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Abstract. Renal function monitoring has been of key concern at the

Clinic of Anaesthesiology, University Hospital Munich, since the late

1970s. The analysis of renal function is based on a set of 66 parame-

ters consisting of laboratory data, patient demographic data and derived

parameters. The data are formatted into a lab report. Interpreting the

lab report is a time-consuming and by no means easy task even for ex-

perienced physicians. To assist the physician in turning this vast amount

of data into patient-oriented information, the knowledge-based system

TempoRenal has been built. The system performs plausibility checks on

the data, aggregates data into hierarchies of interpretations and diag-

noses and generates reports containing text and visual representations

that are automatically printed on the intensive care units.

1 Introduction

At the Clinic of Anaesthesiology, University Hospital Munich, monitoring of
the renal function is based on a set of laboratory parameters (osmolality and
concentrations of creatinine, urea, sodium, potassium and glucose) taken each
from daily blood and urine samples, plus the urinary output (typically 24-hour
urinary output). The laboratory parameters are combined with demographic pa-
tient data (gender, age, height, weight) for a set of 66 renal function parameters.
The data are formatted into a lab report (Figure 1).

Interpreting the lab report is di�cult even for experienced physicians. The
lab report consists of a vast amount of numbers that need to be interpreted
individually and in complex constellations. Plausible ranges and normal ranges
for parameters are not necessarily applicable to patients of an intensive care
unit. Therapeutic measures may result in strong deviations of normal ranges.
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Frau ANONYMOUS

55 J, 160 cm, 85 kg, 1.88 m2, GKW 35.8 l

--------------------------------------------------------------------

Sammelende: 6:00 Uhr seit 6:00 Uhr (= 1440 min)

Urinvolumen: 4400 ml (= 3.06 ml/min)

--------------------------------------------------------------------

U Osmol 265 mosm/kg

P Osmol 287 mosm/kg < 293>

P Osmol-MW 290 mosm/kg (theor.: 279, Delta: 8)

U/P Osmol 0.91 (Toniz.: 268 mosm/kg)

C Osmol 2.79 ml/min

Tc H20 -0.26 ml/min

--------------------------------------------------------------------

U Kreat 6 mg/dl

P Kreat 0.91 mg/dl <0.84>

P Kreat-MW 0.88 mg/dl

U/P Kreat 6.8

C Kreat 21 ml/min (Soll: 99 ml/min, Ist: 21 %)

Kreat-Ex 0.26 g/24h (Soll: 1.37 g/24h, Ist: 19 %)

--------------------------------------------------------------------

U Urea 280 mg/dl

P Urea 60.8 mg/dl <75.6>

P Urea-MW 68.2 mg/dl

U/P Urea 4.1

C Urea 13 ml/min (= 61 % C Kreat)

Urea-Ex 12.3 g/24h (= 5.8 g/24h H-N (Urin))

205 mosm/d 18 %

--------------------------------------------------------------------

U Na 87.0 mmol/l

P Na 136 mmol/l < 139>

P Na-MW 138 mmol/l

Na-Ex 383 mmol/24h 709 mosm/d 61 %

Frakt. Na-Ex 9.37 %

--------------------------------------------------------------------

U K 28.9 mmol/l

P K 3.9 mmol/l < 4.1>

P K-MW 4.0 mmol/l

K-Ex 127 mmol/24h 235 mosm/d 20 %

--------------------------------------------------------------------

U Gluc 0 mg/dl

P Gluc 172 mg/dl < 152>

P Gluc-MW 162 mg/dl

Gluc-Ex 0 g/24h 0 mosm/d 0 %

====================================================================

Osmol-Ex Rest: 17 mosm/d 1 %

Osmol-Ex Summe: 1166 mosm/d 100 %

Fig. 1. Laboratory Report



To assist the physician in interpreting the lab reports, the knowledge-based
system TempoRenal has been implemented. The primary goal for TempoRenal is
to transform a vast amount of data into patient-oriented information. To ful�ll
the goal, TempoRenal has to satisfy a set of requirements from a medical point of
view as well as a set of system requirements. These requirements will be presented
in the next section. Subsequent sections will discuss the architecture and system
design for TempoRenal, the reasoning techniques used by the knowledge-based
system and the report generation for the clinical routine. Finally, we will discuss
the status of the evaluation of the system and its acceptance on the intensive
care units.

2 Objective

For the TempoRenal software to be successfully deployed into the daily routine
of an intensive care unit, a set of requirements from a medical point of view and
also a set of system requirements had to be met.

2.1 Requirements from a Medical Point of View

The knowledge-based system has to perform plausibility checks on single param-
eters and constellations of parameters to detect

{ inconsistencies
{ implausibilities

{ outliers.

The system has to perform a set of analyses to interpret the renal func-
tion status. Analyses consist of evaluating renal function parameters, partial
renal functions (glomerular function, tubular function, retention, urinary out-
put), global renal function status and uid and electrolyte balances. The system
also has to check for the presence of renal dysfunctions and syndromes.

For all types of analyses, the system has to apply adequate methods for
handling possibly incomplete, inconsistent or implausible data. The system has
to use adequate methods for dealing with potential uncertainties and imprecise
diagnostic patterns.

The results of the analyses are to be formatted into reports which have to
conform to the terminological categories, vocabulary and visual displays the
clinicians are accustomed to.

2.2 System Requirements

The system has to fully integrate into a heterogeneous hard- and software en-
vironment. It has to run independant of any user interaction and gather all
required data and information autonomously from the electronically available



data sources. The reports produced by the software have to be printed auto-
matically on the units, while equivalent reports in Hypertext Markup Language
(HTML) are deposited and maintained on the intranet for additional inspection.

The software and its knowledge base have to be maintainable. That means
that standard public-domain tools can be used to alter the software and that
the structure of the knowledge base is based on simple principles so that can be
edited with basic tools such as a text editor.

3 Methods

For the design of the TempoRenal system, several methodical issues need be
resolved. From a medical point of view, data has to be analyzed for the de�nitions
of possible and plausible ranges for renal function parameters and for de�ning
diagnostic patterns as relevant to the context of an intensive care unit. From a
technical point of view, methods and algorithms are to be con�gured and de�ned
for evaluating various aspects of renal function in a patient. These algorithms are
also required to be robust with respect to incomplete and possibly inconsistent
data ans also with respect to imprecise de�nitions of diagnostic patterns.

3.1 Analysis of Renal Function

The analysis of the various aspects of renal function for patients in an inten-
sive care unit requires that general medical knowledge on renal functioning be
evaluated against the data of intensive care patients.

For building the knowledge base on renal function analysis focused on in-
tensive care patients, data sets collected since 1992 and comprising over 22000
patient days were analyzed. We have used standard techniques of exploratory
data analysis and standard statistical tests for

{ de�ning possible and plausible ranges for renal function parameters
{ dividing the plausible ranges into meaningful sections ("range abstractions")
{ determining variabilities for parameters
{ determining criteria for distinguishing between speci�c diagnoses.

3.2 Evidential Reasoning

Medical knowledge on renal function monitoring is inherently uncertain. Uncer-
tainties concern di�erent aspects of the diagnostic monitoring task: incomplete
or inconsistent data sets, uncertain connections between combinations of data
values and possible diagnoses, and varying importance (or weights) of parameters
with respect to a chosen type of analysis.

For handling uncertainties, incompleteness and possibly ambiguous or incon-
sistent data, we use a special con�guration of evidential reasoning, also called
Dempster-Shafer belief theory.

Key concepts of evidential reasoning are



Query A query represents a speci�c aspect to be analyzed of the renal function,
for example glomerular function or retention.

Answer An answer represents the result of an analysis. In the medical context,
an answer is typically an interpretation or a diagnosis.

Evidence Evidences are used to evaluate which possible answers (interpreta-
tions, diagnoses) are most appropriate to describe the situation of the pa-
tient. In our con�guration, evidences are values for renal function parameters.
Evidences point to answers with di�erent associative strengths. The distri-
bution of such associations is represented in the basic probability assignment.

Figure 2 represents the basic probability assignment for evidence Creatinine
Clearance with respect to the query glomerular function. Figure 3 represents the
distribution of basic probability assignments of all evidences for the diagnosis
reduced renal function with possibly low levels of creatinine excretion. All other
diagnoses have been �ltered out of the �gure. What is eminent in the �gure is the
pattern for renal function parameters that should lead to the speci�c diagnosis.

When evidences are combined, their corresponding basic probability assign-

ments are combined to result in a distribution of belief and plausibility values
over subsets of answers.

While the combination of evidences is rather straightforward, the �nal eval-
uation of the distribution of belief and plausibility values is not.

Fig. 2. Evidence table for evidence creatinine clearance and analysis of glomerular

function. bpa represents the basic probability assignment



Fig. 3. Evidence tables focused on the diagnosis of reduced renal function with low

excretion of creatinine (all other diagnoses have been �ltered out for this representation)

Decision Strategies There is no inherent straightforward mechanism to de-
termine a �nal answer for a query from the distribution of belief and plausibility
values. The strategies to resolve a �nal solution has to be de�ned with self-set
priorities.

In TempoRenal, strategies can be con�gured for each query. Types of strate-
gies are

Hierarchy of Hypotheses Combinations of answers are ordered into a tree
structure with global combinations toward the root of the tree and speci�c
combinations toward the leaves of the tree. The decision strategy traverses
the tree starting at the root and selects subsequent paths according to best
belief / plausibility values.

Best Combination Depending on the measure of overall inconsistency and
uncertainty, a maximal size of answer combination is determined and of all
those answer combinations, the one with best belief / plausibility value is
chosen.

Threshold Strategy The �nal answer or answer combination must have be-
lief / plausibility values exceeding precon�gured thresholds. Thresholds are
based on the analysis of belief / plausibility values of speci�c patient groups.



3.3 Temporal Reasoning

For representing trend patterns, we have combined the concepts of the Time

Standards for Health Care Speci�c Problems (European Committee of Stan-
dardization) with the key ideas of Haimowitz & Kohane's Trend Templates.
The merged concepts were then mapped to the query-answer-evidence-paradigm
of belief theory, so that the temporal reasoning (trend recognition) is performed
using the techniques of evidential reasoning.

4 Results

The TempoRenal system is developed in JavaTM , a full object-oriented program-
ming language from Sun Microsystems. Java together with basic development
environments are available free-of-charge. Java programs compile into platform-
neutral bytecodes. Java software thus can be executed on any computer that has
a Java Virtual Machine installed and within any Java enabled Internet browser.

4.1 System Architecture

The TempoRenal software is organized into three layers of modules, where each
layer depends on the layers below. On the bottom layer are the modules rep-
resenting the knowledge base, patient data structures and the Time Standards

which contain representation structures for temporal references and trend pat-
terns. The second layer consists of modules that perform the analyses { plausibil-
ity analyses, interpretation, diagnoses { and map the results to textual building
blocks. The top layer contains the routine report generator which assembles all
necessary data and information, performs a set of precon�gured analyses and for-
mats the results into reports that are printed directly on the units. See Figure 4
for a graphical representation of the TempoRenal system architecture.

4.2 Routine Report Generation

The TempoRenal system runs autonomous from any user interaction. It gathers
all required data from the hospital's principal data base server, performs the
con�gured analyses (plausibility checks, interpretations, diagnoses) and formats
the results into reports containing text and graphical representations. The report
is organized according to ergonomic principles, with key summary information
presented at the top and information with increasing levels of detail arranged in
top-down fashion. See Figure 5 for the design of the printed reports and Figure
6 for an example of a printed report translated into English.

5 Discussion

The software has been deployed since summer 1998. Since August 1998, the sys-
tem's results have been continuously evaluated and validated. Currently, about
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Klinikum der Universit�at M�unchen

Klinik f�ur Anaesthesiologie, Intensivtherapie

30.01.1999

Nierenmonitoring1 Station H2010

Herr ANONYM, 13.05.1931 68 J, 180 cm, 90 kg, 2.10 m2, 45.6 l

Sammelzeit 6:00 seit 6:00 Uhr = 1440 min = 24 h

Urinvolumen 12700 ml = 8.82 ml/min = 529.17 ml/h

Polyurie oder forcierte Diurese;

q
q q

q q q

q

q
q q

q q

C Kreat Ist/Soll 19 %

0

130

20

massiv erniedrigt;

Nierenfunktion:

Nierenversagen, polyurisch;

Glomerul�are Funktion:

Ungen�ugende glomerul�are Funk-

tion;

Tubul�are Funktion:

Tubulusfunktion beeintr�achtigt;

Retention:

Isolierte Serumharnstof-

ferh�ohung bei deutlich einge-

schr�ankter Kreatininclearance;

q

q

q

q

q

Frakt. Na-Ex 30.15 %

0.00

30.15

5.00

deutlich erh�oht ! m�ogliche Ursa-

che: Diuretikaanwendung bei Fil-

tratdrosselung oder ANV;

q q q q q

U/P Kreat 2.4

0.0

100.0

10.0

deutlich erniedrigt;

q q q

q

q

P Kreat 1.20 mg/dl

0.00

2.20

1.20

2.00

gering erh�oht;

q
q

q

q

q

P Osmol 340 mosm/kg

250

350

320

deutlich erh�oht;

q
q

q
q q

U/P Osmol 1.03

0.50

2.00

0.90
1.10

Isosthenurie;

q q q
q

q

P Urea 139.0 mg/dl

0.0

150.0

100.0

deutlich erh�oht;

Tonizit�at des Serums ist gering erh�oht; Wasserclearance typisch f�ur ANV; Osmolare Exkretion ist deutlich

erh�oht; Die Harnsto�clearance sollte unter der Kreatininclearance liegen; geringe Hypernatri�amie; Natriumex-

kretion ist stark erh�oht; Kaliumexkretion ist erh�oht ! m�ogliche Ursachen: a) sehr hohe Kaliumzufuhren, b)

Mineralkortikoide, Hyperaldosteronismus;

1Der Laborreport ist umseitig gedruckt.

Fig. 6. Example of Printed Report



26 reports are evaluated per day and the �ndings and recommendations are re-
integrated into the system so that today, the accurracy of the diagnoses is over
95%.

Currently, there are 5 intensive care units involved in the knowledge-based
renal monitoring program and the feed-back from the units has been positive.
The new design of the report has been well received.

Despite the overall good results, there are limitations to the diagnostic capa-
bilities of TempoRenal that seem to apply to knowledge-based diagnostic systems
in general. The inherently circular nature of medical diagnostic reasoning (where
a �nal diagnosis on a high level of abstractions triggers re-evaluation of already
established interpretations on a lower level of abstraction) cannot immediately
be mapped to a unidirectional diagnostic scheme.

Nevertheless, evidential reasoning has been successfully established for re-
nal monitoring. The con�guration of evidential reasoning as implemented in
TempoRenal has demonstrated robust results on uncertain data and also on dis-
tinguishing between typical (common) cases and special (rare) cases.

6 Conclusions

When carefully implemented, knowledge-based data analysis can be an im-
mensely useful tool for assisting physicians in turning a vast amount of data
into patient-oriented meaningful information. Important criteria for the accep-
tance of such decision support systems are: complete automation (no login, no
manual interaction, no con�guration of software, but con�gurable knowledge
bases), ergonomic design of the reports, full integration into data and software
infrastructure of the clinical environment and respect for the clinical workow.

The success of TempoRenal is based on the continuous e�ort and immense
contribution of the medical partners of this project. Without the daily eval-
uations on real-case patients over a period of now 9 months, the quality and
accuracy of TempoRenal's results could not have been achieved.
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