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Abstract

Historia magistra vitae, or at least it tries; in fact, only if recorded and studied
from different perspectives, the past can help people to improve their present
and build a better future, avoiding mistakes that have already occurred and
foreseeing the optimal directions to follow. Traceability, supporting the re-
construction and analysis of what has happened, thus becomes a way to im-
prove safety, quality, efficiency and accuracy in all the sectors in which it is
applied, particularly in medicine. The advancement of technical and scientific
progress can have a positive contribution, as increasingly accurate and afford-
able devices are made available for the tracing of care paths. At the same
time, however, to create faithful reality descriptions from the heterogeneous
information collected, it is essential to study and develop methodologies re-
lating the data to the structure, context and dynamics of the processes that
generated them. This work strives to address these issues, with the definition
of two theoretical information models describing process-oriented traceability
in widely implemented specifications for medical informatics. The first model
describes the lifecycle of a biological sample in a diagnostic process, both for
clinical routine and research activities: the Specimen Event Tracking Profile
is a contribution to the Pathology and Laboratory Medicine (PaLM) Domain
of the Integrating the Healthcare Enterprise (IHE) guidelines. The second
result is a model describing traceability for a clinical process in general, in

the context of openEHR specification.
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Chapter 1

Introduction

1.1 Research Context and Motivation

The advancement of science and technology is profoundly transforming the
majority of the human activities. Very common operations, such as paying
for a purchase, are now usually intermediated by systems and devices. This
trend is also significant in the clinical practice, since most of the treatment
paths involve technological support in one or more phases of the process, such
as: the management of the patient during hospitalization with Admission,
Discharge, Transfer systems; the carrying out of an examination by means of
complex medical devices (CT scan, Magnetic Resonance Imaging, etc.); the
distribution of drugs by means of unit dose systems; the long term evaluation
of a patient clinical conditions, on the basis of previous records in hospital
information systems; the remote control of the state of health via monitoring
devices. Medical research too is deeply correlated with technological devel-
opment, since the creation of more precise and cheaper tools paves the way
to attempt to answer questions that could not be dealt with before. The
continuous improvement of data acquisition technologies also has a positive
impact in the traceability of a medical - health or research — process. The
presence of reliable and inexpensive sensors enables, in fact, the acquisition
of context data, in addition to those directly related to the ongoing activ-
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Figure 1.1: Traceability in Medical Publications. Number of publica-
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tions about traceability in the PubMed database from 1966 to 2018. [data set
downloaded in September 2018].

ity. Traceability has in particular gained increasing attention in the medical
sector, where it has been adopted for example in supply chain improvement,
error prevention or reduction, public health, legal medicine, clinical research,
epidemiological surveillance, process management and billing [8].

The interest in traceability in healthcare shown by institutions, industry and
research is growing, as can be sensed by the acceleration in the production of
scientific publications centred on traceability shown in Fig. 1.1. As traceabil-
ity applications multiplying, the lack of standards in the field is resulting in
a multitude of custom data formats and models, giving rise to widespread in-
teroperability problems among the methodologies used to collect and analyse
the data. As a result, several healthcare organizations and research groups
are trying to implement initiatives for traceability data modelling. The aim
of this work is the definition of new information models to describe trace-
ability in clinical processes and medical research, preserving semantics and
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supporting interoperability.

1.2 Research Scope

The following points define the scope of the research activities described in
this thesis.

e The research is focused on introducing clinical process traceability
in the specifications issued by Integrating the Healthcare Enterprise
(IHE) [56] and openEHR [33], two of the most important international
bodies for the definition of guidelines in the field of healthcare I'T. The
decision is motivated by the fact that these are the best formalisms sup-
porting the use of consolidated standard in process-oriented guidelines
developed by domain experts - IHE - and ensuring a robust long-term
preservation of clinical semantics - openEHR.

e The specific context is traceability in medicine, for healthcare practice
and biomedical research, with a particular focus on the workflows for
pathology and laboratory medicine. This choice is related both to the
dramatic impact of laboratory results on patient diagnostic/therapeutic
pathway and to the special attention in laboratory medicine to trace-
ability issues, denoted, for instance, by the existence of metrological
traceability for laboratory analytical methods.

e The results are theoretical models. No reference implementation has
been realized as the models are developed as part of standard for-
malisms and will undertake a process of presentation, evaluation, revi-
sion and approval before they can be used in practice.

1.3 Research Contributions

This work addresses the issues previously described with two original contri-
butions, briefly outlined below.

e THE Specimen Event Tracking Profile. An IHE compliant in-
formation model capturing traceability information during a specimen
lifecycle in a pathology or clinical laboratory examination. The idea
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underpinning the profile was approved by the Technical Committee of
the IHE Pathology and Laboratory Medicine Domain and the result
presented in this thesis depicts the status of the profile development,
realized with the contribution of the Committee itself, during the peri-
odic meetings envisaged by the development cycle of the IHE guidelines.

e openEHR Traceability Model. A formalism for an openEHR-
consistent representation of process-oriented traceability in clinical path-
ways, complementing the openEHR Task Planning Model recently in-
troduced in openEHR. This idea and the model described in this thesis
have not yet been submitted to the openEHR community.

1.4 Thesis Structure

The remainder of this thesis is organized as follows:

e Chapter 2 provides some background information about traceability
in medicine;

e Chapter 3 presents a state of the art on process modelling, with par-
ticular attention to the IHE and openEHR specifications, which are the
main context of the work of this dissertation;

e Chapter 4 describes the contribution of this thesis to the IHE speci-
fications, the IHE Set Event Tracking Profile,

e Chapter 5 presents the proposed model for introducing process-oriented
traceability into the openEHR specifications, the open EHR Traceability
model,

e Chapter 6 summarises the contributions and sets out the expected
future developments.



Chapter 2

Background: Traceability in
Medicine

2.1 Introduction

The definition of “traceable” in Oxford Dictionary [88] is able to be followed
on its course or to its origin: it is very generic, but it clearly conveys the
broad spectrum of meanings and interpretations that can be brought together
under the aegis of “traceability”. There is, in fact, on the one hand, an ab-
sence of unanimity on the definition of traceability [76] and, on the other
hand, a difficulty in finding definitions that are not recursive, such as “trace-
ability is the ability to trace...” [60] [61] [59] [81] or “traceability is the ability
to track” [32] [6] [51]. The term, first recorded in 1740-50 [45], appeared in
the agribusiness sector in the midst of the 1990s [13], but a strong public
and institutional interest has certainly been fuelled by a series of food scan-
dals, as the Bovine Spongiform Encephalopathy disease [101] or the Hudson
Foods recall of 25 million pounds of ground beef at the behest of the U.S.
Department of Agriculture [52]. The food industry was therefore the first
sector in which tracking tools, methods and standards were disseminated,
shortly followed by other areas, as the potential of tracking was understood
and explored. At present, traceability is widespread in applications related,
for examples, to:

e supply chain, to control the logistics aspects of distribution;

5
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Figure 2.1: Perspectives in traceability.

e manufacturing, to govern production and, recently, also to show the
level of ecological sustainability in process of realization of the goods;

e accounting, to track pieces of financial information and assign costs to
activities;

e quality control, to trace and evaluate the adequacy of activities or
products.

This Chapter is focused on the declinations that traceability can assume in
medicine, identifying on three main dimensions, as shown in Fig.2.1:

e traceability of things, analogous to internet of things, related to
the tracking of physical objects during their creation, distribution, use,
etc.;
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e traceability of information, related to the control of the data created
in process evolution or product development, analysing their prove-
nance to evaluate their accuracy and quality;

e traceability of processes, concerning the overall workflow, to identify
and follow activities, actors, timings in the general framework of the
complete process.

This distinction is only functional to the treatment of a wide and multifaceted
subject: the three dimensions are not to be considered mutually exclusive,
on the contrary they are integrated in every traceability application.

2.2 Traceability of Things

In medicine, even more than in other fields, the “traceability of things” is
closely linked to safety: medicaments, prosthesis, implantable devices, human
products, diagnostic equipments are directly connected to patients and a
problem in the production or in the distribution process could lead to severe
consequences for health conditions. Tracking, in addition to being a tool
for improving process logistics, is mainly seen as a way to enable a quick
recall of dangerous or defective products from the market and alert patients
of relevant problems. Technology can support the traceability of drugs and
devices [84]: particular attention is dedicated to high risk and high cost
medications [83].The extreme criticality has led government authorities and
international bodies to monitor the entire supply chain, from manufacture
to use by citizens. For Medical Products of Human Origin (MPHO), the
World Health Organization has solicited member States "to encourage the
implementation of globally consistent coding systems to facilitate national
and international traceability” [79]. In the United States, the control function
is operated by the Food and Drug Administration (FDA), the agency within
the U.S. Department of Health and Human Services “protecting the public
health by assuring the safety, effectiveness, quality, and security of human
and veterinary drugs, vaccines and other biological products, and medical
devices” [25]. The FDA orders manufacturers to implement a tracking system
for devices “whose failure would be reasonably likely to have serious, adverse
health consequences; or which is intended to be implanted in the human body
for more than one year; or are life-sustaining or life-supporting devices used
outside of a device user facility” [26]. The required tracking information
elements are identified, but manufacturers can use different tracking methods,
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documenting them in written standard operating procedures (SOP). A list of
devices to be tracked is defined [27], but FDA can discretionally add tracking
orders for devices outside the list or release devices from tracking. Device
traceability at the moment is mainly based on the device batch number [96]
and incomplete barcode data [17], but it will be improved by the use of a
Unique Device Identification (UDI) System, adopted both by FDA [28] and
by European Commission [18]. UDI is “intended to provide a single, globally
harmonized system for positive identification of medical devices” [31]. The
system has three main components, which will appear on the label template,
as shown in Fig.2.2:

e a unique code, numerical or alphanumerical, to be conveyed by us-
ing Automatic Identification and Data Capture technology (AIDC, like
barcodes, RFID, smart card, etc.) and formed by:

— a mandatory Device Identifier (DI), which identifies the specific
version or model of a device;

— a conditional Product Identifier (PI), which depends on the man-
ufacturer and can have data about production lot or batch, device
serial number, device creation or expiration date;

e a database (UDID), which in Europe is the European Databank on
Medical Devices (EUDAMED), in the US is Global Unique Device
Identification Database (GUDID);

e a code system providing unique codes for every device models, to
be used in data exchanges, the Global Medical Device Nomenclature
(GMDN).

The Global Traceability Standard for Healthcare (GTSH) [92] is a process
standard, providing a framework which describes the traceability in supply
chains. GTSH defines a minimum set of shared requirements for all stake-
holders, independent from their countries, technologies, organisation size or
operational sophistication. It is maintained by the Healthcare Division of
GS1, an international, not-for-profit association that creates and implements
standards for supply chains across industries.

In the near future, for traceability of objects it is planned to explore the
potential of distributed ledger and blockchain technologies, to improve the
supply chain, with a special focus on the pharmaceutical supply, medical de-
vices and Internet of Healthy Things (IoHT'). The underpinning idea is that,
thanks to their capability of high integrity tracking, these technologies could
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Figure 2.2: Example of UDI label for devices, according to new
specifications. [96]

respond to the growing demand for traceability and transparency [20] [46],
but still a number of issues need to be addressed, both technical and organ-
isational [29].

2.3 Traceability of Information

Clinical data availability is a very important element both in a research
study and in the choice of the best care plan for a patient [72], as a lim-
ited access to health information is considered a relevant cause of errors and
inefficiency [19] [67]. At the same time, it is equally important to have a
clear assessment of data accuracy: “traceability of information” is intended
as mainly associated to the concepts of quality and reliability and, in this
dimension, metrological traceability and provenance analysis are two major
aspects. The first is, in general, a “property of a measurement result whereby
the result can be related to a reference through a documented unbroken chain
of calibrations, each contributing to the measurement uncertainty” [41]. Lab-
oratory medicine is one of the clinical fields where metrological traceability is
most present and has also become a regulatory requirement, with the imple-
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mentation of the European Union Directive on In Vitro Diagnostics (IVD)
devices [80]. The basic idea is that measurement results must be linked to
commonly accepted references, so that they can be comparable across differ-
ent measurement systems, locations and times [99]. Metrological traceability
consists of three main steps: establishing a reference system (reference meth-
ods + reference materials); calibrating measurements procedures according to
the previously defined reference system; verifying the consistency of measure-
ments, by comparing sets of real patient specimens to control the uniformity
of results using different methods. There are two principal approaches, stan-
dardization and harmonization: standardization assesses traceability to the
SI, harmonization to a reference system conventionally agreed [98]. Several
national and international organisations and institutions issue guidelines and
reference procedures, such as the International Organization for Standard-
ization [40] [1], the Clinical Laboratory Standards Institute (CLSI) [14], the
Joint Committee for Traceability in Laboratory Medicine [95] [63], the Inter-
national Consortium for Harmonization of Clinical Laboratory Results [49],
the International Federation of Clinical Chemistry and Laboratory Medicine
(IFCC) [15], the American Association of Clinical Chemistry (AACC) [2].
Also IVD manufacturers are involved in best-practices refinements, being re-
quired to apply the theory of metrological to assay calibration schemes [5].
Another important aspect of information traceability is provenance, which
allows data recipient to trace information back to its source, supporting the
assessment of the trustworthiness of different sources [68]. For health data,
tracking provenance is particularly difficult, due to the continual reworking
and re-processing of clinical information, throughout the diagnostic process
and into reporting analysis [24]. Provenance consists in the capture and
analysis of metadata associated to data creation and processing, related to
the state of digital entities at different phases of their lifecycle. Two pillar
concepts are granularity and layering, which refer to the size of the basic
entities and to the layer of the software stack associated to provenance meta-
data [10]. Provenance is also one of the FAIR Principles to improve the Find-
ability, Accessibility, Interoperability, and Reuse of digital assets. The basic
idea is that “for others to reuse your data, they should know where the data
came from (i.e., clear story of origin/history, see R1), who to cite and/or
how you wish to be acknowledged” [50]. Well established provenance mod-
els in information technology are the Open Provenance Model [78] [74]and
W3C PROV [100] [75], which provides the high level structure of provenance
records shown in Fig. 2.3.

In healthcare can be cited ISO/TS 18308 for provenance requirements in
openEHR design principles [57], HL7 FHIR Provenance [53] for clinical
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data, CEN/TC 140 [12] for molecular IVD examinations and SPREC [8] for
pre-analytical quality parameters. An ISO pre-PWI proposal in biomedical
research is under development for provenance information management [62].
The interest for provenance in the medical field is on the rise, fuelled by the
growing awareness that as healthcare routine data are used in clinical re-
search, integrating provenance data from these systems would lead to more
complete and reliable results [48].

Another aspect of the traceability of information worth mentioning, even if
it is not specific to medicine, is that relating to software engineering. In
particular, for what is about requirement traceability defined as “the ability
to describe and follow the life of a requirement in both a forwards and back-
wards direction”. [37] Requirement traceability is specially relevant when
developing safety-critical systems, as in the case of some medical devices in
healthcare [89].

2.4 Traceability of Processes

The process dimension of traceability analyses what happened, to understand
why it happened in order to predict what will happen and to move towards
the best that can happen: it is therefore strictly related to efficiency and
accountability, in the sense that it reconstructs cause-effect relations linked
to the phases of the process, in order to improve the process itself. This ap-
proach considers traceability not only as the recording/detection of a series
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of events, but as a tool to improve process modelling and management. In in-
formation technology, ISO defines a Traceability reference model for business
transactions [58], based on five principles:

1. unambiguous identification;

2. record-keeping;

3. defined level of granularity;

4. ensuring traceability among parties;

5. precision in temporal and/or location referencing.

In the clinical domain, process traceability is mainly related to the end-to-
end evaluation of clinical pathways, in hospitals and healthcare networks. It
is again laboratory medicine that pays particular attention to traceability,
this time in the process-related dimension. In past decades, accountability
has been improved, for example, thanks to a systematic evaluation of the
causes of errors directly or indirectly associated with the clinical laboratory
process. This anlysis has led, for example, to verify that a large part of the
error causes resided in specific problems not so much of the analytical phase
itself, but of the pre- and post-analysis phases [86] [85] [11]. For the efficiency
perspective, a series of reports [44] [42] by the Task Force on the Impact of
Laboratory Medicine on Clinical Management and Outcomes (TF-ICO) [16]
inspired several studies showing that the measure of the impact of laboratory
services for patient outcome is not reliable without considering the overall
diagnostic process [91] [43]. Process-based traceability in clinical practice
is also powered by the increasing diffusion of sensors and devices, which
enable the acquisition of data in the different steps of the treatment paths,
without requiring further commitment from the operators involved [90] [71].
These tracked events can feed processing systems — based for example on
process mining or machine learning algorithms - that can remotely control
the process, highlight most frequent paths, report problems during execution,
suggest corrective actions or show differences in behaviour with respect to
the normal configuration. As an example, Fig. 2.4 shows for a phlebotomy
process the comparison between a theoretical model and the real behaviour,
measured by traceability events: the numbers indicate the frequencies for
each arc and each node, while the unpredicted paths are highlighted in red.
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Figure 2.4: Real process detection starting from traceability
events. [93]

2.5 Summary

Although intuitively it is a concept of immediate understanding, giving a sys-
tematic definition of traceability presents some difficulties and often requires
clarifications regarding the context. In this chapter, a brief overview of some
applications of traceability in medicine has been presented, introducing the
distinction of three main dimensions, referring to things, information and
processes. These dimensions do not identify separate categories, but provide
a key reading consistent with the results presented below in this thesis, which
are informative models for process-oriented traceability, in general and with
a particular focus on biological samples in clinical pathways and biomedical
research.



Chapter 3

Methods: the Process
Perspective

3.1 Introduction

The last thirty years have seen an increasing emphasis on the process-oriented
analysis of reality. Up to the 90’s, in fact, information systems were almost
completely data-oriented: information technology was aimed at collecting
and storing data, and systems were designed on the basis of data models.
The need for additional tools to capture the dynamics of real processes has
subsequently led to the development of " process aware” information systems,
capable of correlating data to the specific organizational context [4]. Work-
flow Management (WFM) and Business Process Management (BPM) were
developed to fulfill this need to combine the data-centric perspective with a
vision that took into account elements such as business activities, resources,
cases, tasks. The Workflow Management Coalition defines:

o Workflow as “the automation of a business process, in whole or part,
during which documents, information or tasks are passed from one
participant to another for action, according to a set of procedural
rules” [66];

e Workflow Management Systems (WFMS) as the “system that defines,
creates and manages the execution of workflows through the use of

14
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software, running on one or more workflow engines, which is able to in-
terpret the process definition, interact with workflow participants and,
where required, invoke the use of IT tools and applications” [66].

A WFMS combines several perspectives, such as control flow (or process) per-
spective, resource (or organization) perspective, data (or information) per-
spective, task (or function) perspective, operation (or application) perspec-
tive. Business Process Management (BPM) can be viewed as an extension
of classical Workflow Management (WFM), as they face analogue business
needs with different approaches: WEFM supports the coordination of repeti-
tive tasks, focusing on people role and work instructions, while BMP aims to
process improvement, with a stronger emphasis on coordination than on au-
tomation. Considering the BPM lifecycle (design-configuration-enactment-
diagnosis) depicted in Fig.3.1, WFM is mainly related to the lower half,
while BPM also includes the upper half. This chapter presents an overview
of the main process modelling notations, also introducing process mining
techniques, and outlines how processes are modelled in IHE and openEHR.
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3.2 Process modelling notations

Modelling a process is a complex task as “making a good model is an art
rather than a science” [3], but several modelling formalisms and tools exists
to support the modelling activities: the following paragraphs briefly describe
some of the most used at the moment.

3.2.1 Unified Modeling Language (UML)

The Unified Modeling Language (UML) is a family of graphical notations,
generally used in describing and designing software systems [35], suitable also
for (business) process modelling [23]. The UML is a standard, controlled by
the Object Management Group (OMG) [39], an open membership, not-for-
profit computer industry standards consortium that produces and maintains
computer industry specifications for interoperable, portable, and reusable
enterprise applications in distributed, heterogeneous environments. UML
defines diagrams which can complement each other to form a coherent view of
a process. In particular interaction diagrams describe how groups of objects
collaborate: sequence diagrams, for example, depicts the objects and the
messages that are passed between these objects within a use case.

3.2.2 Business Process Model and Notation (BPMN)

Also Business Process Model and Notation (BPMN) is a specification devel-
oped and maintained by the OMG [38]. BPMN is one of the most widely used
notation for business process modelling and is supported by many vendors.
In BPMN a Process is depicted as a graph of Flow Elements, which are a set
of Activities, Events, Gateways, and Sequence Flows that define finite exe-
cution semantics. Processes can be defined at any level from enterprise-wide
Processes to Processes performed by a single person. Low-level Processes
can be grouped together to achieve a common business goal.

3.2.3 Yet Another Workflow Language (YAWL)

The acronym YAWL stands for “Yet Another Workflow Language”, which
is both a workflow modelling language and an open-source workflow sys-
tem [47]. The development of the YAWL language was heavily influenced
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by the Workflow Patterns Initiative [102], started in 1999 with the goal of
defining a conceptual basis for process technology, describing relevant pat-
terns for one of these perspectivse: control-flow, data, resource, exception
handling and event log imperfections. Based on a systematic analysis of the
constructs used by existing process modeling notations and workflow lan-
guages, a large collection of patterns was identified. The aim of YAWL is to
cover many patterns while keeping the language simple. YAWL modelling
recalls Petri nets, bipartite graphs modelling processes in terms of places and
transitions, with token flowing through the network according to firing rules.
In YAWL activities are called tasks and conditions correspond to places.

3.2.4 Case Management Modelling Notation (CMMIN)

Applications of Case management include licensing and permitting in govern-
ment, application and claim processing in insurance, patient care and medical
diagnosis in healthcare, mortgage processing in banking, problem resolution
in call centers, sales and operations planning, invoice discrepancy handling,
maintenance and repair of machines and equipment, and engineering of made-
to-order products. CMMN is a graphical notation used for capturing work
methods based on the handling of cases requiring various activities, that may
be performed in an unpredictable order in response to evolving situations, like
healthcare processes. CMMN defines a common meta-model and notation
for modeling and graphically expressing a Case, as well as an interchange
format for exchanging Case models among different tools, using an event-
centered approach and the concept of a case file. CMMN is another OMG
specification, intended to be consistent and complementary to BPMN [38].

3.2.5 Common Workflow Language (CWL)

The Common Workflow Language (CWL) [65] is a specification for describing
analysis workflows and tools in a way that makes them portable and scalable
across a variety of software and hardware environments, from workstations to
cluster, cloud, and high performance computing (HPC) environments. CWL
is designed to meet the needs of data-intensive science, such as Bioinformat-
ics, Medical Imaging, Astronomy, Physics, and Chemistry.
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3.3 Process modelling in IHE and openEHR

3.3.1 Integrating the Healthcare Enterprise (IHE)

The Integrating the Healthcare Enterprise (IHE) [56] is the reference in-
stitution for the interoperability of information systems in the healthcare
environment; the consortium is divided into clinical Domains (Cardiology,
Radiology, Pharmacy, etc.), each governed by Committees, which develop
and maintain the interoperability guidelines, under the form of Technical
Frameworks (TF) [IHEtf]. The specifications define the required imple-
mentations of established health IT standards to achieve effective systems
integration, facilitate appropriate sharing of medical information and sup-
port optimal patient care. When implemented in industrial products,TF
are periodically tested at annually events called Connectathons and can be
continuously improved, according to the process depicted in Fig. 3.2.

For each of the defined Domains,Technical Frameworks describe the main
processes in the form of use cases, workflows, actors and transactions, map-
ping significant events and real practice situations. They are usually divided
into three volumes:

e Volume 1, containing the high level user view of the Profiles, designed
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to solve well-defined use cases, describing through a set of models,
how information systems should interact to support the use cases and
the associated processes. Each Profile involves a small number func-
tional roles played by information systems, called “Actors”, and defines
Transactions that flow between Actors.

e Volume 2, providing the technical specifications of implementation of
the standards selected to carry the Transactions between Actors.

e Volume 3, defining the content modules used in the Domain.

The Pathology and Laboratory Medicine Domain, born in 2016 from the
merger of Laboratory and Anatomic Pathology Domains, is focused on the
modelling of the diagnostic process related to in-vitro specimens, in terms of
structured data, documents, images, scheduling, performing and reporting
observation, all in a digital format. The Fig. 3.3 depicts an overview of
all the PaLM Domain profiles listed belows, with an indication about their
maturity:

e Laboratory Analytical Workflow (LAW) — final version, included in TF;
e Laboratory Testing Workflow (LTW) — final version, included in TF;

e Laboratory Device Automation (LDA) — final version, included in TF;

e Laboratory Point Of Care Testing (LPOCT) — final version, included
in TF;

e Laboratory Code Set Distribution (LCSD) — final version, included in
TF;

e Laboratory Specimen Barcode Labeling (LBL) — final version, included
in TF;

e Sharing Laboratory Reports (XD-LAB) — final version, included in TF;

e Laboratory Clinical Communication (LCC) — public comment, pub-
lished as a supplement to the TF;

e Specimen Event Tracking (SET) — under development, published as a
supplement to the TF;

e Anatomic Pathology Structured Report release 2.0 — trial implementa-
tion, published as a supplement to the TF;
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e Digital Pathology and Structured Reporting (SR)

lished as a supplement to the TF;

— white paper, pub-

e Transfusion Medicine (TMA) — public comment, published as a sup-

plement to the TF;

e Anatomic Pathology Reporting to Public Health (ARPH) — trial im-
plementation, published as a supplement to the TF;

e Inter Laboratory Workflow (ILW) — trial implementation, published as
a supplement to the TF;

e Laboratory Specimen Handoff— under development, published as a sup-

plement to the TF.
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3.3.2 openEHR

The openEHR Task Planning model [30] has been introduced in 2016 and
models clinical processes as a “journey navigation system”, actualizing the
guidelines created by the medical community in a workplan. This “workable
conceptual model” supports the clinician in care delivery, adapting the path
to the “driver” decisions, the patient conditions and external factors which
can deviate the care plan from ideal guideline prescriptions.

The approach followed in creating the specification is strongly operator-
centric: a process, indeed, is not modelled as a — more or less - complex
machine, where the clinician is a gear with a specific role to play and a series
of actions to execute. openEHR perspective on workflows is based on the
consideration that health processes are strongly knowledge intensive, driven
by human participants reacting to changing context, with constant excep-
tions and shifting goals. openEHR Task Planning model, in summary, is “an
open architecture for a process-enabled EHR that helps the clinical team to
take a person needing care from where they are now to a goal state, via an
efficient, evidence-based pathway tailored for the patient”. The specification
describes the models and semantics for task plans and their execution by a
notional openEHR Task Planning execution engine (TP engine’). This is
assumed to operate in a server computing environment in which other sys-
tems exist with which the TP engine communicates. A key system is the
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openEHR EHR system, via which openEHR patient EHRs are accessible to
the TP Engine. Users who act as performers of tasks are connected to the en-
gine via applications that communicate to the TP engine through the API of
the TP Engine. These applications may be dedicated only to Task Planning
or TP can be a component of systems or devices in the User Computing En-
vironment. Users who act as plan designers are connected to a task planning
designer system via a dedicated designer application, as 3.5.

The paradigm identified explicitly divides planning from execution, provid-
ing:

e a detailed formalism for describing the future of a clinical process, in
terms of work plans, task plan and task actions - via the definition
package;

e a minimal model to deal with the present at execution time — in the
materialised package, still not normative and to be completed;

e a model of audit events in the EXECUTION_HISTORY - via the his-
tory package.

The materialised structure mirrors the structure of the original definition,
with the number of repetitions required by the plan activator and without
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unreachable branches in the workflow graph for the execution. A materialised
work plan, therefore, is not an instance of the WORK_PLAN class created
at run-time but is a process representation which consist of:

a copy of the definition form of the Plan;

e an instance of the Plan using Materialised model instances, the M_XXX
classes representing the concrete executable Tasks, each with a refer-
ence back to a Task definition;

e repeatable sections 'unfolded’ into as many instances as required by the
Plan activator;

e removed branches for the cases in which trigger conditions or events
will never be satisfied;

e Tasks preliminary allocations;

e an instance of EXECUTION_HISTORY , root point to accumulate
Plan execution event records.

The materlialised Work Plan will be activated when it will be ready to be
used, starting the clock for the workplan. After activation, modifications to
the plan are allowed only ahead of the runtime window, which is a moving
window corresponding to the section of a materialised Plan actively executing
at any moment. A Task can correspond to any of openEHR ENTRY as shown
on the Clinical Investigator process diagram in Fig. 3.6.

3.4 Process Mining

According to the IEEE Task Force on Process Mining Manifesto [97], the
aim of process mining is “to discover, monitor and improve real processes
(i.e., not assumed processes) by extracting knowledge from event logs readily
available in today’s (information) systems” [3]. The discipline emerged in
the last twenty year and the task force was established in 2009, motivated
by the growing interest in log-based process analysis. Process Mining ba-
sis include process model-driven approaches and data mining concepts, but
end-to-end process centric-analytics can offer added values, creating process
maps based on current data and oriented according to the stakeholders re-
quirements: process mining can bridge the gap between Business Intelligence
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and Business Process Management. Possible use cases are related to the dis-
covery of process models from data, the detection of highways or bottlenecks,
the creation and optimization of key performance indicators. Event logs, se-
quentially recorded during the process or pre-processed to obtain structured
data, are the input of process mining: (re)ordered events are then correlated
to activities, belonging to a process instance (case). When possible, more
information can be associated to logs, as time-stamp, event initiator or other
kind of data elements. The possible relationships between process models
and event logs are called play-in, play-out and replay: in the first case the
model is deduced from the log, in the second the real events are the input
used for a simulation on the model while replay has both process model and
logs as input, to check the model behavior with real data. There are three
main different types of Process Mining [3]:

e discovery: Discovery consists in taking as input an event log, and then
applying one or more algorithms to discover a model from that log,
without using any apriori information. Event attributes, if provided,
can help to obtain some different models, according to the point of view
of the analysis.

e conformance: This type of Process Mining compares an existing process
model with an event log of the same process. Conformance checking
is able to tell us if the reality conforms to the model and vice versa,
showing and quantifying all deviations.
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e enhancement: It consists in improving an existing process model us-
ing information coming from logs, showing for example bottlenecks, or
suggesting some extensions to the process itself.

Fig. 3.7 shows the complete process mining framework, including ten activ-
ities grouped into three categories: cartography, auditing, and navigation.

Process Mining technique applications to the healthcare domain increased in
the last decade [70], at first to discover clinical workflows from real data [69] [73],
later to also evaluate the conformance to medical guidelines of actual behav-
ior [64] [22].
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3.5 Summary

Process science ”combines knowledge from information technology and knowl-
edge from management sciences to improve and run operational processes” [3],
but the process perspective is not in competition with the central data ap-
proach, on the contrary the two visions are synergic for realizing a better rep-
resentation of reality. This Chapter showed a brief overview on the most used
process modelling notations, with a special attention to IHE and openEHR
process models, which are at the starting point of the work of this thesis,
whose results are described in details in the following Chapters.



Chapter 4

Introducing process-oriented
traceability in IHE

4.1 Introduction

Specimens play a central role in diagnostic services, clinical care and biomed-
ical research applications. In the clinical field, a specimen can be defined as
a physical object (or a collection of objects) considered by a laboratory a
“single discrete, uniquely identified unit that is the subject of one or more
steps in the laboratory (diagnostic) workflow” [21], and this definition can
be considered complete also from a research perspective. The data about
the specimen are as important as the specimen itself, documenting both the
material and the process that generated it. As such, they have an essential
value for data analysis. The result of a clinical test or a biomedical research
analysis is, indeed, the consequence of a series of steps, directly involved
in the biological examination or supporting it: for example, the path of a
laboratory examination, from the request to the response and consequent
medical intervention, is defined as ”a series of interrelated and interacting
activities that transform a biological sample of the patient into analytical
results and diagnostic information”. The so-called Total Testing Process
(TTP), taken from industrial literature and introduced in Laboratory in the
1970s [36], finds its best representation in the [87] [9] — constantly evolving
- brain-to-brain loop in Fig.4.1, which encloses the practical description and
the theoretical view of the generation of the laboratory medical information.

27
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IHE adopts the process-oriented approach to model clinical domains, with the
aim of promoting clinical systems integration and standards adoption: THE
Technical Frameworks defines use cases, workflows and transactions that can
be mapped to significant events. They form a solid basis for a clinical trace-
ability system as they are defined by a wide number of experts in the field
and they can provide useful information about correctness and completeness
of the whole process chain. The THE Profiles for Pathology and Laboratory
Medicine, summarized in Chapter 3, can be used to map all the clinical steps
of the Total Testing Process. Each profile, indeed, models described how
the actors interact during the stage of the diagnostic process, which are the
trigger events and the data associated to each transaction. The proposed
Specimen Event (SET) Profile covers the entire diagnostic process from a
froma a new point of view, the specimen perspective, providing an infor-
mation model that allows to trace the entire path of the biological sample,
from collection to storage for subsequent analysis, including the transport
step. This Chapter is focused on the SET Profile actors and transaction,
describing how the proposed profile evolved and was developed in collabora-
tion with the IHE PaLLM Technical Committee. In particular, this Chapter
contains the main elements defining the content for Volume 1 of the SET
Profile, while Volume 2 is still under development.

4.2 The Specimen Event Tracking Profile

The Specimen Event Tracking (SET) Profile reads the diagnostic process
in Pathology and Laboratory Medicine in a specimen-oriented perspective,
defining standardised exchangeable data structures to convey the events that
happened to the specimen during the analysis workflow. The Profile is
focused on tracking a series of samples macro-activities such as collection,
transport, storage, retrieval, high-level processing. More specific operations
are not considered in scope for SET, but are treated in other PaLM Domain
profiles. Each step of the process is therefore described according to the
events and the relevant metadata deriving from the operations performed
on the biological samples to be examined, considering how the transaction
changes in a set of selected use cases. The profile belongs to the Pathology
and Laboratory domain and in this scope the “specimen” concept can be
referred to each kind of biological sample which can be collected for testing
purpose (blood, tissue, urine, etc.). In the same way, the term “labora-
tory” includes generically a site where a series of examinations and tests can
be performed, independently from the specialty (microbiology, hematology,
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pathology, biochemistry, molecular biology). The basic idea is that the to-
be-tracked steps — manual or automatic - of the process can be associated to
software agents emitting events, when triggered by the operators or the de-
vices performing the processing or analysis step for the sample. The tracking
can be related to subjects in the same laboratory, in the same hospital or
between different clinical institutions: in some case there will be a specific
transfer phase — a shipping — performed by a courier. The workflow and the
use cases identified are mainly focused on clinical routine, but part of the
profile is also related to biobank samples management.

4.3 Main concepts

4.3.1 General environment

The SET Profile Actor Diagram, depicted in Fig.4.2, illustrates that the
profile consists of two Actors (Specimen Event Tracker and Specimen Event
Informer) and a unique Transaction (Track Specimen Information). The
transaction will be called LAB-Y1, as all PaLM transactions are indicated
with the code “LAB-*, followed by the transaction number established when
the transaction is included in the Technical Frameworks: SET Profile is still

an ongoing project, so from now on the number will be substituted with the
code “Y1”.
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To be implemented, the Profile requires therefore the presence of (at least) a
system acting like an event notification sender and (at least) a system acting
like a receiver of event notification, communicating in the structured way
specified by the transaction. A diagnostic process is organized, in general,
as a series of operations that can be performed on a sample in a manual or
an automatic way. Each macro step could have its software module acting
as a Specimen Event Informer or can share it with other systems supporting
the workflow. In this second case, the software module acting as a Specimen
Event Informer will receive all the information about the events and will
create the messages to be sent to the Specimen Event Tracker, according to
the specification of the transaction. To claim compliance with this Profile,
playing the role of SET or SEI, a system has to support the Track Event
Information transaction, which is mandatory.

4.3.2 Actors

Specimen Event Informer (SEI)

The Specimen Event Informer (SEI) Actor triggers a message of LAB-Y1
transaction whenever a pre-defined event is recorded by the system imple-
menting this Actor. The tracking information associated with the event is
conveyed by the LAB-Y1 message. This information is coded in the definition
of the events further described in details.

Specimen Event Tracker (SET)

The Specimen Event Tracker (SET) Actor collects information tracking spec-
imen events, from messages of Transaction LAB-Y1 received from one or
more SEI. The way the SET Actor processes the received information is out
of scope for the Profile. For example, the SET actor could be a module of
a wider traceability system, receiving the events and using the associated
information to perform a run-time control of the process and to send alert
messages to performers/devices involved in the diagnostic workow. But also,
the SET actor could simply store the event in a database for further usage,
like performance analysis or chain of custody reconstruction in case of legal
problems about the execution of the clinical test.
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Actor Roles

Fig.4.3 depicts the Use Case Diagram for the SET Profile:

e Specimen Event Informer provides and sends Specimen Event Tracking

events;

e Specimen Event Tracker receives and collects Specimen Event Tracking

events.
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4.3.3 Transactions
Track Specimen Information [LAB-Y1]

For the SET Profile a single transaction - Track Specimen Information trans-
action LAB-Y1 - is defined to deal with the relevant information associated
to the sample lifecycle. Each macro-activity is associated to an event, cre-
ated or detected by the Specimen Event Informer actor, which then sends
the relative messages to one or more Specimen Event Tracker actors, accord-
ing to the general traceability system configuration. At message reception,
the SET actor sends an acknowledgment message, which can be positive or
negative (malformed event message), if the tracking event is not compliant
to the related macro-activity definition. In this second case, the SEI can
correct and resend. A resend can also be necessary if the SET actor system
is not reachable, in case of timeout. How the tracking messages are used by
the system implementing the SET actor is out of SET Profile’s scope.
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Table 4.1: Use case mapping to specimen life cycle steps

Specimen life cycle step SET use case

Collection Specimen containers production and collection tracking
Transfer Specimen inter and intra organization transfer
Analysis Intra-laboratory IVD testing specimen tracking
Derivation Specimen derived tracking

Biobanking Specimen biobank transfer

Trigger Events

LAB-Y1 is triggered by one of the actions associated to the tracking event list.
When the action is performed, the Specimen Event Informer collects or builds
the relative tracking messages. For examples, if the specimen is identified
(action=identification), SEI actor will produce and send the message for
identification to the SET actor. The selection of event metadata used as input
reference material the HL7 Domain Analysis Model (DAM) for Specimen [54]
The tracked events have a common structure, composed of a “header” part
with general information and a part containing data about the specific event.

Use case definition

For the SET Profile, five use cases has been identified, described in detail in
next paragraph. The guiding criteria for the selection was the attempt to
cover the main steps in specimen clinical lifecycle, also adding an opening to
research environments: Table 4.1 lists all the defined use cases, associating
them to these stages.

Events

The SET profile aim is the tracking of a sample lifecycle, via the recording
of a series of events associated with the steps of the analytical process, also
including non-clinical activities such as transport or re-identification. A series
of events have been selected to model the process and for each events also
a set of metadata, mandatory or optional has been coded and described:
every LAB-Y1 transaction message refers to a specific performed operation
(storage, processing, shipping, etc.), described by one of the events in Fig.4.5.
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Event

Description

Specimen Collected

The specimen has been collected by an operator (phlebotomist,
physician, nurse, etc.) in a ward or in a collection room. Specimen
collection action includes specimen identification.

Specimen Containers
Prepared

The containers where specimens will be collected have been prepared:
the appropriate containers have been selected and labeled.

Specimen Shipped

The specimen has been delivered from a location to another, which
could be a different location in the same institution, or even a remote
location. The specimen container could be part of a box, as many
containers are transported all together to the receiving location.

Specimen Received

This event identifies the check-in of the specimen, when it arrives from
an external location, andregisters the successful arrival.

Specimen Accepted This event reports the acceptance of the specimen after its check-in,
meaning the specimen has passed all quality checks needed to be
processed inside the receiving institution.

Specimen Rejected The specimen has been rejected after check-in, as it does not have the

minimum quality requirements to be processed ahead. This event
SHALL carry the reject reason.

Specimen Re-identified

Thig event is tracked when the specimen needs to be re-identified by the
receiving facility or institution.

Specimen Archived

The specimen has been archived in a storage system or biobank.

Specimen Retrieved

The specimen has been refrieved from a storage system or biobank, for
further usage.

Specimen Derived

The specimen has been derived from a previous one. The event is
useful, for example when some blocks are derived from a tissue
specimen, or some slides are derived from a block. The event isalso
useful for biobanks, where a parent specimen is processed to create new
ones for further testing.

Query for Specimens
Retrieval

A query has been executed in a storage system/biobank to refrieve one
or more specimens, for further usage (i.e., testing).

Specimen Sent for Testing

The specimen has been shipped to automation, or to a testing location, if
no automation is present in the laboratory.

Specimen Processing Start

Specimen processing started on the referred Device

Specimen Processing End

Specimen processing ended on the referred device

Specimen Arrived at

The specimen has been taken in charge by a Laboratory Device

Laboratory Device

Specimen left Taboratory The specimen left a Laboratory Device

Device

Specimen Discarded The specimen has been discarded after all IVD tests have been

performed

Figure 4.5: SET Event List Table.
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Event Description

Event Type Type of the Event (“Event” column of table X.1-2)
Event Timestamp Timestamp of event creation

Event Performer Operator/Machine/device responsible for the event
Event ID Unique identifier of the event

Specimen ID Unique Identifier of the Specimen the event is related to

Specimen Container ID

Unique Identifier of the Specimen Container the event is related to

Sending Organization

Identifier of the organization sending the tracking message

Sending Facility

Identifier of the facility sending the tracking message

Receiving Organization

Identifier of the organization receiving the tracking message

Receiving Facility

Identifier of the facility receiving the tracking message

Figure 4.6: SET Common Metadata Table.

4.3.4 Metadata for the Events

For each event, a collection of metadata are defined, listed in the following
tables: some of them are common to all the events, others are specific to
the stage of the diagnostic process to which the event refers. The metadata
will determine the information carried by the LAB-Y1 transaction messages,

specified in Volume 2.
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Event Attribute Data Description Card. Usage DAM
type Mapping
Specimen Placer Order String PON as usual in HL7 v2 0..* RE No mapping, use
Collected Number HL7 v2 instead?
Collector String /1D Person responsible of Specimen 1...1 R Performer.identifi
Collection e
Type String/Code Specimen Type as usual in HL7 0...1 O Specimen.typeCod
V2 ¢
Form String/Code Material nature (i.e., liquid, gas) 0...1 (e] zpecimeﬂ-fonﬂCO
3
Description String Additional specimen information 0...1 O Specimen.descript
ion
Procedure String Activity performed for collection 0...1 (e] Specim;ﬂCOIIeclig
3 q 3 nProcedure. Proce
(i.e., venipuncture, biopsy) retode
Coll. Date Timestamp Time range of collection duration 0...1 C SPeCim:ﬂCOIIectilo
nProcedure.actual
Range {range) CollectionDateRa
nge
Missed Reason? String Reason of collection not 1...1 C SpecimenCollectio
completed nProcedure. missed
b Reason
Container Name String Name {model?) of the container 0...1 RE SpecimenContaine
r.name
Container String/Code Material of the specimen 0...1 (o] SpecimenContaine
Material container ;'chl‘j‘;“‘"“Ma‘“‘“
Container Number/Cod Capacity of the specimen 0...1 (o] SpecimenContaine
Capacity e Container irgarameters.capac
Container String/Code Additive of the specimen 0...1 e] SpecimenContaine
Additive Container raddtive
Container Number Rank of the container collecting 0...1 RE
Rank the specimen (1=first, 2= second,
and so on)
Container Number Height of the specimen container 0...1 O SpecimenContaine
Height tParameters.height
Expiration Time Timestamp Date after the specimen is no 1...1 R Specimen. expirati
longer viable onTime

Figure 4.7: SET Common Metadata Table.

The common event metadata are general parameters related to basic infor-
mation, like event timestamp or performer: these data are all required for
each event. For the specific metadata, the level of detail increases and some
of the fields are optional. Some of them are also associated to the relevant
event in HL7 DAM Model for Specimen, to support the mapping that will
be necessary to define the message structure in Volume 2 detailed descrip-
tion of the LAB-Y1 transaction. All the metadata selected are listed in the
Appendix. Fig.4.7 presents an example for the Specimen Collection Event.
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The list will be further reviewed during the development of the Transactions,
as the detailed consideration of the content of the related message/s will
probably lead to modifications. Examples of already known points to be
fixed are:

e for the attribute “Missed Reason” or “Is De-identified” will be decided
if a new event has to be created;

e the attribute “Accept Timestamp” will be present only if the event will
be mapped with a shipment HL7 v2 message;

e the attributes “Involved Speciality” and “Involved Diagnosis” could be
included from order information (OBR-44 segment in HL7 v2 message)

4.4 Relationship with other IHE Profiles

Each Profile in IHE PaLLM Technical Frameworks cover an aspect of in vitro
diagnostic process and deals, directly or indirectly, with specimen, which is
encapsulated:

e for Laboratory Testing Workflow Profile, in Orders;

e for Laboratory Device Automation Profile, in Specimen Work Orders;

e for Laboratory Analytical Workflow Profile, in the Analytical Work
Orders;

for Laboratory Specimen Barcode Labeling Profile in Labeling info and
labeled containers preparation;

e for XD-LAB Profile in Reports.

The SET Profile is placed in a longitudinal position with respect to the ex-
isting profiles as it explicits specimen perspective during the analysis steps,
providing a global sample-oriented view of the diagnostic process. Consider-
ing the PaLM Domain ongoing projects, an apparent overlap could emerge
between the operational areas of the SET profile and the Laboratory Speci-
men Handhof (LSH) Profile. LSH’s goal is to provide standardized workflows
for specimen passing between Laboratory Automation Systems and Specimen
Processing Devices, starting from common experiences in the IVD industry.
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Anyway, analysing in details their definition, the differences in SET and LSH
Profile scopes is evident, as the first aims to trace what happened to a speci-
men, while the second is dedicated to provide a shared protocol for specimen
management in one of the diagnostic process steps.

4.5 Use cases

4.5.1 Use Case 1: Specimen containers production and
collection tracking

This use case is focused on the collection of the specimen in a collection lo-
cation (ward, laboratory collecting room, surgery room). The scenario starts
with the labeled containers production; this action may be performed by a
robotic system or manually by an operator (identified by the generic actor
Specimen Container Producer). Then, the person responsible for collecting
specimens (identified with the generic actor Specimen Collector) performs
the collection. It has to be noticed that when containers production and
specimen collection happen at the same time, also the correspondent events
may be merged into one: both container and collection information will be
in this case carried by the “Specimen Collected event”. The optional “Speci-
men Containers Prepared” event is used, instead, to cover all those scenarios
where containers labeling and collection happen at different times. The SEI
actor sends a LAB-Y1 message to notify the SET actor that the specimen
containers have been effectively prepared, and in a second time, another
message to notify the collection of the specimens.
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Figure 4.8: Specimen containers production and collection tracking
process flow.
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4.5.2 Use Case 2: Specimen inter and intra organiza-
tion transfer

This use case involves the transfer of specimens from a shipping location to
a receiving one. These two locations may belong to the same institution
(intra-organization transfer) or to different institutions (inter-organization
transfer). In case of inter-organization transfer, the two locations could be
far from each other; such a transfer is needed when there is a subcontract
between two organizations for the execution of a specific set of tests. The
requester (in this use case context, the shipping location) ships the speci-
mens, which are received and accepted by the subcontractor (in this use case
context, the receiving location). Concerning the intra-organization transfer,
instead, the two locations are close the one another: the specimen transfer
occurs, for example, between a ward and the Laboratory of the same hospi-
tal, or different facilities belonging to the same organization. In the second
case, the main difference is that transport time is usually shorter. The basic
scenario starts with the specimen collection, happening at shipping loca-
tion; specimens are then received, accepted and identified by the receiving
location, which is also responsible for processing them for testing. It could
happen that some specimen containers need to be labeled at arrival (as they
travelled without any conventional label), or need to be re-identified (and so
re-labeled). In some situations one or more specimens could also be refused
by the receiving location (due to insufficient sample quantity, inappropriate
or broken container, etc.). For these reasons, for this use case three different
process flows are identified:

1. Specimen transferred, no re-identification by receiver
2. Specimen transferred and re-identified by receiver

3. Specimen rejected by receiver

The following sections analyze each sub-use case, showing the related se-
quence diagram. As the collecting and receiving locations could refer to
different organizations, the diagrams suppose that each organization has its
own SEI and SET actors. This is only one of the possible architectures,
as the same diagrams may be depicted with a unique instance for SEI and
SET, as it would be common to happen in case of intra-organization transfer.
The diagrams show each single event being sent to both SET actors. There
might be variations to that: some of the events might interest only one of the
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two organizations (for example, a re-identification event might interest only
the receiver’s local SET). The diagrams only refer to an example of possible
architecture.
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4.5.3 Use Case 3: Intra-Laboratory IVD testing spec-
imen tracking

This use case addresses the tracking of the specimen during the overall IVD
testing process inside a testing location. The process itself can be more
or less automatized, if the testing location is provided with an automation
system or not. Only the main generic events are in scope of this profile; in
case of automation presence, the atomic tracking of the specimen inside the
automation is covered by other profiles (i.e., Laboratory Specimen Handoff).
The intra-laboratory IVD specimen tracking use case will focus on these
events:

1. The testing manager sends the specimen for testing: it can be a person
or a machine, according to the presence of automation;
2. The specimen arrives at a Laboratory Device;

3. The Laboratory Device performs pre-processing, tests execution and
post processing operations, according to the needs. Only two events
are tracked at this step: processing start and processing end;

4. The specimen is archived or discharged at the end of the IVD devices

processing chain.

Steps 2 and 3 could be repeated several times, according to the number of
Laboratory Devices the specimen has to visit during the chain itself.
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4.5.4 Use Case 4: Biobank specimen tracking

Biobank workflows and processes vary depending on the research the specific
biobank is focused on. Usually biobanks are managed by some reference
laboratories, which are hosting them and in most cases belong to university
research departments. Several research studies for diseases like cancer, for
example, identify a group of volunteers that consent to participate in the
research program and to allow collection of one or more samples for the
biobank storage. All specimens are shipped to the central laboratory, where
technicians process them. At the arrival, the specimen is accepted, identified
and archived inside the biobank. When the specimen is required for analysis
(selected on query parameters such as class of patients, class of disease, etc.),
it is retrieved from the biobank and a new specimen is derived from the
original one in order to perform the required tests. This derived specimen is
associated to a different container, and then accepted, identified and archived
inside the biobank. The original specimen is also archived back inside the
biobank, updating some important information as, for example the sample

quantity remaining. The SET profile identifies three use cases involving
biobanks:

1. Specimen collected in a laboratory and shipped to biobank

2. Specimen retrieved from biobank for immediate testing

3. Specimen retrieved from biobank for testing preparation
There are two main information flows related to the Use Cases above: the
first flow is related to sample physical transport, while the second is related to
any additional information provided for that sample (clinical ID, pathology,

additional information about the individual and so on). This Use Case is
focused only on specimen physical tracking.
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The use case starts with one of the federated biobank laboratories that
collects a specimen for research purposes from a consenting patient. The
specimen is collected at one of the federated biobank laboratories, and then
shipped to the biobank site, where it is re-identified, according to the biobank
information system, and archived for future usage. There are two main cases:

1. The biobank is not allowed to know clinical ID and clinical data;

2. The biobank is allowed to know clinical_ID and clinical data;

In the first case, sample de-identification occurs before the sample is shipped
from the laboratory to the biobank and only the laboratory will keep track of
the link between clinical_ ID and biobank_ID. When the sample is requested
for a trial, the biobank will never be able to provide the clinical information as
it hasn’t it since the sample arrival in the biobank. In the second case, when
the sample is re-identified in the biobank information system, which creates
the biobank ID and assigns it to the sample, both clinical ID and clinical
information are stored in the biobank information system, as metadata asso-
ciated to the sample. When the sample is requested for a trial, the biobank
will provide also the clinical information only if the study protocol allows the
use of this kind of information. If the study protocol doesn’t allow the use
of the clinical information associated to the sample, the biobank information
system will have to de-identify the sample, protecting all confidential clinical
information. The use case assumes that the specimen is always re-identified
in the biobank information system, even if it already has knowledge of the ID
previously assigned by the collecting laboratory. Anyway the link between
the laboratory assigned ID and the new biobank ID of the specimen is always
maintained: in the first case, only by the clinical laboratory, in the second
case both by the laboratory and the biobank. From the point of view of the
events to track, in both cases we can identify these five below:

1. The specimen is collected at the federated laboratory research site
2. The specimen is shipped to the biobank site
3. The specimen arrives at the biobank site

4. The specimen is accepted and re-identified at the biobank site

5. The specimen is archived for further use
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In this scenario, a query is executed to retrieve one or more specimens from
a biobank for immediate testing. Specimens have previously been stored in
the biobank with an assigned biobank_ID. If the biobank is not allowed to
maintain clinical ID and clinical data, this information cannot be provided
at specimen retrieval. If the biobank is allowed to maintain clinical_ID and
clinical data, a set of information regarding patient identifier, name, sur-
name, date of birth, specimen type, related patient disease is also known by
the biobank, and can be provided to the requester only if the study protocol
allows the use of this kind of information. If the study protocol doesn’t allow
the use of the clinical information associated to the sample, the biobank infor-
mation system will have to de-identify the sample, protecting all confidential
clinical information. FEach of the retrieved specimens is always derived in
order to obtain a new specimen that will be used to perform all the required
tests: the derivation operation implies the labeling, and consequently the
identification, of the derived specimens. The new specimen is immediately
identified and accepted in the biobank information system before tests exe-
cution. It is very important that the original specimens are archived back
to the biobank as soon as possible, updating some important information
as the sample remaining quantity. In this use case the derived specimens
will be immediately used for testing. After the testing, the specimen can be
archived back in the biobank or marked as exhaust if all the sample quantity
has been used for testing or if testing itself makes the derived specimen not
usable anymore. From the point of view of the SET profile, this use case will
track these specimen states:

1. The specimen is retrieved from the biobank

2. The specimen for testing is derived from the retrieved specimen. If
the study protocol doesn’t allow the use of the clinical information
associated with the retrieved specimen, the derived specimens are de-
identified

3. The derived specimen is accepted

4. The retrieved specimen is archived again in the biobank. It is very
important to update the specimen status: after derivation the specimen
can be usable, exhaust, not valid.

5. Tests are performed on the derived specimen
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This use case is similar to the previous one, but the derived specimen is not
immediately sent for testing, but it is archived in the biobank for further use.
For example such a situation can occur when from a blood sample, retrieved
from a biobank, a series of derived DNA extraction specimens are archived
to be ready for further testing. As for the previous use case, if the study
protocol doesn’t allow the use of the clinical information associated with the
retrieved specimen, the derived specimens are de-identified.
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4.5.5 Use Case 5: Specimen derivation tracking

This use case addresses specimen derivation, which may occur in some Lab-
oratory specialties, like microbiology and pathology. Derivation starts from
a “primary” specimen, and through a series of different operations produces
one or more derived specimens. Each of them is identified and processed
independently from the others. The SET profile related event keeps the link
between the primary specimen identifier and the derived ones.
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4.6 Summary and discussion

This Chapter outlined the traceability information model resulting from the
work described in this thesis, the Specimen Event Tracking Profile, providing
a vision specimen and process oriented for the diagnostic process, according
to IHE guidelines. SET aims to support the reconstruction of the entire
history of the specimen, from sampling to storage, in a laboratory or in
a biobank. The workflow can be recreated thanks to two actors included
in the Profile — Specimen Event Informer and Specimen Event Tracker —
which exchange traceability data coded in a single transaction, Track Spec-
imen Information. Specimen lifecycle is followed in a series of use cases
and modelled buy events. The metadata attached to an event conveyed
in the traceability messages leverage the HL7 Specimen Domain Analysis
Model. The work which lead to this first version for the proposed profile has
been carried on with the extensive collaboration and support of IHE PalLM
Technical Committee, as the introduction of this longitudinal perspective,
specimen-centered, has been considered interesting by the Committee. The
model described is related to what is required by IHE Volume 1 for Technical
Framework to create a new profile, that is to say a description of actors and
transaction, without specific definition of the messages involved to implement
the transaction. The present status of SET Profile includes a series of further
activities, out of scope of the original contribution of this thesis, to define
the precise standard and structures of the messages. The HL7 v2 messaging
standard allows to cover all the SET events with at least three messages,
but using different types of HL7 messages for the same IHE transaction is
an issue for interoperability. Once published, the SET Profile can also be
used to map the events in a diagnostic process for process mining analysis:
previous works [94], already shown as IHE profiles can be a valid modelling
paradigm for laboratory preanalytical phase and the general vision about the
specimen workflow offered by SET can be a formalism suitable to an analysis
process oriented of traceability information.
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Introducing process-oriented
traceability in openEHR

5.1 Introduction

The openEHR Task Planning model represents an important attempt to
combine medical knowledge, task managing and decision support for the op-
erators involved in a care plan. It also opening new research directions in
the field of models describing process-oriented traceability, thanks to some of
the intrinsic potentialities in these new-born specifications. The Task Plan-
ning model is the first formalization for the “process concept” in openEHR
specifications: previously, the formalism was focused on the creation of a
longitudinal EHR, defining all the necessary building blocks to document
clinical care, from the models of medical concepts to all the technical arte-
facts, interfaces and services to implement it in a robust way. As the work
of the last ten years lead to a complete EHR semantic-oriented architecture,
more and more adopted and appreciated by clinical institutions and national
governments[34], the choice of dealing with the “process dimension” was the
natural next step. The design started in 2016, analysing the main workflow
formalisms developed in this field - briefly described in Chapter 3 - and the
significant experience of Activity Based Design for clinical processes at In-
termountain[7]. The vision underpinning openEHR Task Planning Model is
summarized in its declaration of intents: “The central concept is that of a
plan (or set of plans) designed to achieve a goal and that relates to an ac-
tive biological subject (normally a human or animal patient), rather than a

59
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passive object, such as a parcel or tissue sample”. This sentence also high-
lights promising directions for further evolutions for the specification, which
inspired the work that produced the results described in this Chapter. The
trigger element is the fact that Task Planning is mainly focused on the “plan-
ning” side, as the name itself suggests, both in the design and in the execution
phases. But also, as showed in Chapter 2 and Chapter 3, process-oriented
traceability is the opposite side of the “reality coin”, for which planning is the
first side: therefore, the introduction of process artefacts in openEHR opens
new perspectives in modelling traceability too. The work about openEHR
specifications described in this thesis resulted in the openEHR Traceability
Model, a proposal of complementing the openEHR Task Planning Model.
The following paragraphs will outline the original contribution, discussing at
the end of the Chapter the emerging critical points and alternative directions.

5.2 The openEHR Traceability model

The openEHR Traceability model proposed in this thesis is a formalism for an
openEHR-consistent representation of process-oriented traceability in clinical
pathways. The approach followed is based on the idea that planning and
traceability are separate domains, with precise scopes and boundaries, but
complementing each other’s perspective on the natural description of clinical
processes. Therefore, the modelling strategy consisted in creating a distinct
model, specialized in tracking the dynamics of clinical workflows, as showed in
Fig.5.1. The first intent of the openEHR Traceability model is to structure
the actual execution path in a process, building the run-time instance of
a Task Plan as a bottom-up (from Task to Task Plan) representation of
the workflow during care plans. This proposed formalism acts at runtime,
tracing all the relevant events and combining the abstract representation of
the process with the real behaviour of the activities during execution.

5.3 Main Concepts

5.3.1 Computational Context

The basic idea is that during the execution of a process, performers, appli-
cations, sensors and devices create events, which can be collected and used
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Figure 5.2: openEHR Traceability Model Computational Environ-
ment. During the execution, the Traceability Engine interacts with the actors

in the computational environment in analogy with the Task Planning Engine de-
scribed in openEHR Task Planning specifications[30]

to reconstruct the control flow thanks to the information artefacts defined
in openEHR Task Planning and the openEHR Traceability model, devel-
oped in this work. In analogy with the Task Planning Engine, this proposed
specification describes the models and semantics for traceability by a no-
tional openEHR Traceability execution engine ("Teng’). Teng operates in a
computing environment including other systems and can communicate with
them. A key system is the openEHR EHR system, via which openEHR
patient EHRs are accessible to the Traceability Engine. Outside the envi-
ronment there are other organisations with which Teng engine interacts via
an appropriate communication/notification system within the environment.
The basic operational mode consists of a series of Traceability Agents, which
can be simple modules associated to sensors generating events or more so-
phisticate applications, interacting with the Task Principal Performer and
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giving feedbacks related to the ongoing process. Traceability Agent com-
municate with the Teng via its API and can be implemented as applications
with which the Users can interacts or via services running independently and
tracing part of the process - for example via sensors non directly managed
by Users - when Tasks are performed by devices or software agents. These
agents may be stand-alone or combined with Task Planning applications or
other applications.

The overall context is in Fig.5.2.

5.3.2 Artefacts

The central artefacts for the model are two classes (TRACE_LEXECUTION_HISTORY
and TRACE) dedicated to support the process execution path reconstruction
from a series of events.

The other proposed classes are the dual version of some of the Materialise
model classes: as materialised classes are the artefacts to actualise the specu-
lative process during plan execution, the “tracing” classes are the artefacts to
detect the process dynamic during or at the end of the execution. The classes
are listed below and will be outlined with more detail in next paragraphs:

e TRACE: is the footprint of the Traced Work Plan, a strictly chronological
picture of the recorded Traced Task.

e TRACE EXECUTION_HISTORY: history of Traced TaskPlan execution events
and notifications, in chronological order.

e T_TASK: tracked version of the abstract Task, instantiated when the
first Event Record related to the Task is received by the Traceability
Engine.

e T_ACTION: tracked version of the abstract Action, created and updated
as the Task evolves in its lifecycle.

e T_TASK_PLAN and T_TASK_GROUP: tracked version of the abstract Task
Plan and Task Group, instantiated to group the Traced Tasks present
in a Trace.

e T _WORK_PLAN: tracked version of the abstract Work Plan, instantiated
to group the Traced Task Plan and Traced Task Group present in a
Trace.
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In the tracking strategy, also the Definition and History model artefacts are
used, at design time and to model the Events defined to trace the process
execution.

5.3.3 Tracking Strategy

The openEHR Tracebility model can be implemented in different conditions
and is compatible to computing environment with or without Task planning
support during Tasks’ execution. The operation mode is summarized in the
following steps:

e At design time, an abstract Work Plan and its constituent Task Plans
are created to model each process or sub-process that will be analysed
from a traceability perspective. In this phase, the Task Plans are rep-
resented in the form of openEHR templated archetypes based on the
Task Planning definition model.

e When execution starts, the Work Plan is instantiated and is used as a
concrete definition of the Task Plan for a specific subject in a specific
situation. An EXECUTION HISTORY is also created for each Task
Plan.

e At the beginning of the real world process, for each occurrence related
to the execution and traced by the Traceability Agents, the Traceabil-
ity Agents generate Events, which are modelled as instances of the
*_EVENT_RECORD classes defined in these specifications and in the Task
Planning model.

e The Events are sent by the Traceability Agents to the Traceability
Engine: each Event contains a Task_Id and a series of structured in-
formation about the process behaviour.

o As the first Event for a Task is received by the Traceability Engine, the
Teng creates the correspondent T_TASK, instantiates a TRACE object
and adds to the TRACE object the T_TASK created.

e As the process advances, the Traceability Agents distributed along the
process will create Events, triggered by workflow steps or external no-
tifications.
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e [f the Event received is associated to an already instantiated T_TASK, the
Traceability Engine will save the Event in the TRACE_EXECUTION HISTORY
and the T_TASK will be updated in the TRACE object.

e [f the Event received is not associated to an already instantiated T_TASK,
the Traceability Engine will save it in the TRACE_EXECUTION HISTORY,
will create the T_TASK object and will add it to the TRACE object.

e During execution or at its end, the Traceability Engine also groups the
T_TASKS contained in the TRACE object, instantiating the T_WORK_PLAN
object and creating the T_TASK_GROUP/T_TASK_PLAN objects defined by
the abstract Work Plan and containing the model for the T_TASK effec-
tively executed.

A Trace object is a list of the T_TASK ordered by Task’s event timestamps.
From a traceability point of view, a single TRACE can be analysed to obtain
information about process execution in the real world, or it can be lead
back to the underlying model in terms of T_TASK PLAN, derived from the
correspondent Task Plan created at design time. The logic of passing from
a TRACE to a TASK_PLAN is implemented and managed by the Traceability
Engine, according to the execution context, the model defined in the planning
phase and to specific organizational needs. For each Task it is also possible
to reconstruct the effective lifecycle. The Traceability Application can also
rely on the Execution History, which records all the events related to the
execution path for each Task Plan and can be used to support the analysis
of events, an example being cases in which Events not directly associated to
a Task are created. Traced Task Plan can be created and showed iteratively
during process execution for operational support, but also when execution is
completed, for a post-mortem analysis.

5.3.4 Time

The Traceability model works in the world of “what has happened”, therefore
the distinction present in the Task Planning model - where time can be a
relative offset, an absolute time or the time of an event — in no longer present.
All the Traceability Agents are synchronized, with a time precision configured
at millisecond level. The possible delay between the time in which the Event
happens and is recorded by the Traceability Agent and its notification is sent
to the Traceability Engine is not an issue, as Tasks are ordered in Traces
according to their timestamp.
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Figure 5.3: Task State Machine. At each step of the task lifecycle described

in [30], Events can be emitted to track the Plan execution

5.3.5 Events

The events considered in the Traceability Model are those defined in Task
Panning Model, that is to say:

timer event: an event caused by a timer that expires;

state trigger: a condition based on one or more observed variables

available from the computation environment, including subject vari-
ables (sex, vital signs, etc) and variables relating to clinical processes,
e.g. 'time since emergency admission’;

task transition: an event generated by the state transition of a Task

during execution so far, e.g. the previous Task completing;

callback notification: an event generated by a notification received on

completion of a Task dispatched to a different Plan or an external

System

)

system notification: an external event notified to the system by a user,

e.g. receiving a phone call.
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e manual notification: an external event signalled manually to the system
by a user, e.g. receiving a phone call

The Events related to the task transitions can be configured following the
model defined by the Task State Machine in Fig.5.3, which structures the
task lifecycle.

All the traced Events are saved in the TRACE_EVENT HISTORY by the Trace-
ability Engine in chronological order and used to monitor and save the Traced
Task chain.

5.3.6 Clinical investigator process

Tracing can be extended to all the steps of a cognitive loop of care, creating
and configuring a series of Traceability Agent to detect the phase behaviour,
as showed in Fig.5.4. Abstract model definition, via the Task Planning model
formalism, is the starting point both for runtime task execution support and
traceability support, they can coexist but they are independent. In a real
implementation, in fact, the Traceability Engine can be present both with
or without the Task Planning Engine, and when they are contemporarily
present they can be implemented in the same application or in two separate
systems.
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Figure 5.4: Traceability in the clinical investigator process. The figure

shows how Traced Tasks (T_TASK) of various kinds are collected in a TRACE object

during or after execution.
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T_WORK_PLAN
T_TASK_PLAN

_TASK_GROUP T_TASK

TRACE

+trace: List <T_TASK=[1.1]
+frace_execution_history 1..1

Figure 5.5: Traceability package.

5.3.7 Package and classes

Fig.5.5 shows the proposed Traceability package. This is a partial specifica-
tion of classes that could be instantiated during the execution of a process,

to record Tasks and System Events and to create a structured representation
of the Traced Work Plan.

The central classes of the package are the TRACE and TRACE_EXECUTION_HISTORY
classes, as they contain the basic artefact to create a “process footprint”, also
usable for process mining applications. The other classes are the Traced ver-
sion of the corresponding classes in the Materialisation model.
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Class TRACE

s eilel The chain of Process instances in the form of a list of T_TASK, instantiated
n and updated as new Events are recorded. It is used by Traceability Engine to
record the chronological order of Traced Tasks during execution, according to
the timestamp of the first event recorded for a specific Traced Task.

May be persisted in the EHR in partial or complete form, or not at all.

Signature Meaning

trace: List<T_TASK> Traced Tasks instantiated
and updated as Events
arrive.

trace_execution_history: History of Traced Plan

TRACE_EXECUTION_HISTORY execution events and
notifications.

Figure 5.6: Trace Class.

Class TRACE_EXECUTION_HISTORY

- eilel History of Traced Plan execution events and notifications. It is used by
Traceability Engine to record all events during execution, in a chronological
order.

May be persisted in the EHR in partial or complete form, or not at all.

TASK_PLAN_EXECUTION_HISTORY

LS Signature Meaning

notification_events: List of notifications to
List<TASK_PLAN_EVENT_RECORD> another party (i.e.
performer).

Figure 5.7: Trace Execution History Class.



5.3. Main Concepts

Class WORK_PLAN

Traced form of WORK_PLAN.

LGNS Signature Meaning

plans: List<T_TASK_PLAN> Member Traced Plans.

owner: WORK_PLAN Owning Work Plan definition.

timeline: T_TIMELINE Tracked global timeline.

context: T_PLAN_DATA_CONTEXT Traced global context.

materialised_workplan: Forward references to all the

List<LOCATABLE_REF> Work Plans materialised
from the owning Work Plan
definition.

Figure 5.8: Traced Work Plan Class.

Class T_TASK_PLAN

»Slefailen ] Root object of a traced Task Plan structure, used in execution or at the end.

n
AU Signature Meaning
0.1 start_time: Date_time Nominal start time for the Task Plan
as a whole. The timings of
individual Traced Tasks are
absolute.
definition: T_TASK_GROUP Root of Task Plan Task structure.
- owner: TASK_PLAN Owning Task Plan definition.
1.1 principal_performer: Run-time principal performer - a
T_PERFORMER_ALLOCATION person or other agent.
m Signature Meaning
lifecycle_state (): Lifecycle state of Task Plan,
T_TASK_LIFECYCLE derived as a copy of the
lifecycle_state() of the definition
TASK_GROUP.

Figure 5.9: Traced Task Plan Class.
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Class T_PLAN_ITEM (abstract)

sl ilel ) Abstract parent of traced run-time types that correspond to design time
PLAN_ITEM instances.

LSS Signature Meaning

definition: Corresponding item from Task Plan definition.
PLAN_ITEM Redefined in descendants to the definition type
corresponding to each runtime (RT_XXX) type.

Figure 5.10: Traced Plan Item Class.

Class T_TASK_GROUP

Traced form of TASK_GROUP from a Task Plan definition.
n

T_PLAN_ITEM

Signature Meaning

Attribuf
0.1 members: Member run-time items in a group, according to
List<T_PLAN_ITEM> the structure of the corresponding definition
group instance.
1.1

definition: TASK_GROUP Reference to corresponding TASK_GROUP
instance in Task Plan definition.

(redefined

)

Figure 5.11: Traced Task Group Class.

Signature Meaning
lifecycle_state (): Effective lifecycle state, computed from the
TASK_LIFECYCLE states of members of the group.
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T_PLAN_ITEM

Attributes Il TaEI Y

1.1 definition: TASK
(redefined)

lifecycle_state: TASK_LIFECYCLE

task_events:
List<TASK_EVENT_RECORD>

trace_events:
List<TRACE_EVENT_RECORD>

Traced form of TASK type and its descendants from a Task Plan definition.
n

Meaning

Current lifecycle state of this
Traced Task at run-time.

List of references to run-time Task
Events that have occurred on this
Task.

List of references to run-time
Trace Events that have occurred
on this Task.

Reference to corresponding
TASK instance in Task Plan
definition.

Figure 5.12: Traced Task Class.

Class T_TASK_ACTION

Desc ls) | Traced form of TASK_ACTION type.

Signature

definition: TASK_ACTION

Meaning

Figure 5.13: Traced Task Action Class.
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Figure 5.14: Work plan execution paradigm.[30]

5.4 Relationship with Task Planning and En-
try model

The Traceability model proposed can be seen as a dual form of the Materi-
alisation model defined in openEHR Task Planning specification. The dis-
tinction between definition and execution for a Plan makes openEHR Task
Planning more flexible and suitable to model clinical processes, which are
strongly adaptive, declarative and non-deterministic. The Tasks are seman-
tically defined and directly interpretable by an execution engine, which can
communicate with the real world via commands, data and notifications. Any-
way, despite this attempt to manage the complexity of reality, there will still
be two executing workflows, one virtual and one real, whose synchronisation
is imperfect, as the openEHR specification itself depicts in Fig.5.14.

The Traceability model proposed in this work is an attempt to reduce the
gap between plans and reality as it tries to create a faithful picture of what
happened during process execution. In Task Planning specifications, the His-
tory model has a similar objective, but considers a non-structured approach.
The Traceability model scope is therefore a complement to the objectives of
the Task Planning model. Traced Task can be associated to the Entry ob-
jects created during the execution of the activities associated with the Tasks.
The Task Planning specifications presented an issue! about the usefulness of

'ISSUE-fwd-refs: entry_instance is a forward reference - which requires updating the
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Figure 5.15: Process Mining Typical Scenario.[3]

forward-reference to the relevant Entries generated by Tasks execution, but
for traceability applications this issue is mitigated as being able to determine
the resulting Entries starting from the Traced Task Plan is surely useful. The
exact implementation strategy (add the links to the Entries or querying to
find them from the Plan items) can probably be determined during Trace-
ability Engine implementation, as the decision can depend upon the specific
use.

5.5 Process mining applications

The tracking strategy previously outlined considers a two-step approach to
detect the execution path: firstly, structured information deriving from run-
time events is used to represent what is happening, instantiating a series of
Traced Tasks, modelled following abstract Traced Task Planning specifica-
tions. Secondly, the execution Trace is used as a basis for reconstructing the
Traced Work Plan, according to the conceptual Work Plan instantiated for
the process. The defined Work Plan is therefore used to remap the Traced
Tasks, chronologically saved in the Trace object, in the form of a series of
Task Group/Task Plans. On one side, the second step of reconstruction has
the added value of evolving the traced process representation, passing from
a one-dimensional to a bi-dimensional representation of the execution path.
On the other side, this reconstruction is biased by the “a priori” knowledge

Task Plan after the Tasks have been performed and relevant Entries committed. Is this
complication worth the benefit obtained, i.e. directly followable links rather than querying,
to find Entries from the Task Plan items? Is being able to determine the resulting Entries
starting from the Task Plan even useful?
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used to read the information contained in the Trace. To improve the reduc-
tion of the gap described in the previous Paragraph, between the computing
environment and the real world, the tracking strategy proposed can also be
used also as a support for process mining analysis, with the methodologies
briefly introduced in Chapter 3. The typical scenario Fig.5.15 for any pro-
cess mining analysis requires the presence of an event log connected to an
initial process model, which may have been constructed manually or discov-
ered through previous process mining steps. As shown in the following figure,
openEHR archetypes and classes can be used to model and support each step
of process mining, in particular:

e the model level can be implemented using the Task Planning Definition
Model to create the speculative process model in terms of Work Plan
and Task Plans and the activities in terms of Tasks;

e the instance level can be implemented using the artefacts of the Trace-
ability model, representing with a Trace the execution path described
by a case (which is a process instance) and the executing/executed
activity with a Traced Task;

e the event level can be implemented using Event Record objects to
model the events, as all the more relevant attributes to reconstruct
the executing process are present in the classes TASK_EVENT _RECORD or
TRACK_EVENT _RECORD.

More specifically the association could be:

e Process - Work Plan

Activity - Task

Case - Trace

Activity instance - Traced Task

Event - Task and Plan Event Record

Attribute - Event Record’s classes attribute

A traceability analysis based on process mining techniques, starting from
the detection of a series of Traces and Traced Event Records, would create
a discovered process model that could be used to better understand the real
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world evolution of the clinical process and compared to the original Work
Plan to improve the theoretical model representation. Also other kind of
events or attributes could be added, according to the perspective that is
considered in the analysis. The adoption of openEHR for modelling process
mining artefacts also ensures a mitigation to data quality issues. Data quality
is a transversal theme for all data-driven analysis systems in general, as
the analysis potentiality and results strictly depend on the quality of the
available information, from a syntactic and semantic point of view. Fig.5.16
shows how openEHR modelling for data and processes, also including the
proposed Traceability model, can successfully address the G4L, 12 guidelines
for logging described in [3].

5.6 Summary and discussion

In this Chapter a proposal for an openEHR model devoted to capture the
dynamics of clinical processes is described: the openEHR Traceability model.
The model benefits of the potentiality about process modelling introduced by
the Task Planning specifications, exploring one of their possible directions
of application and evolution, the traceability perspective. The basic idea
is to model the process to be traced in terms of abstract Work Plans and
to build its traced representation, the Trace, creating and updating Traced
Task as the associated Events are sent by a series of Traceability Agents. The
Tasks are saved in the Trace chronologically and then grouped in a Traced
Workplan, following the logic of the model designed. The main concep-
tual elements of the Traceability model have been described, including basic
artefacts, computational environment and relationship with other openEHR
models. A strategy to improve the model with process mining techniques
has also been described, highlighting the advantages of using openEHR to
model process and event logs for process mining analysis. The first discussion
point has to be dedicated to the opportunity of creating a separate model in
openEHR instead of a package, similar to the Materialisation model package,
but focused on traceability. This question emerged in several moments of the
work described in this thesis, as the previously cited duality also opens the
way to include traceability-oriented artefacts in a package included in the
Task Planning model. The choice of creating two separate models derives
from considerations about the objective and the scope of the Task Planning
model. The specification, as the name itself indicates, has been created with
the intention of supporting clinicians during patient care from the planning
of the activities to their execution. Future and present are therefore the pre-
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Logging Guideline

How the Guideline can be addressed by
openEHR approach

[G4L1] Reference and attribute names
should have clear semantics.

All openEHR artifacts have a clear semantics, it
is one of the formalism’s strengths

[G4L2] There should be a structured and
managed collection of reference and
attribute names.

OpenEHR specification are a structured
reference and have precise governance rules to
manage their development

[G4L3] References should be stable.

Specifications, after development phase, are
available in a stable version

[G4L4] Attribute values should be as
precise as possible.

The representation of attributes with openEHR
archetypes support an high level of detail, which
can be further extended

[G4L5] Uncertainty with respect to the
occurrence of the event or its references

The uncertainty recording depends on the
logging application, but its value can be

or attributes should be indicated | included in the Task Event Record class
immediately
[G4L8] Events should be at least| Trace Event Record, for each instance, contain

partially ordered.

the list of the logs chronologically ordered

[G4L7] If possible, also store
transactional information about the
event.

Task Event Record registers the Traced Task
lifecycle state when the event is generated.

[G4L8] Perform regularly automated
consistency and correctness checks.
Ensure provenance.

Consistency and correctness checks can be
implemented in the Traceability Engine
application. A provenance system can rely on
openEHR versioning and auditing support.

[G4L9] Ensure comparability of event
logs over time and different groups of
cases or process variants.

The use of openEHR ensures long-term
comparability of event logs over time and over
process variability

[G4L10] Do not aggregate events in the
event log used as input for the analysis
process.

This is related to the tracking application logic

[G4L11] Do not remove events and
ensure provenance.

Depending on the tracking application logic

[G4L12] Ensure privacy without losing
meaningful correlations.

Supported by openEHR separation between
demographics and clinical information

Figure 5.16: Work plan execution paradigm.[30]
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dominant dimensions; also the past is taken in account, but has a minor role.
For these reasons, a separate model is proposed, to clearly divide objectives
and scopes. Another point is related to the timeline of the development of
Task Planning specifications: they are recent, they will be soon evaluated
in a real context but at the moment there is no reference implementation.
Nevertheless, the youth of this model can be also viewed as a good moment
to express a proposal, as the relevant element could be inspiring also for
the further development of Task Planning. In this sense, the sophisticated
generalisation reached in the model formalization allows to also model plans
related to specimens, extending the concept of “active biological subject”.
In fact, adding to the Task description the archetypes modelling specimen
information, it would be possible to easily include the use cases supporting
the SET Profile, described in Chapter 4. Probably lower level of logging,
like the work orders associated to analysers in a laboratory, could be out of
openEHR scope, but but a specimen-focused activity support at a high level
could be considered for planning, support and tracking aims.



Chapter 6

Conclusion

This thesis examines how science and technology can, at the same time, sup-
port and be stimulated by the growing interest in traceability expressed by
the population, institutions, industry and research. In medicine, the atten-
tion to traceability is particularly felt, because it is vital — and, in most cases,
not in the figurative sense - that the level of safety, reliability and quality
of devices, data and care pathways is adequate and clear at the time of use.
Nevertheless, as the capacity offered by technology increases, so do the dif-
ficulties in using the heterogeneous data generated by the plethora of tools
and methodologies that are gradually being created. The work presented in
this thesis addresses these issues proposing two information models describ-
ing clinical process-oriented traceability in IHE and openEHR specifications.
The first result, the IHE Specimen Event Tracking (SET) Profile, models in
[HE guidelines the traceability for a biological sample in a diagnostic process,
covering specimen life cycle from collection to storage or discard, in clinical
and research contexts. The second result, the openEHR Traceability Model,
defines traceability as the complement of planning, recently introduced in
openEHR specifications by the Task Planning Model specifications.

All the results are theoretical, therefore the following steps are dedicated to
consolidating them and completing what is still missing to arrive at a refer-
ence implementation in one or more selected use case, which could also be
designed to combine the two models in a unique prototypal application. The
SET Profile result is in a more advanced state, as it is one of the current
projects considered in THE PaLM Committee development timeline. The
part of SET realized in this work is related to the Volume 1 of the Technical
Framework, focused on the Profile description, in terms of Actors, Trans-

80
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actions (described at a high level) and Use Cases. The detailed definition,
always in collaboration with the IHE PaLM Committee, of SET Transaction
is the first of the future developments, already in progress at this time, and
include the creation of new HL7v2 messages, which will be proposed to the
HL7 organization to better capture process-oriented traceability for speci-
mens. The openEHR Traceability Model result is in a more preliminary step
as it has still to be presented to the openEHR Specification Program. Future
works will therefore start with the contacts with openEHR to propose the
model presented in this dissertation and will evolve according to received
suggestions.
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APPENDIX

Specimen Exent Tracking Profile
Detailed Events-Metadata matrix

Event Attribute Data Description Card Usage DAM Mapping
type
Specimen Placer Order String PON as usual in HL7 v2 0...* RE No marg)ping, use HL7 v2
Collected Number instead?
Collector String /ID Person responsible of Specimen 1...1 R Performer.identifier
Collection
Type String/Code Specimen Type as usual in HL7 0...1 e} Specimen.typeCode
V2
Form String/Code Material nature (i.e., liquid, gas) 0 Specimen.formCode
Description String Additional specimen information 0 Specimen.description
Procedure String Activity performed for collection 0...1 (0] SpecimenCollectionProce
(i.e., venipuncture, biopsy) dure.ProcedureCode
Coll. Date Timestamp Time range of collection duration 0...1 C (Sjpecimfniligllﬁcti:}n"glcte
ure.actualCollectionDate
Range (range) R
Missed Reason? String Reason of collection not 1...1 C SpecimenCollectionProce
completed dure.missedReason
Container Name String Name (model?) of the container 0..1 RE SpecimenContainer.name
Container String/Code Material of the specimen 0..1 0o SpecimenContainer.conta
Material container inerMaterialCode
Container Number/Cod Capacity of the specimen 0..1 0] SpecimenContainer.Para
Capacity e Container meters.capacity
Container String/Code Additive of the specimen 0..1 0] SpecimenContainer.additi
Additive Container ve
Container Number Rank of the container collecting 0...1 RE
Rank the specimen (1=first, 2= second,
and so on)
Container Number Height of the specimen container 0...1 e} SpecimenContainerParam
Height eters.height
Expiration Time Timestamp Date after the specimen is no 1...1 R Specimen.expirationTime
longer viable
Specimen Placer Order String PON as usual in HL7 v2 0...* RE No magping, use HL7 v2
Containers Number instead?
Prepared - - port —
Producer String /1D Producer responsible of 0.1 RE erformer.identifier,
Specimen labeled containers
production
Producer String Prodycer type (Human, Robotic 0...1 RE Performer.typeCode
System)
Container Name String Name (model?) of the container 0...1 RE SpecimenContainer.name
Container String/Code Material of the specimen 0..1 0] SpecimenContainer.conta
Material container inerMaterialCode
Container Number/Cod Capacity of the specimen 0..1 0] SpecimenContainer.Para
Capacity e Container meters.capacity
Container String/Code Additive of the specimen 0..1 (0] SpecimenContainer.additi
Additive Container ve
Container Number Overall number of containers 0...1 RE
Rank where the specimen has been
collected
Container Number Height of the specimen container 0...1 (0] SpecimenContainerParam
Height eters.height
Accept Entity String/ID Location where the specimen has 1.1 R SpecimenMoveActivity.t
been accepted oEntity




APPENDIX

Specimen Exent Tracking Profile
Detailed Events-Metadata matrix

Event Attribute Data Description Card Usage DAM Mapping
type
Specimen Accept Timestamp Timestamp of acceptance 1...1 R
Accepted Timestamp
Specimen Reject Entity String/ID Location where the specimen has 1...1 R SpecimenMoveActivity.t
Rejected been rejected oEntity
Reject Timestamp Timestamp of rejection of the 1...1 R
Timestamp specimen
Reject Reason String Reason why the specimen has 1...1 R SpecimenMoveActivity.v
been rejected arianceReasonCode
Specimen New Specimen String/ID New specimen identifier 1...1 R Specimen.specimenldenti
Re- identifier fier
identified - - - - - -
New Container String/ID New container identifier 1...1 R SpecimenContainer.conta
Identifier inerldentifier
Re- String/ID Location where the specimen has 1...1 R SpecimenMoveActivity.t
identification been re-identified oEntity
Entity
Is De-identified Boolean Boolean that explains a de- 1.1 R
identification
Specimen Expiration Time Timestamp Date after the specimen is no 1.1 R Specimen.expirationTime
Archived longer viable
Original Number Initial volume (i.e., container 1...1 R Specimen.originalSpecim
Measurement capacity) of the specimen enMeasurement
Current Number Current volume of the specimen 1...1 R Specimen.currentSpecime
Measurement nMeasurement
Current Status String Status of the specimen at the time 1...1 R SpecimenCollectionProce
of archiving dure.statusCode
Specimen Expiration Time Timestamp Date after the specimen is no 1...1 R Specimen.expirationTime
Retrieved longer viable
Original Number Initial volume (i.e., container 1...1 R Specimen.originalSpecim
Measurement capacity) of the specimen enMeasurement
Current Number Current volume of the specimen 1...1 R Specimen.currentSpecime
Measurement nMeasurement
Retriever Name String Name of the person responsible 1...1 R
for retrieve
Retriever String/ID Identifier of the person 1...1 R
Identifier responsible for retrieve
Retriever String Location where the retrieve has 1...1 R
Location been performed
Reason Retrieve String Reason for specimen retrieve 1.1 R
Involved String/Code Specialty related to specimen 0...1 (0] No magpiﬂg, use HL7 v2
Specialty retrieve instead?
Involved String/Code Diagnosis related to specimen 0...1 ) No magpiﬂg, use HL7 v2
Diagnosis retrieve instead?
Specimen Parent Identifier String/ID Parent ID of the specimen from 1.1 R Specimen.specimenldenti
Derived where the specimen has been fier
derived
Type String Specimen Type as usual in HL7 1...1 R Specimen.typeCode
V2
Current Number Volume of the derived specimen 0..1 (0] Specimen.currentSpecime
Measurement nMeasurement




APPENDIX

Specimen Exent Tracking Profile
Detailed Events-Metadata matrix

Event Attribute Data Description Card Usage DAM Mapping
type
Original Number 0...1 e} Specimen.originalSpecim
Measurement enMeasurement
Specimen Child String Role of the derived specimen 0...1 e} Specimen.childRole
Role (i.e., aliquot, block for tissue)
Specimen Processing String Description of the processing step 0...1 e} SpecimenProcessingActi
Processing Procedure started vity.processingProcedure
Start Processing String Substance required and added to 0.1 ] SpecimenPracessingActi
Additive the specimen for processing vity.processingAdditive
Temperature Number Temperature at which the 0...1 e} SpecimenProcessingActi
processing occurred vity. Temperature
Specimen Processing String Description of the processing step 0...1 e} SpecimenProcessingActi
Processing Procedure ended vity.processingProcedure
End Processing String Substance required and added to 0...1 0 SpecimenProcessingActi
Additive the specimen for processing vity.processingAdditive
Temperature Number Temperature at which the 0...1 e} SpecimenProcessingActi
processing occurred vity. Temperature
Specimen To Entity String/ID Location where the specimen 1.1 R SpecimenMoveActivity.t
Arrived at arrived oEntity
Location - - -
Parent Package String/ID Main parent package container 0...1 e}
ID
Package ID String/ID Package container e}
Position in String/ID Position assumed in parent o]
Parent Package package
Specimen From Entity String/ID Location from where the 1...1 R SpecimenMoveActivity.F
Left specimen has been transferred romEntity
Location Parent Package String/ID Main parent package container 0...1 o]
ID
Package ID String/ID Package container 1 o
Position in String/ID Position assumed in parent 1 o
Parent Package package
Specimen Discarding Timestamp Timestamp of specimen 1.1 R
Discarded Timestamp discarding
Discarding String Reason for specimen discarding 1.1 R
Reason
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