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Abstract.OBJECTIVE: Improving the capture, sharing and reuse of clinical re-
search data within a biomedical research ingtitute through the use of semantic
case report forms (CRF).

BackGROUND:Biomedical researchers need software solutions that allow work-
ing in projects with different, heterogeneous and changing information. A CRF
is aset of questionnaires used for capturing the data of the patients recruited in
a biomedical research study. Current CRF technological solutions have little
flexibility to modify their structure to adapt to new requirements without major
software changes, and they lack a well-defined model for the exploitation, gen-
eration of alerts or data quality assurance.

METHODS: Our approach divides the CRF building in two phases: (1) the defini-
tion of the data structure and the workflow to register these data, and (2) the re-
cruitment process where the CRF captures the clinical information of each pa-
tient and the exploitation of the results of the biomedical project. OWL ontolo-
gies are employed for the formal CRF representation including the workflow of
the patients recruited in the biomedical project. RDF repositories were used to
store the questionnaire of each patient in every stage and SPARQL was used to
exploit the semantic information.

REsULTS: In this work we present a web platform that incorporates the benefits
of Semantic Web technologies to build, execute and exploit CRFsin biomedical
projects. Our platform contains data of more than 14.000 patients recruited in
more than 100 biomedical research projects running in our research institute.
CoNcLUSION: Semantic Web technologies facilitate the construction of CRF
platforms that meet the needs of biomedical researchers. We plan to improve
the interoperability of the CRF data retrieval process by providing extracts
compatible with standards such as HL7, CEN/ISO 13606 or OpenEHR.
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1 I ntroduction

Biomedical researchers need software solutions tabéxploit heterogeneous dy-
namic, project-specific information. A case repfuitm (CRF) is a set of question-
naires used for capturing the data of each pati&gruited in a biomedical research
project [1]. However, heterogeneity is common inFSRbecause each study defines
its own report schemas. More than 48000 clinicalsrhave been registered in Eu-
rope since 2014 [2], which means that such stusi@sage a large volume of infor-
mation.

The Semantic Web can be seen as an extension ofitrent web, in which infor-
mation is given well-defined meaning, better emabliomputers and people to work
in cooperation [3]. Ontologies [4] constitute tharslard knowledge representation
mechanism for the Semantic Web, and technologiels as OWL [5], RDF [6], and
SPARQL [7] enable a formal representation of thendim, the data and their exploi-
tation.

Many technological solutions are available to mandata for CRF nowadays [1],
which can be grouped in two classes according ¢otype of technology used for
representing and persisting the data: relationtdldses; and non-relational databas-
es. The main disadvantage of the first approatheidittle flexibility of the relational
model for structural modifications without majoractyes in the software. The main
disadvantage of the second approach is the laekvedll-defined model for exploita-
tion, generation of alerts, or quality assurancthefdata.

Our main objective is to develop a Web platformt tfeilitates the process of
building and managing a CRF using Semantic Webnigolgies including: (1) the
use of Semantic Case Reports Form for capturinglthizal data, and (2) the defini-
tion of customizable search interfaces and dashlsd@ar the analysis and visualiza-
tion of patient data.

In this context, our approach uses semantic wetintddogies for storing biomedi-
cal data in a flexible data model and exploitinghiainks to the semantic model that
describes the data. Furthermore, these technol@gesit the reuse of biomedical
ontologies and the semantic interoperability ofltmesesources when are required.
Our approach has been applied so far in 10 biorakgimjects and in 91 clinical
trials, whose samples are stored the biobank imni$teute for Bio-health Research of
Murcia (IMIB-Arrixaca-UMU) in Spain.

2 M ethods

Our approach has two main stages (see Figure &)fiflh stage is the definition of
the data structures and the workflow that will tsedi for data capture. Workflows
permit to determine the data capture stages indlidéhe clinical study. The second
stage is the execution of the CRF, which consistapturing and exploiting the pa-
tient data.

One special feature of our approach is that the danager can change the data
structures and data workflow during the CRF executiThis feature provides flex-



ibility to biomedical researcht, who can adapt their datasetsrew requirement
This is enabled by the use an OWL ontology, which can be extended with tl
specific concepts dhe projects.This ontology has been built based on the exis
ontologies like OBB], SIO[9] and SOPHARM][10]. The k& concepts of this orl-
ogy are described next

» Sakeholder. The recruitment process a biomedical study haseveral stakehd-
ers: (1) theDatamanager represents the responsible of the patient dapdure; (2)
the Researcher stands fc users who can capture and exploit the imiation, (3)
the Monitor representusers who can monitor the captured patient daththi ad-
verse effects in the stu; and (4) theManager represents users whpsomote the
clinical study,can define the CRF and exploit itsults. The manages often the
promder or funder of the study, suasa pharmaceutical laboratory or a hosg

» Project. The ontology includes hierarchy of types dbiomedical projectsuch as
Clinical Trials, Observational Studies, Cohort $&sdec.

« Patient. For each patient recruited, anue to the Spanish datagpection lav, we
only capture gend, birth date and a codbat ensures the anonymity the pa-
tient. Each individual of the clasPatient has aProtocol in the project.This per-
mits, for instance,eperating the sick individuals from the healthy ones.

« Report. This concept represents the set of inform: that must be caured in a
concrete clinical interactic the applied therapy, the results of a medicd) &t6

e Sage. This conceprepresents the stage or phase of a paticor each stage tt
data manager can capture one or nReports.

CRF DEFINITION

DATA STRUCTURE DATA WORKFLOW

CRF EXECUTION

DATA
DATRLEAETURE EXPLOITATION

Fig. 1. Methodology schema

A SemanticCase Report Foriis defined as an instance of Repthdt contains th
answers to the items of the questionnaire, whichassociated with a given Patie
which is in a concrete stage of its dise

2.1 CREF Definition

The CRF definition has two phases: the definition of the reports and (2) the-
finition of the workflow fcar each patient included in the biomedical project.

1 http://wwvimb. es/ontol ogi es/ CRDv4. ow



The generation of reports consists of definingdata capture fields. Our approach
allows the definition of different types of fieldsumbers, dates, times, text, boolean
and enumerated. Enumerated fields permit to salettreuse, as values, classes from
existing ontologies, including those used in ottegrorts. All the fields and reports
can be reused in different stages of the protocoh different studies allowing the
standardization of the information, so enablingsharing and comparability.

When the data manager associates fields in a regfeetcan apply the following
types of rules, which are implemented in the seinanbdel:

e Cardinality rules. They indicate the minimum and maximum cardinafily a
given datum in this report. The cardinality canabixed value or it can be relative
to the values of other fields. For example, a fieldmber of children” may affect
the number of times age values for the childreh lvéilze to be stored. Other exam-
ple could be a field with the question “Do you sr@®k In the case of negative an-
swer the field “number of daily cigarettes” could tull.

* Rangerules. They indicate the range of values for a field ireport.

» Format rules. They are regular expressions to satisfy by the wsen providing a
value for this field. These rules are useful torestealues such as emails, phone
numbers, etc.

Our approach also permits to define derived fielas. example, if we have a field
“weight” and other “height”, the data manager caeate a new field named “body
mass index” calculated from the values of the mresifields.

The definition of workflows is based on state maeisi In [11], the authors present
a set of initial and end states and a set of irgeiate states where the information
transit from the initial state to the final one. ¥¢hthe data manager defines the states
of the study, each one has a state machine assicigte configuration of each state
requires the next information:

e Transitions between states. The transitions represent the path for the patiata
in the recruitment process of a biomedical project.

» Peopleresponsible of the data capture.

* Reports. Which reports have to be filled in each state. &ample, the screening
phase of a clinical trial may include a report retato blood test, which will be
used for recommending the next state for the patien

o Alerts.

— Timealerts. The patient is in the same state longer than egdec
— Data quality alerts. The captured data are not enough to characterizelithi-
cal features of the patient.

Figure 2 shows an example of a state machine. Weobaerve an initial state
(blue), several end states (red) and a set ofnm@diate states related by transitions
between them. Each state may have one or morengbp® people, and have differ-
ent alerts and reports associated.



A

arning

FINAL
STATE1

INTERMEDIATE

W
INTERMEDIATE STATE4
STATE1
INTERMEDIATE
“3
INTERMEDIATE

STATE2 INTERMEDIATE

STATES
a0
()
[ )
Proce:

ss
Responsible Filled Report
In the process

Fig. 2. An example of a general state machine used ingunoach

Semantic transfor mation

The ontology that provides the basic knowledgetiestis extended with entities of
interest for the CRF. We initially proposed to thiemedical researchers the use of
Protégé for such purpose, which was rejected by them. Hene developed a web
editor with features closer to their requirememsd anore intuitive for the intended
users of the system. This also required developipgocess to transform the content
generated with this editor to OWL, what was donglypg the following steps:

< Generation of the biomedical project and the défférstakeholders that will com-
plete and review the recruitment process in the CRF

« Generation of the several protocols for each paireaach biomedical project.

e Creation of classes for each defined report. Eaghort has the fields as
owl: DatatypeProperty and relationships aswvi: ObjectProperty defined by the data
manager. Each field maintains the rules of intggadéardinality and range.

* Generation of the workflow of the CRF using our mlodf state machine. Besides
the workflow generation, we need a class that s the patient stage in each
phase of the study. Another important aspect igmeration of the rules to transit
between states, and the preconfigured alerts.

The ontology generated is stored in a document genant system (DMS) with
version control. The DMS helps us to exploit infation captured in older versions
of the recruitment protocol of the study. Our agmto allows the user to choose the
ontology version to exploit the clinical informatigtored in RDF.

2.2 CRF Execution

The CRF definition produces an OWL ontology thatresents the structure of the
data to be captured and the workflow to be appieee@ach patient recruited in the
clinical study. Starting the recruitment requiresuse our semantic running engine to

2 http://protege. stanford. edu/



capture the data and our semantic exploitation inimdtake advantage of the infor-
mation registered in the CRF.

Semantic running engine

The semantic running engine generates web formadding and updating the in-
formation of each semantic report, applying thesulefined in the report fields and
in the state machines. The information is stored isemantic repository with two
types of data sources: (1) an OWL files server i formal representation of the
domains, and (2) an RDF repository which storesddita. We use Virtuodas data
store. Virtuoso has been used in other effort a.cfil2].The ontologies guide all the
layers of the solution: data capture, informatietivetry and exploitation.

The ODS (Ontology Driven-Searcher)[13] is the savior information delivery.
This tool is an editor of SPARQL queries suppotbgdOWL models. The tool uses
the underlying CRF ontologies to show the necessdoymation to visually define
SPARQL queries.

Semantic exploitation model

Our proposal includes a set of methods for explgithe information stored in the
semantic repository:

» Semantic searcher. This method uses the ODS for defining queries te se-
mantic CRF data model.

* Alert management. This method allows the generation of alerts overgémantic
data. It uses the ODS for defining the alerts aeriga and comparing the results
with thresholds when these have been defined. ¥ample, if the value of the sys-
tolic blood pressure is greater than 15, then ter unay receive a high critical
alert that implies that this patient is not suitafur the clinical study.

* Semantic dashboard. This tool permits users to formulate incrementaeru
defined queries with a graphical user interfaceetiam the ODS. The query results
can be displayed in several customizable wayswailp for the generation of on-
demand dashboards.

3 Results

The approach described in the previous sectiorbbas applied in more than 100
biomedical projects in the Institute for Bio-healfesearch of Murcia (IMIB-
Arrixaca-UMU). The platform is completely functidrgince January 2015. Our plat-
form has had an important impact in our biomedieakarch institute. Nowadays we
have the next results:

3 http://virtuoso. openlinksw. conl dat aspace/ doc/ dav/ wi ki / Mai n/



* More than 14.000 patients have been recruitedvieraéstudies.

« More than 9.500 reports have been registered iplatéorm.

« More than 70 reports have been defined with maaia th500 fields.

« More than 300 stages have been defined for thedalaral projects.

e The researchers have reused only 41 fields betvegemts.

» The researchers have reused only 10 reports beblie@al studies.

* The platform has more than 50 users.

« Two CRFs involve patients from several regions jgdiS.

* The researchers have configured 6 dashboards toitetke data in real time. Fig-
ure 3 illustrates how the researcher uses the @DRIgfine a query over the seman-
tic repository to represent graphically the blogpet of the patients recruited in a
biomedical project. This variable is captured ia thport called “CRD1M".

* One biomedical project is using a standardizedlogyo the ICD10 one[11].
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Fig. 3. Semantic dashboard

Thanks to the feedback of the researchers of thmdiadical groups, we have in-
cluded additional services to the platform:

« Generation of the patient’s visit calendar from th@rmation of the workflow of
the clinical study. This calendar allows the getieraof alerts for the clinical
when they have to contact the patient.

« Use of a web calculator to define derived fields1 éxample that calculates the
body mass index is shown in Figure 4.

« Use of the reports to characterize, not only p#ielout also their biological sam-
ples, such as data from the pathological analysastomor.

« Filling of the reports from mobile devices suchsasartphones or tables.



« Generation of PDF reports with the results of thggnts saved in the CRF.
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Fig. 4. Definition of a derived field

4 Discussion and conclusions

In this work we have demonstrated that the semagticnologies are able to man-
age and exploit the results of the patients’ reareint process in any clinical study.
We have evaluated this tool following the methodpmsed in [1], obtaining with
good results in comparison to other tools availablihe market. Our platform fulfills
all criteria except the capability to export theéadiem CDISC format [15].

Many researchers have integrated semantic web démgias in biomedical re-
search. We have grouped these proposals in twestyfe the use of ontologies to
classify the clinical information [16], and (2) @lrment of biomedical data for ex-
ploiting using semantic technologies [17]. Our a@wh is different because we re-
solve the problem from a global perspective, tryiogise semantic technologies in
the whole life cycle of the biomedical project. Timain advantage of our proposal is
that ontologies guide all the process of the bidoagroject including the capture of
data and its exploitation. Furthermore, the log®sethema of the CRF may help to
understand the recruitment process and the resute study.

Our approach shows how semantic web technologiasipeesearchers to adapt
the CRF to their specific requirements without biedp of and IT expert. The use of
an RDF repository allows for building a robust awdlable architecture for big clini-
cal data warehouses [12]. Furthermore, this arctite is very flexible in changing
environments as the biomedical research. The ueAMIf ontologies to represent the
knowledge stored in the RDF repository allows tpleit it using technologies such
as the ODS to define queries without mastering séiméechnologies. Another im-
portant benefit in the use of OWL is the capabitityreuse the fields and concepts
among several projects and to take advantage oflihieal knowledge modeled in
this format.



We have learned from the use of the platform thatesusers are only interested in
the exploitation of data, so we are developing datdeval methods for importing
data from other systems they are currently usirgafiure patient data.

Finally, this platform has also an economic imgaatur organization. In the last 6
years, IMIB-Arrixaca-UMU has run 12 clinical triafsinded by industry. Our re-
searchers have used paper-based CRF in six of fhieencost of the electronic CRF
used in the other six clinical trials was almostO®8® € (9.000 € on average). We are
not able to calculate the effort to exploit the @apased CRF data, but our electronic
CRF platform, which has been used in ten non-inchistlinical trials, has permitted
to save approximately 90.000 €.

Our approach presents some limitations: (1) ouutiwl is not able to automatic
retrieve data from other clinical systems, (2) sotution does not implement any
clinical standard to interoperate with other clalisoftware, (3) we have not been
able to convince researchers to publish and sHeei fuestionnaires,(4) the re-
searchers still prefer CSV data exploitation indtefiusing our semantic exploitation
model, (5) our reuse of biomedical ontologies ii$ Ishited and (6) we are exploiting
OWL reasoning yet.

As future work we plan to improve the interoperiépibetween our CRF and other
clinical systems implementing standards as HL7, C&N 13606 or openEHR. We
also plan to export the data to CDISC [15]. We @enning to incorporate ontology
alignment techniques to improve the reuse and atdightion of our CRF semantic
models. Finally, we plan to provide training to mpmate the use of the semantic ex-
ploitation model.

To conclude, the construction of tools that faaikt the use of standard clinical
terminologies or the reuse of fields or reportd imiprove the exploitation of the data
aggregated of several patients included in diffestndies achieving the desired real
goal in the biomedical research: improving headttedo the patient.
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