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Abstract
 
Time is intrinsically connected with medical knowledge and data, while medical temporal reasoning is directly 
relevant to almost every aspect of medical practice.   Various medical information systems exploit temporal 
information and have developed specialized methods to address the unique storage and retrieval requirements of 
time-varying clinical data.  The adopted approaches, being highly application-dependent, differ in a number of 
aspects such as the choice of ontological primitives, whether time is viewed as discrete or continuous, the modeling 
of uncertainty, incompleteness and impreciseness, the granularity of the time stamp chosen, etc. Information 
exchange between these systems, or integration in large scale healthcare information systems, will only be possible 
if a high level framework model, rich enough to express the properties of the various approaches in all its aspects, 
can be developed.  Through a detailed review of the literature, this paper identifies the types of temporal 
information that have been shown to be relevant in medical applications, and as such defines part of the minimum 
requirements for the future framework model. 
 
 
 
 
Introduction
 
Temporal representation and reasoning is necessary for the various tasks physicians have to perform when caring 
for their patients. During history-taking, they try to establish the time of onset, duration and chronology of the 
various symptoms and signs the patient may present or has shown recently, taking into account previous illnesses 
or concurrent diseases to detect recurrent manifestations. Patients may express temporal information very precisely, 
either in absolute terms (I got a terrible headache yesterday at 5 o' clock) or through relationships (I started 
vomiting just after finishing my soup). More often, patients are much more uncertain and not precise at all about 
their experiences: the palpitations started a few minutes after I had been walking, or perhaps just before. 
Patients also tend to present their personal history as an incomplete scenario: they don't mention all relevant events, 
or omit certain parts of their story. By using intuitive causal-temporal reasoning mechanisms, physicians are able to 
think backward and forward in time, inferring events from state changes and state changes from events. They try to 
represent the temporal information in a structured way such that it is possible to reason from what the patient tells 
to what events and states must have existed as causes and effects of these states. It's up to the physician to describe 
the inferred cause and effect in an explanatory way. 
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Throughout the diagnostic process, physicians use temporal reasoning strategies in a number of ways. A causal 
diagnostic explanation, for example, must account for the temporal latency of observed manifestations given the 
hypothesized ethiological factor. Diagnostic decisions are also based on time-dependent constallations of 
symptoms and signs showing the physician similarities to previous courses or case descriptions in medical 
textbooks. As such, temporal constraints play a key part in the generation, elaboration and selection of hypotheses. 
Tests and technical investigations provide further clues towards a final diagnosis but it should not be forgotten that 
this new information relates to the time when the investigation was performed, and not to the time when the results 
are received. 
 
Therapeutic actions and decisions rely heavily on notions such as the patient's past clinical course, current 
medical status and predicted future course. At the other hand, therapeutical interventions affect the temporal 
behaviour of manifestations considerably and even may invoke new ones, possibly side effects, leading to an 
adjustment of the therapeutic plan later on. In cancer chemotherapy planning for instance, temporal information is 
crucial for the generation of therapy plans responsive to the problems the patient may have encountered in the past. 
 
Patient monitoring also involves analyzing the timing of changes in the patient's manifestations. When they are 
continuously monitored as in an intensive care unit, the exact time when a significant change occurs can be 
recorded. In other situations, this may not be the case and physicians will have to deal with various types and 
magnitudes of distortions in subjective time perception, possibly leading to ambiguities in the flow of events. 
 
 
Temporal models in medical information systems
 
According to Shoham, a theory of time and change must first provide a language for describing what is true and 
false over time, and what changes and remains constant. Secondly, it must provide a way of defining and reasoning 
about rules of lawful change in the above language [1]. Through history, various temporal logics, aiming to resolve 
specific problems, have been developed. A rich and complete model of time is still unavailable, but such a model 
may prove to be computationally intractable. This is already the case for some models being not general at all, as 
for Allen's theory of action and time [2] which maintains only one view of the world and does not allow to deal 
with different hypothetical worlds nor in the past or the future [3], but for which it has been shown that answering 
many of the questions that physicians are dealing with is NP-complete, and thus almost assuredly intractable [4]. 
Nevertheless, variants of Allen's representation have been used in a number of systems, avoiding the intractability 
and other problems by imposing some restrictions on the language [5], assuming an equally distant basic scale 
instead of a continuous one [6], or introducing the notion of reference sets and hierarchical ordering using causal 
abstraction [7]. 
 
Long identifies at least seven tasks where temporal reasoning plays an important role in (table 1, [8]). In medical 
applications, some of these tasks have to be adressed at the same time. Patient monitoring for instance calls for 
planning, explanation and prediction. Numeruous theoretical contributions and application-independent database- 
and expert system tools which could be useful for the management of temporal information have been proposed. 
This is in contrast with the paucity of practical applications, an overview of which is given in table 2. This may be 
due to the fact that basic research in this field aims at finding adequate solutions for specific problems, but makes 
too much abstraction of other important issues, possibly ignoring them at all. 
 
Both formal theories and heuristic approaches have been applied to answer specific questions on temporal 
knowledge representation and temporal reasoning in medical applications. To mention only the most important 
ones: procedural logic implemented through horn clauses [9], syntactic pattern recognition [10], abductive 
reasoning [11], belief networks [12], event calculus and derivatives [13], reasoning by hindsight [14], interval 
calculus and related approaches such as Allen's temporal logic [5, 3] and Shoham's proposition type temporal logic 
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[15], the Time Line mathematical formalism [16], implementation of special operators [17, 18], production rules 
with fuzzy relational operators [19], statistical methods [20], not to mention the many combined approaches based 
on ad hoc considerations. 
 
It has been stated that a rich model of time is needed to capture the diverse aspects involved in medical problems 
[21]. Though this is true from a theoretical point of view, it doesn't make sense to postpone our attempts concerning 
the exchange of data and knowledge between independent information systems containing temporal data until such 
a general model has been developed. A prerequisite however is the development of a high level framework model 
(HLFM), rich enough to express and describe the underlying structures of time, especially their semantics, that 
has been or will be adopted in these systems. Especially when object oriënted techniques are used to represent 
temporal ontologies, such a HLFM is mandatory in order to achieve maximal consistency and coherence. In the 
following paragraphs, we discuss the various issues concerning the structures that have been shown to be relevant 
in medical applications, and as such define the minimum requirements for the HLFM, the precise format of which 
will be discussed elsewhere. We do not discuss whether or not these structures reflect the absolute nature of time as 
this is a purely philosophical question, totally irrelevant in the light of our objectives, nor whether they are a good 
choice for their intended use within the applications under study. 
 
 
Characteristics of temporal models
 
Medical applications dealing explicitly with temporal information must define a number of basic objects. Basic 
concepts commonly found throughout the literature are intervals, instants or time points, properties, events, states, 
actions, occurences, processes, histories and facts. The semantics of these concepts may vary considerably among 
the authors. There are a number of reasons for this.  
 
Some applications are based on a specific temporal logic, and as such adopt the semantics of the underlying 
theoretical work. An important issue is the introduction of intervals and/or time points in the model. In Allen's 
original work for instance [2], which has been very influencial for later work in medical temporal reasoning, the 
notion of interval is the only primitive in the temporal ontology. Time points are excluded explicitly, but when they 
are needed conceptually, they may be viewed as very small intervals. Later, he introduces instants as constructs 
from special sets of intervals, each instant being identified with the set of intervals that either contain it or are 
bounded by it [22]. Finally, Galton proposed a further modification of the logic by introducing time points as a 
second primitive in the temporal ontology, being completely independent one from another [23]. Different views 
are found in McDermotts' logic in which a time point is the only temporal primitive, intervals not being defined at 
all [24], whereas Shoham also starts from time points, but defines intervals as a pair of time points [25]. 
In Kowalski's and Sergot's Event Calculus, developed as a framework for temporal databases, events are the basic 
primitives of the ontology. They are considered to be structureless points in time, but nevertheless not prevented 
from having duration [26]. This is in contrast with Donald Davidson's vision, where events are introduced not as 
time-points, nor intervals, but where they are causually individuated: two events are identical if and only if they 
have the same causes and effects [27]. Hayes, finally, questioned the classical approach of time, where states and 
situations are snapshots of the world at a given moment, actions and events being functions from one state to 
another. He introduced the concept of histories, being four-dimensional spatio-temporal entities just like objects. 
As such, time is intrinsically connected with space [28]. 
 
Secondly, it must be kept in mind that practical applications need to make some adjustments to the theory. By 
doing so, the semantics of their temporal and other primitives may vary considerably, even not reflecting the 
original ones. It has to be a point of research whether or not these differences should be accounted for in 
developing and using the HLFM, and how they are to be expressed. 
 
Event concepts are a typical example of this. In general, an event is a change in the state of the world.  This broad 
definition is usually narrowed in practical applications. Planning systems for instance tend to make a distinction 
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between events and actions, events being a spontaneous change in world state, triggered automatically because of 
natural or artificial mechanisms, and actions being caused by an agent. Agents cannot directly execute events, but 
can only take actions leading to world states that trigger the desired events [29]. A patient showing a rise in 
temperature (an event), may cause the physician (the agent) to administer some medication (an action), which may 
lead to a stabilisation of the patient's temperature (a second event). 
The more a medical information system makes use of a specific formal representation, the less intuitive the 
semantics of the event concept may become. More striking, according to Allen's interval calculus, a rise in 
temperature as mentioned above isn't even an event, but rather a process, events being wholistic entities: when an 
event occured over an interval, it did not occur, by definition, over any subinterval of it. At the other hand, this is 
always the case for processes, as defined by Allen. 
 
Things get even more complicated when adopting the viewpoints of linguists, which becomes mandatory for the 
design of Natural Language Processing applications for medical information systems. Whereas temporal models 
can be built using absolute time references for some events and relative references to express temporal relations 
between events, these two concepts alone cannot explain the collection of tenses in a natural language. At least 
three separate sense-semantic entities are required for this purpose: a point of speech, a point of event, and a point 
of reference [30]. For a linguist, the distinction between a process and an event is one of aspectual perspective [31], 
or as Comrie once stated: The term process means a dynamic situation viewed imperfectively, and the term event 
means a dynamic situation viewed perfectively [32]. Others however recognize processes as events with a certain 
temporal extension but no association with a consequent state [33]. 
It should be mentioned here that an even more exotic approach to tense is found in narratology, a sub-discipline of 
hermeneutics. The logic of story-telling requires a very specific and sophisticated logic of time: the way the story is 
told, is to be mapped on an objective time-scale, but the mapping must leave room for flash-backs, gaps in the story 
and different perspectives [34]. If we think of patients as narrators telling their story, the physician has to be in 
position to unravel the patients' story and to map in on such an objective time-scale, not forgetting however to 
incalculate the subjective qualifications the patient add to the time-scale: painful events seem to take a longer time 
than moments of pleasure. Here temporal logics meets hermeneutics. A temporal fuzzy-logic approach has been 
proposed for this by Nowakowska [35]. 
Linguistic aspects of temporal information in medical discharge summaries have been covered by Johnson [36], 
whereas temporal referencing in medical records is currently being studied by Ceusters et al [37]. 
 
Temporal models in medical applications also introduce high level concepts as aggregates or transformations of 
elementary temporal entities [6, 18, 38, 39, others]. These entities represent context-dependent temporal concepts 
used by physicians in a natural way: a patient's visit, a therapy cycle, an admission, periods of clinical 
exacerbations, etc. Such constructs can overcome the limitations of classical temporal databases as described in 
early database systems wherein only point-based events can directly be represented [40, 41]. It is obvious that it 
should be possible to represent these high level concepts, and the procedures by which they are defined, in the 
HLFM as well. 
 
Besides the choice of ontological primitives, a number of other questions have to be answered before constructing a 
temporal model. The various possibilities are summarized in table 3. Throughout the literature, specific choices 
have been made in order to achieve the maximum performance for the application making use of the model. It 
doesn't make sense for instance to build a model with a temporal grain size of one second when only date-stamped 
facts are entered in the database. However, in the latter case, a rise in temperature can only be deduced after the 
results of two measurements, performed on different days, have been entered in the database. If one wants to 
represent a rise in temperature having occured within one single day, this information has to be represented as such, 
making use of a specific semantic construct. 
When developing the HLFM, it should be kept in mind that data exchange between systems having adopted 
different basic assumptions will only be possible when transformation rules are available. So, the HLFM must not 
only be able to represent the choices made by the various systems, but should also provide some strategy to 
develop these transformation rules. 
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Impreciseness, incompleteness, uncertainty
 
Common-sense reasoning is tightly coupled with temporal reasoning. Reasoning with uncertain, imprecise and 
incomplete temporal information is for humans part of every day life, but automating common-sense is far more 
difficult than automating specialist knowledge. 
Some medical information systems have tried to implement these issues in their temporal model. 
Implementation of uncertainty impose a branching structure on time. Various approaches have been proved to be 
effective in practical applications, such as augmenting rule-based systems with certainty and necessity factors [19], 
Bayesian belief networks [12], and Assumption Based Truth Maintenance Systems [3]. In theoretical contributions, 
various kinds of modal temporal logic have been proposed. 
Reasoning with indefinite and incomplete temporal information in medical applications has been implemented by 
using hindsight [14], and adapted versions of Allen's Interval Calculus [5, 6]. 
Impreciseness of temporal information is an important issue in systems dealing with linguistic variables. When 
information has to be exchanged between such systems, some mapping functions, taking into account the different 
time scales of the systems, have to be elaborated. This is especially the case when mapping clinical vocabularies by 
means of an interlingua, as has been proposed by Masarie [42].  Here again, we think, the HLFM may play an 
important role. 
 
 
Conclusions
 
Time is intrinsically connected with medical knowledge and data, while medical temporal reasoning is directly 
relevant to almost every aspect of medical practice.  Various medical information systems exploit temporal 
information and have developed various specialized methods to address the unique storage and retrieval 
requirements of time-varying clinical data. 
Information exchange between these systems, or integration in large scale healthcare information systems, will only 
be possible if a high level framework model, rich enough to express the properties of the various approaches in all 
its aspects, can be developed. 
It is our opinion that this work should begin with an in depth study of the sublanguage that is used by physicians 
when expressing temporal information, using various sources such as medical records, medical textbooks, 
classification and coding systems, as well as a thorough analysis of the temporal models used so far in medical 
information systems and relevant theoretical contributions. In this paper, we presented a general overview of the 
issues that have to be covered when performing the latter. From this work, we can conclude that the future HLFM 
should at least be able to provide the following: 
 
       1. an unambiguous way to define and/or describe the basic temporal entities used as ontological primitives in 

existing models. This may call for the definition of general concepts with precise semantics within the 
HLFM, from which the other entities may be derived in a formal way, 

 
       2. a structure (classification, taxonomy, framework, coding system,... ?) to describe the underlying nature of 

the temporal models (branching, granularity, discrete, ...), 
 
       3. procedures to map imprecise temporal information and relations upon one, common time line, without 

losing further information. 
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  -  Temporal Database Management 
  -  Prediction 
  -  Planning 
  -  Explanation 
  -  Learning new physics 
  -  Natural Language Understanding 
  -  Historical Reconstruction 
Table 1: Tasks in which temporal 
reasoning may play an important role. 



 
 

 

 

  
  Patient Database management
 
  LTX - project Retrieval of Liver Transplantation Data Tusch, 1989 [6] 
 
  TIME - program Temporal knowledge acquisition through the Sager et al., 1987 [45] 
   analysis of medical narrative  
 
  ONCOCIN -  Context-Sensitive Temporal Query  
   TQUERY  Language     Kahn MG,1991 [46] 
 
  PATREC  Management of event-based patient records  Mittal, 1982 [47] 
 
 
  Diagnosis and interpretation
 
  SDD   Diagnosis of Skeletal Dysplasias  Keravnou et 
         Washbrook J, 1990 [13] 
 
  RX/RADIX  Derivation of simple structured disease Blum RL, 1982 [43] 
   episodes 
 
 
  Patient monitoring and therapy planning
 
  VM   Ventilator Management on an Intensive  
   Care Unit     Fagan et al., 1984 [44] 
 
  ONCOCIN-TOPAZ Detection of clinical events evolving over  Kahn MG et al., 
   time in patients with bone-marrow diseases 1991 [48] 
 
  ONCOCIN-  Therapy advice in chemotherapy planning Kahn MG et al., 
  TNET/ETNET       1991 [49] 
 
  HYPERLIPID Advisory system for the NIH-  Rucker et al.,1990 [50] 
   recommendations on lipid management 
 
  TCS   Cardiac Intensive Care    Russ TA, 1990 [14] 
   Acute Phase of Diabetic Keto-acidosis 
Table 2: Some examples of MIS with temporal models 

 



 
 

 

 

 
 Is time in the model represented as continuous or discrete ? 
 
 Is time in the model taken to be a single time-line, a branching structure, parallel, circular, 

or a mixture of these structures ? 
 
 What ordering, if any, has been applied on the temporal primitives: a partial or complete one 

? 
 
 What grain size has been chosen ? 
 
 Is time in the model considered infinite in either or both directions ? 
 
 If the temporal model includes the concept of an interval, are these defined as being open, 

closed or half-open, i.e. are the endpoints excluded or not from the interval itself ? 
Table 3: The structure of time. 


