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Abstract. Clinical trials are processes that produce large volumes of complex
data, with inherent temporal requirements, since the state of patients evolves
during the trials, and the data acquisition phase itself needs to be monitored.
Additionally, since the requirements for all clinical trials have a significant
common portion, it is desirable to capture these common requirements in a
generalised framework, which will be instantiated for each specific trial by
supplementing the trial-specific requirements. In this paper, we present an
integral approach to clinical trial management, using a temporal object-oriented
methodology to capture and model the requirements, a temporal OODBMS for
data storage and a generalised template application, through which trial-specific
applications may be generated.
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1 Introduction

During the last years temporal databases have attracted the interest not only of the
database community, but also of certain application fields, such as economics or
medicine, where requirements include time reasoning and representation of temporal
information. This interest resulted to the organisation of Workshops and seminars
(e.g. Texas, 14-16 June 1993, Ziirich, 17-18 September 1995, Dagstuhl, 23-27 June
1997). Also books have been written (e.g. [1]; [2]) and a number of proposals ([3])
and implementations ([4]) of temporal database systems have been presented.

On the other hand, medical informatics is a field that exploits computer science
results to facilitate the work of researchers in the different medicine areas, spreading
across the phases of both diagnosis and prognosis [5]. The requirements of those areas
include manipulation of highly complex information that evolves with time. Thus
temporal databases have a number of applications in this field, as outlined in ([6]) and
in ([7]). Additionally the complexity of the information indicates that a powerful and
flexible data model, such as the object-oriented one, should be employed.

In this paper we present a temporal extension to an object-oriented database and a
Temporal Object-Oriented Methodology (TOOM), which can be combined to support
an application in the clinical research area. The temporal extension can be plugged
into any ODMG-compliant OODBMS, formulating thus a TOODBMS, and it has



been designed to handle non-temporal and temporal data uniformly. TOOM —which is
compatible to the UML OO methodology— is powerful enough to capture and model
the temporal requirements of such an application.

The TOODBMS and the TOOM have been used to model and implement a
template application that focuses on protocol-based research on drugs, but its scope
can extend to cover most medical applications with temporal requirements. The
template application is used to generate applications that are specific to any trial that
will be performed.

The rest of this paper is structured as follows. In section 2, the test case, which has
been implemented over the TOODBMS, is described and its temporal requirements
are pointed out. In section 3, the TOODBMS components and the TOOM are
described, and their suitability in meeting the application requirements is shown.
Section 4 describes the template application and the generation of the trial
applications. Finally, in section 5 the conclusions are drawn and future work
regarding medical applications with temporal characteristics is outlined.

2  Clinical Research context

Clinical Research is one of the medicine research fields where temporal
requirements are of major concern ([8], [9]). In the following sections we will
describe the context and roles of the application, in the domain of clinical research.
This application has been introduced in an earlier phase in [10] and preliminary
results have been presented in [11]. We also present the requirements regarding
temporal data management and temporal reasoning.

2.1 Data Management of Clinical Trials

The Clinical Research domain covers a large range of areas like cardiology,
infectious diseases, paediatrics etc, and thus a wide variety of applications. In this
paper, the target area is the Clinical Trials where certain drugs are tested on selected
patients, to evaluate the efficiency of certain treatments.

A Clinical Trial Management System includes numerous phases handling different
aspects of the clinical trials, with trial data management being a horizontal activity
supporting data collection, analysis and reporting for all other tasks. The system
presented here focuses on the data management phase in which data from the patients’
observation notebooks are inserted into the system and its coherency is verified in
order to prepare a “clean” database, suitable for biostatistic analysis, trial evaluation
and reporting. Figure 1 presents an overview of the data management phase.
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Figure 1 - Overview of the data management phase

Initially, data from the observation notebooks (written by investigators and/or
patients in the clinical centres) is inserted into the system. In order to minimise
acquisition errors, two different keyboarders type in the same data and the system
flags any discrepancies between the two entries, prompting the second keyboarder to
choose which of the two values entered is correct. When data have been entered into
the system, the data clarification process begins, with data management operators
launching coherency checks. When incoherence errors are detected, Data
Clarification Forms —DCFs— are produced and sent to the investigator responsible for
the respective patient. Subsequently, the corrected DCFs are returned to the system,
and the information in the database is corrected, accordingly. When all the data have
been acquired, and no more DCFs are emitted, then the trial database is declared
clean. Finally, clean data is forwarded to statistical tools for biostatistic analysis.
Quality audits regarding the inconsistency and incoherence errors are performed as
well, so as to minimise such errors in subsequent trials.

2.2 Temporal Requirements for Clinical Trials

In the context of clinical trial applications temporal requirements may be identified
in three time dimensions, namely user-defined time, valid time and transaction time.
In the following paragraphs these requirements are summarised.

2.2.1  User-defined time

The user-defined time dimension allows the representation and manipulation of
time with semantics known to the application only. In the context of the clinical trials,
time quantities like birth dates, treatment periods etc, are examples of user-defined
time. Time quantities may be absolute, e.g. 08-Sep-2002, or relative, that is expressed
as an offset from an absolute time quantities, such as D0 + 3 days, indicating an
instant three days after the first day of inclusion of the patient within the trial (D0).



2.2.2  Valid time requirements

Valid time is employed for maintaining the history of a patient status during a trial.
Valid time timestamps may be instants if the observations are discrete, or periods if
the observation is continuous. For example, the measured temperature of a patient
pertains to a single point in time, thus it is timestamped using an instant, whereas the
investigator to whom a patient is assigned (which may change within a trial) is
timestamped using a period. Valid time timestamps stored along with data are used
for in trial evaluation, e.g. calculating the percentage of patients presenting an
improvement of 10% in the Maximum (Blown) Expiratory Volume between DO and
D14.

The evaluation of the trial is based on main and secondary criteria, in order to
assess its efficiency. In the example of the asthma trial, the MBEV values are used in
such criteria as for instance: “How long does it take to obtain a 10% increase of the
MBEYV, regarding theoretical values, since D0?” or “What is the percentage of
patients having a 10% increase of the MBEYV etc.

2.2.3 Transaction time requirements

Transaction time is used for maintaining the history of information storage and
maintenance within the information system. In the context of clinical trial data
management, transaction time is used to satisfy the quality audit requirements and for
explanation purposes. When data is deleted from the database or updated, the values
prior to the update are maintained, associated with a non-current transaction
timestamp, whereas newly inserted values are associated with current transaction
timestamps. The histories of values stored within the database are used for performing
quality audits on the trial data acquisition procedure, by assessing the number and
percentage of updates to given information, of DCFs’ emission, on the types of
detected errors on patients under the responsibility of a given investigator, etc. The
second benefit provided by the use of transaction time dimension management is that
it allows to explain and justify why certain results obtained or reasoning made at
different steps of the trial are different from the final results obtained or reasoning
made on the clean system.

2.3  Generic approach in trial systems

Each clinical trial is different from another since it aims to the evaluation of
different treatments on different categories of patients. However, the data
management phase of clinical trials, as presented above, is generic enough to handle
any trial. Naturally, the manipulated data are different, but the tasks performed in the
data management phase are always the ones described in section 0. Therefore it is
desirable to provide a generic way to manipulate the different trials within the clinical
trial data management system. This issue has been tackled by capturing the structure
of clinical trials into a meta-application, which is then instantiated to generate
applications specific to any trial. The generated applications implement the data
management tasks for the trial they are instantiated for. This approach is illustrated in
Figure 2, and described in more details in section 0.
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3  The Clinical Trial Data Management Framework

In order to satisfy the temporal requirements identified for clinical trial data
management, a temporal toolchest was used, containing the following components:

e A Temporal Object-Oriented Methodology (TOOM) ([12]) for capturing the
detailed user requirements regarding the clinical data trials. TOOM has been
derived from REMORA ([13]) and O* ([14], [15]) and focuses on the design of
temporal applications. TOOM provides advanced design features within a single
model to support the design of the application’s structural and behavioural
aspects ([12]) and offers step-by-step guidance to lead the developers from the
conceptual schema to the full implementation of the application, over any
temporal OO-DBMS platform ([16]). TOOM also includes advanced features,
such as facilities for modelling temporal database applications requiring specific
time management, reactive systems, able to trigger automatically operations and
workflow systems, which transfer messages among different actors within the
system ([17].

e A Temporal Object Data Model (TODM) ([18], [19]), which extends the Object
Data Model (ODM) of ODMG ([20]) by accommodating temporal entities that
can evolve over valid and/or transaction time dimension. Temporal entities may
be temporal objects or temporal instance properties (temporal attributes and
temporal relationships). Moreover, TODM provides support for time quantities
such as instants, periods, intervals and period sets, which may be expressed in
various granularities and calendars. Support for the Gregorian calendar is built
into TODM, and users may define additional, application-specific calendars.

e A Temporal Object Definition Language (TODL) ([21], [22]), which extends the
Object Definition Language (ODL) of ODMG. Through TODL the user may
define classes (interfaces, in ODMG terminology). Each interface may have
temporal characteristics as a whole (resulting to a temporal object of TODM)), or
may have instance properties with temporal characteristics (resulting to temporal
attributes or temporal relationships). Through TODL, the signatures of the



interfaces’ methods may also be defined, and operations are extended with the
ability to accept as input or produce as output temporal entities. The body of the
methods, however, must be implemented in a manipulation language such as C++
or Java, since TODL —in accordance to ODL- is a pure definition language,
independent of the manipulation language to be used. The user may also specify
that certain attributes are used for user-defined time, by allowing them to have
types like instant, period or interval. All time quantities may be expressed in any
of the default or user-defined granularities and/or calendars. Finally, used-defined
calendars may be defined through TODL.

e A Temporal Object Query Language (TOQL) ([23], [24]), which extends the
Object Query Language (OQL) of ODMG. TOQL introduces new operators that
provide access to histories of objects, facilitate extraction of values with specific
timestamps, allow for restructuring of data over the time axes etc. Methods that
have been defined for an interface may be invoked within a TOQL query,
providing thus more flexibility to the user. Finally, a C++ Binding for TOQL
([25]) is available, allowing the user to submit TOQL queries from within any
C++ program whereas a Java language binding is described in ([26]). The
functionality of TOQL has been demonstrated using the TSQL2 ([27])
Benchmarks on Temporal Query Languages ([28]).

4  Clinical Trial Data Management Applications

In this part, we will describe the meta-application that enables the designer to
capture the structure of a new trial, and to generate an application specific to the data
management of this trial. We will also present an example of such a generated
application, in the context of a clinical trial about asthma treatment on children
introduced previously. The context and requirements of these applications have been
presented previously in this document.

4.1 The Overall Approach

The overall approach undertaken for dealing with the management of data in the
context of clinical trials in a generic way is presented in Figure 3.

The first step to perform is the extraction of the generic features that can be found
in any trial, both at the data schema level and the dynamics of the data management
tasks. To ensure that the characteristics of any trial are covered, a wide set of major
clinical trials has been explored, along with inputs from expert people working on
clinical trials. This generic analysis has been performed using TOOM, the temporal
methodology. Three components have been produced:

e A data schema of a generic trial, which may be instantiated to produce the data
schema of any new trial. This data schema contains only snapshot information
that describes the structures of trials.

e Mapping rules, which transform the description of a trial structure to the data
schema for this trial, which will accommodate the data resulting from the



observations of patients. By applying these rules, trial-specific schemata are
created. These trial data schemata are temporal schemata where the temporal data
coming from the trial observations will be managed. The TOOM methodology
was used for the definition of these rules, the selection of the temporal structures
to be used and the generation of the TODL statements, which are fed to the
TOODBMS, in order to create the schema for the new trial.

The last point is the dynamic view of the clinical trial data management
applications. A clinical trial data management application is mainly responsible
for the acquisition and the coherency of the trial data, which incorporate temporal
semantics. The dynamics (or behaviour) of such applications have been explored
using TOOM, in order to extract the generic dynamics of trial data management
applications.

With these three components a data management application for the target trial can

be generated.
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Figure 3 - Generic management of clinical trial data

Figure 3 illustrates the overall approach, beginning from the clinical trial generic

expertise and up to the generated applications, which are specific to given trials. The
meta-application, described in the next part, begins with the definition of a new trial
and goes down to the generation of the data management application for this new
trial. An example of such a generated application will be described Section 4.3.

4.2 The meta-application

The usage of the meta-application can be split in two steps: first, the description of

the target trial has to be acquired and be incorporated into the meta-application.
Afterwards, the various components to be generated should be modelled.



The description of a clinical trial contains the planning of regular and
supplementary visits of investigators to patients, the observations to perform and the
information to collect on each visit, the different observation notebooks, and so on.
To define all these structures, the meta-application provides a facility to clone
structures from other trials. For instance the physical exam to perform in the asthma
trial quite similar to the physical exam of another trial; so we may clone it into the
definition of this new trial, and modify just a few things. This feature promotes
component reusability, since any components that have been defined for other trials,
at any design level may be directly used within the trial under design.

When all the information required for a complete description of the new trial has
been acquired into the meta-application, the generation step is launched. Firstly,
TODL statements are generated; these statements will be submitted for execution to
the TOODBMS in order to create the new temporal data schema specific to the data
of this trial. These TODL definitions are generated using the mapping rules defined in
the generic analysis phase of the project. When the new schema has been created, the
meta-application starts to populate it with information that has been given in the
description of the trial, as for instance the planning of the trial, the coherency checks
to perform, etc. The API of TODM classes is used here to populate the temporal
database associated with the trial schema. The last step is the generation of the
application that will deal with the data management of the trial. Using the generic
rules about the application dynamics and the trial schema, the trial application is
generated. This application will communicate with the temporal database using the
TODM API and the TOQL query language.

4.3 A trial-specific application

Recalling the main tasks that the data management module of a trial has to
perform, these are:

e the acquisition of the data from the observation notebooks into the system,
o the clarification process to detect and correct incoherence errors, and
e the quality and audit reporting.

All these tasks handle temporal data, either via the TODM class API, or using
TOQL queries.

The application is split into modules that take into account these different tasks.
The access rights are granted according to the identification of the user, since
different persons are responsible for the different actions. Additionally, the system
keeps track of the users who make any update to the database, as required for legal
purposes.

The same graphical interfaces are used for the two acquisitions, the visualisation
and the correction of data. However, the functionality available through the interfaces
differs, depending on the current phase of the trial and the role of the current user. For
instance, during the second acquisition checks are performed regarding the value
entered during the first acquisition, whereas such checks are not performed elsewhere.
A piece of data may be corrected only if a DCF about an error on this piece of data
has already been issued and not yet archived, as explained in the following
paragraphs. These interfaces follow the “look and feel” of the paper version as closely



as possible, in order to facilitate the acquisition tasks. The temporal features are
encapsulated in series of tabs and sheets.

The coherency check module enables to launch checks on a specific piece of data,
such as a given set of patients, the data for given visits or specified observation
notebook pages, and so on. Therefore, the clarification process can be launched, even
if the acquisition phase has not been completed for all patients or all visits. When
errors are detected by these checks, DCFs are emitted by the system and are
forwarded to the investigators that are responsible for the patients on whose data
incoherence is detected. A DCF is called current from the time is has been generated
by the system until the time is has been returned by the investigator and the correction
to the database has been performed. As soon as the database is updated, the DCF is
archived. The system keeps track of the full life cycle of each DCF, starting by
registering its creation time when the DCF is emitted. If the DCF has not been
returned to the system after a specified time interval, a temporal event is raised,
causing the system to issue a warning to the data management operator that the return
delay for the specified DCF has expired, so that the responsible investigator has to be
contacted. This feature allows for the minimisation of the delay and the overall
duration of the clarification process. A similar kind of warning is raised by the system
when the theoretical end of the trial is arriving, so that personnel responsible for
delayed tasks is notified to speed up their activities.

The quality audit and reporting module allows for selection of the target subset of
data, similarly to the coherency check module. This way, audit reports may be
generated before the end of the trial and feedback to investigators may be produced,
so as to improve various processes of the trial. These reports are timestamped using
transaction time or machine time. This timestamping enables the operator to evaluate
the reports and the decisions that may have been taken, in relation to the state of the
database that was current when the report was generated or the decision was taken.
Since all the database updates are maintained by the system using the transaction time
dimension, it is possible to access all the past states of the database, and then to justify
and explain past decisions and reports.

5 Conclusions / Future work

In this paper we presented an integral approach to clinical trial management. This
approach includes the following modules:

e A temporal object-oriented methodology, which is used to capture the data
management requirements of clinical trials both at a generalised level (i.e.
requirements that apply to any clinical trial) and at trial-specific level.

e A complete temporal OODBMS which allows the storage and querying of
temporal data. Valid time support allows to following up the patient’s state
during the trial, whereas transaction time facilitates quality audits and evaluation
of decisions using the data that were available at decision time. A powerful query
language allows for retrieval of the necessary information and provides support
for method invocation, leading thus to seamless integration of temporal reasoning
and temporal maintenance, as proposed in ([7]).
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e A generalised template application, through which trial-specific applications may
be generated. This minimises the work that must be performed in order to build
an application for a new clinical trial. The application supports the concept of
temporal events, which allows for automatic scheduling of tasks and employs
graphical user interfaces to facilitate the visualisation and manipulation of
temporal data.

Future work will include support for uncertain information and provision of
graphical query language tools, to support ad-hoc querying. Integrating the system
with hospital web-sites to leverage their quality [29] and promote electronic health
care [30] will be also investigated.
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