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Abstract

Growing complexity of diagnostic tests, combined with in-
creased workload, stringent laboratory accreditation demands,

continuous shortening of turn-around-time and budget restric-
tions have forced laboratories to automate most of their iterative
tasks. Introduction of artificial intelligence by means of expert
systems has gained an important place in this automation pro-
cess. Different parts of clinical laboratory activity can benefit
from their implementation and the present project deals with one
aspect, namely the clinical interpretation of diagnostic tests.

This paper describes how j.MD, a new Java based expert system

shell, was used to reprogram the expert system for interpretation

of amylase isoenzyme patterns that has been in use for many
years in our laboratory, and that was originally programmed in

Pro.MD, a Prolog based expert system shell. One of the most im-
portant advantages of the j.MD system is its bidirectional link
with the laboratory information system. This project shows how
expert systems for the interpretation of complex diagnostic tests
that demand specific expertise can become an integrated part of
the automated clinical chemistry lab.
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Introduction

Due to the continuing automation of clinical laboratory tests,
many examinations that used to be technically complicated and
time consuming become less elaborate, and more routine clinical
laboratories are/will be able to perform these tests. However, the
amount of test data that are generated and their complexity,
make it impossible for laboratories to acquire all the necessary
‘in house’ expertise for their clinical interpretation. When
present, the expert is not always available, and even a trained ex-~
pert can find it difficult to interprete reports always in the same
standardized way. On the other hand there is an increasing
awareness that the responsibility of specialists in laboratory
medicine goes much deeper than merely producing analytical
data : they should be advisors in test selection, test logic and test
interpretation (Mission Statement of the American Association
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of Clinical Chemists, 1995). Expert systems for the interpreta-
tion of diagnostic tests are potential tools to solve this dilemma.

Two expert systems for the interpretation of alkaline phos-
phatase and amylase isoenzyme patterns, programmed in
Pro.MD, a rule based expert system shell written in Prolog, have
been developed in our laboratory [1-3]. After extensive testing
and a thorough medical validation process, they were introduced
for routine use in 1988 and 1997 respectively. The systems were
regularly updated since (11 and 5 times respectively). Updates
were triggered by user feedback and/or the availability of new
scientific data. By now, more than 19 000 alkaline phosphatase
and more than 2 000 amylase isoenzyme patterns have been
evaluated and the number of requests by in-house and external
clinicians has been increasing steadily. This proves that it is
feasable to successfully introduce expert systems in a routine
clinical laboratory. However, a serious draw-back of Pro.MD is
the lack of a bidirectional link with the laboratory information
system (LIS). As a consequence, lab results have to be intro-
duced manually in the system or via a unidirectional download
and the results of the expertise cannot be integrated in the elec-
tronic laboratory report of the patient. These inconveniences
stood in the way of a more general use of these systems. To
solve this problem we decided to look for a new more user-
friendly tool wherein we could re-introduce the knowledge that
was integrated in the knowledge base (KB) of the previous sys-
tems. To accomplish this goal, the expert system shell had to an-
swer the following demands : 1° bidirectional communication
with the LIS, 2° universal platform, 3° flexibility and user-
friendliness.

Materials and methods

J-MD (Java-System supporting Medical Diagnostic Reasoning),
a Java-based environment that answered the requirements men-
tioned above, was selected as our new tool [2,4]. As a first step,
we reprogrammed the knowledge base for the interpretation of
amylase isoenzyme patterns in jMD. A bidirectional link be-
tween the LIS and the expert system was realized by our LIS pro-
vider Sysmex Belgium (Barchon, Belgium).



Technical specifications :

Bidirectional communication between Molis and j.MD

Communication between Molis and j.MD is set up in a TCP/IP
client-server socket architecture. Data and results are transmitted
as XML documents. On the j.MD side, a server is started that
listens to a specific port number. On the Molis side, a connection
is established to the j.MD Server through a client socket connec-
tion on the specified IP-address for the server and the specified
port number. Test results are identified by their LOINCO (Log-
ical Observation Identifiers Names and Codes) codes, pub-
lished by the Regenstrief Institute and public domain. LOINCO
is currently being established as a standard for uniquely identi-
fying laboratory tests [5]. The Molis datastore contains a map-
ping for associating laboratory tests with their proper LOINC©
code. When the j.MD Server receives data from the Molis client,
it extracts the order data as an XML document and passes it on
to the j.MD Runtime module for processing. The j.MD Runtime
adds all its results to the original document. This document, aug-
mented with the j.MD results, is sent back to the Molis client by
the j.MD Server. The Molis client then extracts the relevant re-
sults and reports and integrates the data back into the Molis
datastore. Further handling of the results is done by Molis, for
example integrating report text into Molis reports. The expertise
that is added to the order document by the j. MD Runtime module
contains interpretations for test results into categories such as
“reduced” or “normal”, suggestions for further tests, diagnostic
hints and suspected diagnoses.

Technical Details on j.MD

The j.MD software is written in Java™ to assure platform-inde-
pendence and portability. The version of the Java Virtual Ma-
chine that the software is released with is the JVM 1.3.1 from
Sun Microsystems. The j.MD datastore is loaded and saved as an
XML document to assure flexibility and multi-access use. Ex-
change of j.MD Knowledge Bases is also based on XML docu-
ments so that knowledge base authors can easily distribute their
work. All data communication is based on XML documents.
This facilitates the use of j.MD in client-server environments as
well as web environments. The j.MD software consists of sev-
eral modules plus a set of public domain software packages
which are described below. In principal, the software runs on
any machine for which a Java Virtual Machine (preferrably ver-
sion 1.3.1) exists. However, in non-Win32 environments, the
LOINCO database, the license code checker and the installer
would have to be imported.

J-MD modules :
J-MD Datastore and Utility Base

The j.MD Datastore and Utility Base consist of the basic data
structures to represent a repository of knowledge bases assem-
bling knowledge base objects, such as parameters, formulas, in-
terpretations, concepts, rules, patient models and text patterns. In
addition, corresponding to the objects in the repository, there are
so-called builder classes that construct the object from configu-
ration options. The utility base consists of service classes and
functions that perform transformations (for example unit trans-
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formations), that load and save repositories and that import and
export knowledge bases into / from remote repositories. The re-
mote repositories can reside on any computer that is accessible
from the j. MD Datastore and Utility Base by URL (Uniform Re-
source Locator). This module is the base for all further j. MD
modules.

J-MD Knowledge Editor

The j.MD Knowledge Editor is the workbench for the knowl-
edge base author. Knowledge bases and their objects are created
through wizards and can be edited and refined in designated ed-
itors. ‘

J-MD Report Generator

The jMD Report Generator creates reports from text patterns
defined by the knowledge base author. The reports can be styled
and the currently supported formats for styled reports is HTML
(for styled web based reports) and XML-FO (Formatting Ob-
jects) for reports that can be printed or saved for example as PDF
reports or RTF reports.

J-MD Runtime

The j.MD Runtime is a module that accepts XML documents
with order data (patient and requester identification, test results
and entry diagnoses), processes it and returns it to the caller. All
results are re-integrated into the order document. The j.MD
Runtime is multi-threaded, which means that it can operate in a
web environment with many simultaneous client requests. To
process the results, the j.MD Runtime first sets up the runtime
session with all relevant knowledge base objects. Knowledge
base objects such as rules are compiled only by request to opti-
mize compile time. The runtime session stays static over all cli-
ent requests. Each client request then operates in its own runtime
scope with the common (static) runtime session being the top-
level scope. This architecture assures that all clients work within
their environment of test results and j.MD results, but still, com-
piled knowledge base objects are available to all clients.

J-MD Debugger

The j.MD Debugger is a tool for the knowledge base author to
test all aspects of a knowledge base. The debugger consists of
several parts, reflecting the debug workflow. In the first part,
the user selects all items of the knowledge base that he or she
wishes to test. Selectable parts are: knowledge bases, concepts,
rules and text patterns. This enables the user to analyze, for ex-
ample, the behavior and performance of a specific rule. In the
second part, the user enters input data to test the selected knowl-
edge base objects. The user can trigger the creation of editors for
data entry. Entered data can be saved and reloaded later as test
cases. This aids the author when refining an already existing
knowledge base. In the third part, the user can start the j.MD
Runtime with an order document created from the debug targets
and debug inputs. The j.MD Debugger will receive the resulting
document from the j.MD Runtime and will display all results in
the corresponding panes. In addition, the user can review the rule
trace. In the fourth part, the user can preview and print the se-
lected reports and report fragments.

J-MD Front End

When there is no link with the :LIS, the user can manually enter
patient demographics, test results and entry diagnoses using the



j-MD Front End module. The front end assembles the data into
a proper order document and starts the j.MD Runtime to process
it. The results are displayed either in a so-called j.MD Standard
Report, or in a report specifically configured for the relevant
knowledge base.
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Figure 1 - Concepts that were defined in the j.MD isoamylase
knowledge base

J.MD Server

The j.MD Server is a TCP/IP-based socket server for bidirec-
tional communication with data providers such as for example,
a LIS, a database client or a web client. The general architecture
and functionality were described in Part 1.
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Figure 2 - Example of a rule in the KB module checking the
presence of a macroamylase fraction.

Apache modules
Apache modules are mainly used for processing XML docu-

ments (parsing, transforming, processing XML search queries).
In addition, the j.MD software uses the Apache FOP module for
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processing XML reports that are styled with XML-FO (Format-
ting Objects).

Rhino project

The JavaScript engine of the Rhino project of Mozilla is used to
implement the rule engine in the j MD Runtime.

LOINCO®

As described above, the . MD software uniquely identifies labo-
ratory tests by their LOINC©O codes. The Regenstrief Institute
deploys an MS ACCESS database of LOINCO codes which is
integrated into the j.MD software via a LOINCO database view-
er, offering support for finding the proper LOINC© code for a
specific laboratory test. The database viewer is not part of the
Regenstrief Institute’s distribution.
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insutficient renal ciearance: of the smylase-immuncglobulin
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Figure 3 - rule in the text module defining the text pattern that
will be integrated in the patient report when the presence of a
macroamylase fraction was confirmed by the rule shown in Fig-
ure 2.

Results

A prototype version of the j..MD system for the interpretation of
amylase isoenzyme patterns has been developed. Like the older
version, the system takes into account demographic data such as
age and gender of the patient, and results of other laboratory tests
that are relevant for the performed examination, such as liver and
renal function tests. Two new parameters were introduced : se-
rum lipase and y-glutamyltransferase activities. Cut-off values
for the different fractions in health and disease are based on pre-
vious studies [6-8]. Lower and upper limits of normal were de-
termined in a healthy reference population of 396 adults (aged
20 —65 years) and 986 children (aged 4-19 years). Studies were
performed in patients with acute and chronic pancreatitis, pre-
and post ERCP, malignant pancreatic tumours and parotitis. Pri-
or to its implementation in 1997, the system was extensively val-
idated in cooperation with the gastro-enterologists of the
hospital. Concepts that were implemented in the prototype j. MD
version are shown in Figure 1. An example of a rule and the rule
defining the corresponding text pattern are shown in Figures 2
and 3 respectively. The bidirectional link has been tested within



a mirror LIS database on a separate server and is ready to be im-
plemented in real time. Testing of the expert system with 'dum-
my' data and real patient data has been performed and the system
has been updated accordingly. The system's performance is now
being critically evaluated by the clinicians (end-users). Aftera
final update the j.MD expert system for the interpretation of
amylase isoenzyme patterns will be implemented in the routine
clinical laboratory. Figure 4 shows how in our laboratory the
Pro.MD / j.MD systems for the interpretation of diagnostic tests
complement QC-Today, developed in collaboration with IL
(Zaventem, Belgium) [9], and VALAB (EREMS Medical, Tou-
louse, France), two other bidirectionally linked expert systems
for QC and medical validation that have been in routine use since
2001 and 1998 respectively.

(@) technical validation
() Qc validation
(3) medical wlidation
QA(E) test interpeetation
Figure 4 - flow-chart showing how expert systems have become
an integrated part of the automated routine clinical chemistry
lab. VALAB : medical validation program developed by Val-
digué (Toulouse, France) ; QC-Today : QC validation program
developed in collaboration with IL (Zaventem, Belgium)

steps of the automated
validation and
interpretation
of fest results

POC =point of care (bedside) fests
LIS=1ab information systern

Discussion

The need to embed expert systems in the LIS is not new [10], and
an object-based approach seems an appropriate way to achieve
this goal [2,11]. Nevertheless, most expert systems for clinical
test interpretation still depend on manual data input or a unidi-
rectional download from the LIS. This paper describes how a
Java based platform can be used to realize a bidirectiona] link,
which is less error-prone and reduces workload considerably.

A correct clinical interpretation of amylase isoenzyme patterns
is time consuming and quite complicated, therefore routine lab-
oratories tend to send samples for these tests to reference labora-
tories, or they simply do not perform them any more (“orphan
test”). Nevertheless this relatively simple and cheap analysis
provides a treasure of relevant clinical informations, e. g. regard-
ing the pancreatic function of the patient, and can avoid the per-
formance of more invasive and costly examinations. Isoamylase
patterns are of particular interest post-ERCP, where determina-
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tion of the isoenzyme pattern helps to differentiate between a
rise of total amylase activity due to post-procedure pancreatitis
or due to an irritation of the parotid glands following passage of
the endoscope. Amylase is a small molecule that is readily fil-
tered by the normal kidney, but when the enzyme binds to an im-
munoglobulin, the resulting macromolecule cannot be
effectively cleared and serum amylase activity rises. Itis impor-
tant to distinguish benign macroamylasemia from other clinical-
ly important causes of an elevated total amylase activity that
require further, sometimes invasive, examinations of the patient.
These are only two examples of the clinical importance of a cor-
rect interpretation of amylase isoenzyme patterns.

The same applies to alkaline phosphatase isoenzyme patterns, a
far more complex domain that will be the next Pro.MD knowl-
edge base to be re-programmed in j.MD.

Conclusion

More than 15 years of experience with Pro.MD have shown that
the routine use of expert systems for the interpretation of amy-
lase and alkaline phosphatase isoenzyme patterns adds consider-
able value to the mere dosage of total enzyme activity. The
present project shows that using j.MD as expert system shell and
linking it bidirectionally with the LIS offers the possibility to
overcome the drawbacks of the older systems and to obtain in
this way a complete integration of clinical interpretation of com-
plex diagnostic tests within the lab automation system (Figure
4).
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