F in disease D is analogous to the sensitivity of F for D. It answers the 
question “Of all patients with disease D, how many will show finding F?“. 

A profife submission is the first stage in the creation of a disease profile. A profile 
submission is normally created by one individual after an extensive survey of the 
medical literature. Profile submissions are written in a format which is easy for humans 
to read, but is precise enough to allow a program to extract all relevant information. 

Figure 1 shows excerpts from the profile submission for the disease Cardiac Sarcoma 
Primary. The line 

- 0 2 AGE 16 TO 25 

indicates the evoking strength (0) and frequency (2) for the QMR finding Age 16 to 
25. The line 

* 2 2 HEART ANGIOCARDIOGRAPHY VENTRICULAR FILLING DEFECT (S) 

describes a newly created finding, i.e. a finding which was proposed for the disease 
Cardiac Sarcoma Primary. As the figure shows, each finding or link is supported by 
literature reference lines. These are short excerpts from the medical publications that 
were consulted during the creation of the profile submission. Each literature reference 
line begins with a reference number (in square brackets), followed by an indication of 
how relevant each reference is for a particular finding or link, and finally by the actual 
literature excerpt. 
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Disease: CARDIAC SARCOMA PRIMARY 
Number: 6.1.3.2 
Author: Coleen Andruss 
Institution: University of Pittsburgh 
Reviewer: Jack D. Myers, M.D. 
Completed: October, 1989 

; Findinqs: 
-02 

[51 3 
[6113 

-12 

[2913 

r3913 

t5013 

*22 
Group: 
Import 
Type: 

11413 
[I913 

[4111 

LINKS: 
"12 

[21 3 
[2213 

r4713 
r4911 
[5413 

[6813 

AGE 16 TO 25 
case report 23 year old 
case report 17 year old 
(13/59) 22% of author's reviewed case reports 

HEART MURMUR SYSTOLIC APICAL 
case report systolic regurg. murmur in the tricuspid area, along left 
sternal border, and apex - RMS LA appendage protruding into 
pericardium, LA and mitral orifice 
case report - moderate systolic murmur at apex radiating to axilla - 
FM.5 LA and MV 
case report apical systolic murmur - RMS LA and UV 
(5/39) 13% author's cases reviewed 

HEART ANGIOCARDIOGPAPHY VENTRICULAR FILLING DEFECT <S> 
Angiocardiography 
4 
lab2 
case report angio. diagnoses RV tumor - RMS RV thru TV to RA 
case report Rt. heart cath - globular defects in RA, RV and PA - MS 
RV,l'V,PA 
case report angio large persistent filling defect RV outflow tract 
extending into Pulmonary valve orifice - RMS RV outflow tract 
(4/14) 29% author's cases reviewed 

CARDIAC SARCOMA PRIMARY (Caus) CARDIAC TAMPONADE 
l/3 of 77 RMS cases reviewed showed effusion or tamponade 
(8/30) RMS reported hemorrhagic pericardial effusion of rapid 
onset - 27% 
(21/100) malignant sarcomas with hemopericardium 
blood tinged pericardial fluid; shock, abrupt cyanosis. 
case RMS - pulsus paradoxus, decreased breath sounds, dullness to 
percussion, rales, increased venous pressure. 
(3/8) primary sarcomas of the heart with tarnponade - all were 
Angiosarcoma 
(7/49) 14% of author's reviewed case reports with evidence for 
tamponade 

Fig. I. Excerpts from the profile submission for the disease Cardiac Sarcoma Primary. 

3. Knowledge acquisition tools for QMR 

Construction of the Internist/QMR knowledge base has continued over the past 
fifteen years, following the guidelines originally laid out by Jack D. Myers. The QMR 
knowledge base is buiIt through a careful process [G] which includes a comprehensive 
review of the medical literature, consultation with specialists, and an in-depth group 
review [15, 171. Th e creation of each unit in the knowledge base requires an average of 
two to three weeks of full-time effort [4]. In addition to the creation of new knowledge 
base units, a second ongoing process is aimed at the continuous maintenance and 
improvement of existing units. 

Over the past few years, we have developed computer-based tools to help in the 
acquisition and maintenance of the QMR knowledge base. All the tools run on inex- 
pensive, widely available machines such as IBM and IBM-compatible personal com- 
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puters. The first phase in the development of these tools was completed in 1988, and 
the second phase is now underway. The tools developed during the first phase were 
described recently [7], and thus are only briefly presented here. The second phase of 
tool development wilI be described in more detail. 

Both sets of tools are intended for use by the domain expert; the knowledge engineer 
never enters the process. This is largely possible because the QMR knowledge base is 
by now quite mature, and therefore most crucial knowledge engineering problems have 
already been solved. New knowledge base entries follow the general structure of the 
knowledge base, which is fairly stable. This enables physicians and medical students 
who were not involved with the design of the system to perform the major part of the 
knowledge base creation task. 

3.1. Knowledge acquisition tools already completed 

The tools developed during the first phase are specifically geared towards the initial 
creation of QMR disease profiles. The first tool, named CHECKLIST, is used to 
create an initial checklist for a disease profile. This is simply an initial suggestion 
for the structure of the profile, and is generated by consulting the existing knowledge 
base for the diseases that are most similar to the new one. This tool, which is used 
at the very beginning of the creation of a new profile, relies on the regularity of the 
underlying domain to yield a reasonable first skeleton for a new profile. 

The second tool, named QMR-PARSE, is used to perform syntactic and semantic 
checks on a profile submission. A profile submission is the result of the knowledge 
acquisition process (normally performed by a single physician), just before it undergoes 
the group review which determines its final shape. QMR-PARSE acts in the manner 
of a compiler, checking each unit in a profile submission and generating appropriate 
error messages. In addition to a thorough checking of the syntax, this tool also enforces 
a few important semantic constraints which are built into the QMR knowledge base. 
QMR-PARSE may be used at any stage of the creation of a disease profile. 

The development of these tools was guided by two principles. The first principle is 
that of supporting multi-center creation of a medical knowledge base, enabling separate 
organizations to contribute to knowledge base construction in a relatively independent 
fashion. This requires endowing the tools with many details of the QMR knowledge 
base, and with some knowledge about the knowledge acquisition process itself. This 
facilitates the unsupervised construction of knowledge base entries by physicians not 
associated with the parent organization. 

The second principle is to rely upon the existing knowledge base in order to develop 
new disease profiles. Note that this is quite different from the strategy used in SEEK2 
[21], for example. SEEK2, a rule-based system, uses a collection of cases to modify 
empirically its existing rules with the long- term goal of improving its performance. 
This is achieved through a heuristic strategy which analyzes existing rules and attempts 
to modify them to improve performance. 

In the case of the QMR knowledge base, on the other hand, our goal is to extend the 
knowledge base significantly. This is basically a manual task which involves extensive 
consultation of the medical literature and expert clinicians, but the objective is to 
supplement human endeavors with computer assistance as far as possible. This is 
achieved by relying on the regularity of the knowledge base, and by using existing 
knowledge base units to guide the creation of new knowledge base units. 

All profiles created in the past two years have benefited from the regular use of 
the tools. At the conclusion of the first phase, we conducted a study of the types of 
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errors made by different physicians preparing disease profiles, with special attention 
to the differences between novice and experienced subjects. The results of the study 
[6] suggest that degree of experience in creating disease profiles is correlated with a 
marked reduction in the error rate. Less experienced individuals, in particular, show 
many more ‘mechanical’ errors, i.e. errors that could be prevented by appropriate 
computer-based tools. These results confirmed that computer assistance can be great- 
ly beneficial in the creation of QMR knowledge base units, and encouraged research 
on the second phase of tool development. 

3.2, New tools: QMR-h’AT 

The design principles described for the original tools are being extended and incor- 
porated into a new tool which is currently under development. This new tool, the 
QMR Knowledge Acquisition Tool (QMR-KAT), provides two major extensions: 

l it replaces all batch-mode operations with direct, interactive operations; and 

l it extends computer support beyond the profile submission stage. 

The user interface style of the new tool is markedly different from the previous 
ones. Tools from the first phase were essentially batch-oriented. The expert would 
use a text editor to edit a disease profile in its various stages, and then run the profile 
through the tools for error checking. This had obvious disadvantages, especially for 
physicians who were not very familiar with computers, since the tools had to perform 
extensive error checking and could not provide immediate feedback as a profile was 
being modified. QMR-KAT eliminates this problem by adopting a direct-manipulation 
style of interaction [23], which allows it to edit the profile directly. Its user interface 
is based on windows, menus, and dialog boxes, and relies extensively on the use of 
a pointing device. Pull-down menus allow the user to manipulate all aspects of the 
profile being created, as well as to browse through the existing QMR knowledge base 
and the accompanying literature references. 

OCCUPIITION DOCK W Nunzia Giure. M.D. 
OCCUPlTION FFhRtl W 
OCCUPClTION FISH C 

Universitv of Pittsburgh 
Reviewer: Jack D. Myers. M.o. 
Completed: June. 1989 

AGE 16 TO 25 

AGE 26 TO 55 

IIGE GTR THAN 55 

EXPOSURE TO CAT <S> INTIMGTE HX 

EXPOSURE TO CATTLE SHEEP ~NIJ/OR 
lNIIiAL CONTGCT 

Import: 2 

Fig. 2. QMR-KAT, the QMR Knowledge Acquisition Tool. 

Figure 2 shows QMR-KAT being used to create the profile submission for Q FEVER. 
Of the three windows shown in the figure, the Disease Profile window contains the 
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profile being created; compare this with the profile submission in Figure 1. This window 
contains the profile which is eventually submitted for the expert review. Entries that 
begin with a dash are findings already in the QMR knowledge base; entries that begin 
with an asterisk are newly created findings. Each entry is optionally followed by 
excerpts from the literature. 

In order to add a finding which is already in the knowledge base, the user first 
obtains a list of findings and then copies the desired one into the profile window. This 
is shown in Figure 2, where the Work Area window contains a list of findings which 
was obtained by typing the string occup and asking the system for all possible matches. 
Any item in the work area can be copied to the profile simply by clicking over it with 
the mouse. A consequence of the direct-manipulation style of interaction is that syntax 
and semantics checking are no longer necessary, since only valid information may be 
entered at any stage. Only valid manifestation names, for example, may be retrieved 
from the knowledge base and added to the current profile. All numerical information 
entered by the user, in addition, conforms to the conventions already embedded in the 
knowledge base. This is enforced automatically by only offering the user valid choices. 

I-Evoking Strength- 

@Jo - iuersity of Pittsburgh 
ck D. Myers. Il. D. 

rFrequencY) ne* lg8’ 

*?? EXPOSURE TO CATTLE SHEEP nND/DR GDCIT <! 
Grouo: INIHAL CDNTClCT 
Import: 2 
TYDt?: history 

Fig. 3. Enforcing knowledge base consistency rules: 

Non-specific findings must be given evoking strength 0. 

Figure 3 illustrates this feature of the program. Right before the state shown in the 
figure, the user asked to edit the entry for the finding Exposure To Cd (s) Intimate 
HX, which describes a history of cohabitation with cats. Since this finding is marked 
as non-specific in the QMR knowledge base, QMR-KAT only presents the value 0 (i.e. 
non-specific) as a possible choice for the evoking strength. The result is that a new 
profile being constructed is automatically in a consistent state at every point in time. 

QMR-KAT has a wider scope than the previous tools. Rather than being limited to 
the profile submission stage, it extends well into the activity of long-term knowledge 
base maintenance. While the original tools did not provide support for bibliographical 
operations, for example, the new one does. An example of this capability is shown in 
Figure 4. As literature reference lines are added to the profile submission in the profile 
window, the user may request to see the bibliography reference for any of the relevant 
publications. This is done simply by clicking with the mouse over a reference number 
in the profile window. Figure 4 shows the result after the user clicked over the two 
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iuse. fl.D. 
: University of Pit* 

Reuiewer: Jack 0. Myers. tl.t 
ConDleted: June. 1989 

: Findings: 
hGE 16 TO 25 

asque country. 
UT Respir J 1989 Mar;2(3):263-6 
71 
larrie TJ 

fever. 1979-1987--Nova Scotia. 
an Dis Wkly ROD 1988 cl~r 30:14C17) 

Cl13 31% (25/80) age 10 to 2 

-O? AGE 26 TO 55 
I 

-O? AGE GTR THllN 55 I 

-O? EXPOSURE TO CRT <S> INT 

*?? EXPOSURE TO CIlTTLE SHEE 
Grouo: nNIMCIL CONTRCT 
InpOrt: 2 . . I 

Fig. 4. Viewing bibliographical references in the References Area. 

literature reference lines; the bibliography references for entries 1 and 7 are shown in 
the Reference Area window. These entries were obtained through a MEDLINE search 
[9]. Additional information, such as abstracts, for each publication may be obtained 
by selecting an item from a menu. 

Manipulating bibliographical references is essential for the long-term maintenance 
of the knowledge base, which is based on analysis of the evolving medical literature. 
Support for bibliographical operations includes both an interface to existing systems 
for bibliographic retrieval such as Grateful Med access to MedLine MEDLINE, and 
the ability for the user to define and maintain local lists of bibliographical entries. 

Long-term maintenance of a knowledge base requires modifications to existing units 
when new information becomes available in the medical literature. Moreover, additions 
to the knowledge base itself may require revision of some existing units. Support for 
long-term knowledge base maintenance in QMR-KAT takes the following forms: 

Ability to examine all details of existing disease profiles while modifying or creating 
new ones. This ability includes retrieving any portion of an existing profile into the 
Work Area and using it in the creation of a new disease profile submission. 

Ability to examine full profile submissions for disease profiles already in the knowl- 
edge base. In the past, only a portion of the data in any profile submission was 
actually incorporated into the final QMR knowledge base. All quotations from the 
medical literature, for example, were eliminated from the final profile. QMR-KAT 
allows all the original information to be retained and subsequently examined. 

Ability to re-utilize literature search strategies that were used during the creation of 
a disease profile. These are the keywords and MeSH logic that were employed during 
the computer-based literature review phase. Such search strategies are permanently 
saved as a profile submission is built, and are available for inspection afterwards. 
This makes it possible, for example, to re-run a computerized search during knowl- 
edge base maintenance. The results of the search show what relevant new medical 
information was published since the original search. 

QMR-KAT, in conclusion, extends the original tools in several directions. It is an 
integrated tool for knowledge acquisition which supports both the initial creation of 
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a disease profile and long-term maintenance of the QMR knowledge base. It allows 
the user who is creating a profile submission to inspect the existing knowledge base 
and any portion of older profile submissions. Its direct-manipulation style of interface 
makes it easier to use for people without specific computer training. Support for 
bibliographical references greatly facilitates the task of the person who is creating a 
new profile submission. 

While we have not yet conducted a formal evaluation of how QMR-KAT affects the 
creation of new profile submissions, the tool has already been used in the creation of 
a few disease profiles. These profiles were all generated by medical students who had 
never participated in the creation of the QMR knowledge base. Based on our previous 
experience, it appears that QMR-KAT makes it significantly easier to create new pro- 
file submissions. It appears, in particular, that the tool may reduce the time to create 
a profile submission and also reduce the number of errors in the final submission. We 
plan to conduct a formal evaluation which will compare the results of manual creation 
with those obtained by using the tools we developed during the first phase and with 
those obtained by using QMR-KAT. 

4. Future work 

Tools from the first phase automate the first level of knowledge acquisition, enforcing 
certain simple syntactic and semantic conventions which are used in the knowledge 
base. QMR-KAT will go one step further and automate the second level. We are 
currently in the process of evaluating which semantic aspects of profile creation are 
best suited for partial automation, based on our previous study [G] of actual profile 
submissions. 

One capability we are developing, for example, is the ability to suggest appropriate 
frequency numbers for a finding. The information contained in literature reference lines 
from a profile submission is detailed enough to allow a program to compute the most 
likely frequency number. We intend to utilize this information and have QMR-KAT 
suggest those numerical quantities to the person who is creating a new disease profile. 
We expect that heuristics of this type may significantly improve the correctness and 
consistency of new profile submissions. 

Much work remains to be done before the QMR knowledge acquisition tools are 
complete. We have already identified several directions along which QMR-KAT can 
be expanded. The following is a list of the major tasks, most of which we plan to 
address in the near future: 

l The ability to send the output from QMR-KAT directly to the QMR knowledge base, 
once a profile submission has been approved through the expert review process. This 
task is scheduled for implementation in the immediate future. 

l The direct integration of QMR-KAT with computerized literature search systems 
such as Grateful Med/MedLine. This will enable the results of computerized searches 
to be browsed and retrieved directly from within QMR-KAT. This task is being 
implemented at the time of this writing. 

l The ability to manage and share personalized bibliographies along with those pro- 
vided through literature search systems. Personalized bibliographies are useful both 
for material that appears in computer-based bibliography services and for unpub- 
lished material, such as consultation with specialists, as well as for the numerous 
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references used in knowledge base creation that were published prior to 1965, when 
MedLine began. 

The ability to constantly monitor new information being published in the medical 
literature. This capability, which is farther in the future, is required if the knowledge 
base is to keep abreast of developments in medical knowledge. The strategy we have 
designed is based on periodic scans of new literature as it becomes available through 
computerized MedLine services. Each new scan will utilize the pre-stored search 
strategies for a disease and will flag all new publications that match those search 
strategies. Such publications would then be presented to the domain expert for 
review and possible inclusion in the knowledge base. 

Other strategies that were not described in this article should also help reduce the 
burden of long-term knowledge base maintenance. One such strategy would use a 
large number of pre-stored clinical cases to constantly monitor the performance of the 
knowledge base as knowledge units are added and modified. Whenever a modifica- 
tion alters the performance of the system on a pre-stored case, human intervention 
is required to determine how to handle the situation. Note that this strategy is only 
superficially similar to the one employed by SEEK2, because of the much larger granul- 
arity of knowledge base units in a system like QMR. This strategy, moreover, would 
be used not to suggest actual modifications to the knowledge base, but simply to alert 
the domain expert whenever a conflict arises. Dr. Jack D. Myers has already manually 
employed such a strategy for over a decade in maintaining the INTERNIST-I/QMR 
knowledge bases. 

5. Conclusions 

The scarcity of comprehensive, high-quality medical knowledge is a severe obstacle 
to the more widespread diffusion of medical expert systems. Creating and maintaining 
such knowledge bases is a time-consuming task which requires large investments of 
funds and personnel. Computer-based tools should be used to make the problem more 
tractable and improve the quality of the resulting knowledge bases. 

We have presented some strategies for knowledge base creation and long-term main- 
tenance. In spite of differences among different knowledge bases, many of these strate- 
gies apply to a wide range of situations and can be advantageous for different systems. 
Some of the best known strategies include direct-manipulation knowledge acquisition 
and maintenance tools, design for acquisition, and case-based automatic suggestion of 
incremental knowledge base modifications. 

To support the continuing growth of the QMR knowledge base, we have developed a 
set of tools which embody several strategies for reducing the burden of knowledge base 
creation and maintenance. One such strategy is multi-center creation of knowledge base 
units, which alleviates the burden for individual institutions by spreading the work over 
several centers. A second strategy is that of direct manipulation of knowledge while 
constructing new units. A third strategy uses existing portions of a knowledge base 
to validate and correct new knowledge as it is entered. A final strategy uses heuristics 
which make quantitative suggestions based on new medical information presented to 
the system in a stylized form. 

We have described two generations of tools developed at the Section of Medical 
Informatics of the University of Pittsburgh. These tools assist in various phases of 
the creation and maintenance of the QMR knowledge base, ranging from the initial 
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skeleton of new profile submissions to the long-term maintenance of the knowledge 
base. 

While this paper concentrated mostly on a specific knowledge base and only dis- 
cussed a few of the heuristics we are developing, the main strategies and problems we 
presented are applicable to a wide range of systems and medical knowledge bases. The 
next few years will see a great development in computer-assisted tools for the creation 
and long-term maintenance of medical knowledge bases, and future tools are likely 
to incorporate more than one strategy in order to reduce the knowledge acquisition 
bottleneck. Pending radical improvements in natural language processing by compu- 
ters, which are probably still several years away, computer-assisted knowledge base 
creation and maintenance is the most promising answer to the problem of generating 
high-quality medical expert systems. Research on tools which can assist the domain 
expert in this activity is thus a vital part of AIM, and one which will assume even 
greater importance in the coming years. 
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