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Abstract—This paper investigates the application of the enter-
prise information system (EIS) paradigm to standardized cardio-
vascular condition monitoring. There are many specifications in
cardiology, particularly in the ECG standardization arena. The
existence of ECG formats, however, does not guarantee the imple-
mentation of homogeneous, standardized solutions for ECG man-
agement. In fact, hospital management services need to cope with
various ECG formats and, moreover, several different visualization
applications. This heterogeneity hampers the normalization of in-
tegrated, standardized healthcare information systems, hence the
need for finding an appropriate combination of ECG formats and
a suitable EIS-based software architecture that enables standard-
ized exchange and homogeneous management of ECG formats.
Determining such a combination is one objective of this paper. The
second aim is to design and develop the integrated healthcare infor-
mation system that satisfies the requirements posed by the previous
determination. The ECG formats selected include ISO/IEEE11073,
Standard Communications Protocol for Computer-Assisted Elec-
trocardiography, and an ECG ontology. The EIS-enabling tech-
niques and technologies selected include web services, simple object
access protocol, extensible markup language, or business process
execution language. Such a selection ensures the standardized ex-
change of ECGs within, or across, healthcare information systems
while providing modularity and accessibility.

Index Terms—ECG, enterprise systems, healthcare-integrated
systems, management, standard.

I. INTRODUCTION

IN THE past decade, enterprise information systems (EIS)
have gained increasing attention since they integrate and
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extend business processes within and across corporations and
country borderlines, thereby improving efficiency, competency,
and competitiveness [1]. In this context, various EIS-enabling
techniques and technologies have been reported. These tech-
niques include enterprise application integration (EAI), service-
oriented architecture (SOA), or business process management
(BPM), among others [2]. EIS applications often require an
appropriate combination of these techniques.

Integrated healthcare information systems (IHIS) can be seen
as a type of EIS addressing healthcare stakeholders’ require-
ments. A number of experiences of EIS in the healthcare en-
vironment have already been reported in the literature [3]–[5].
Indeed, the exchange of clinical information, in general, is a
crucial factor in the provision of high-quality eHealth and tele-
monitoring services. The application of information and com-
munication technologies (ICT) in this process vastly improves
the management and exploitation of traditional telemonitoring
services. However, the lack of uniform criteria often implies the
arbitrary existence of disjointed silo systems that hamper the
seamless communication between fully fledged, interlinked ap-
plications and ultimately the effective construction of a cohesive
medical record. The application of standards—along with the
aforementioned techniques for enabling an EIS approach—is
the internationally adopted strategy for overcoming the interop-
erability gap.

A. ECG Standardization Arena

In this context, cardiovascular condition telemonitoring has
undergone a paradigm shift in recent years, due mainly to the
increasing need for interoperability and standardization. There
are many standards and protocols in this area, specifically in
the digital ECG standardization arena. However, the current
situation of the standards and norms is rather complex and must
be considered within a context of constant growth and change.
A comprehensive review on digital ECG formats can be found
in [6].

Within the ECG domain, the most widely known efforts
are those supported by standard development organizations, in-
cluding the Standard Communications Protocol for Computer-
Assisted Electrocardiography (SCP-ECG) [7], Health Level
Seven annotated ECG (HL7 aECG) [8], Medical waveform For-
mat Encoding Rules [9], or the Digital Imaging and Communi-
cations in Medicine (DICOM) Supplement 30 [10]. Neverthe-
less, a plethora of digital ECG formats—both binary or based on
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extensible markup language (XML)—has been also proposed in
the literature [6].

Additionally, ongoing developments of specific ontologies
covering the ECG domain are also fostering ECG interoperabil-
ity. Examples of efforts currently under development include the
National Center for Biomedical Ontology bioportal [11], and an
initiative headed by Gonçalves [12]. In 2009, Gonçalves et al.
presented an application-independent ontological analysis of the
ECG [13]. In 2010, they tested this ECG ontology to achieve
semantic integration between digital ECG data formats [14] by
mirroring the key fields of several standardization initiatives—
SCP-ECG, HL7 aECG, and MIT-BIH—to their ontology. The
outcomes to date—a Resource Description Framework (RDF)
serialization in XML (i.e. an RDF/XML) of the proposed ECG
ontology—can be downloaded from [15].

In this convoluted context, some wider medical standard-
ization initiatives—not only focused on the ECG signal but
on specific medical interfaces—also address digital ECG in-
teroperability. These initiatives include standards for medical
device (MD) interoperability—e.g., the ISO/IEEE11073 family
of standards—or specifications for the interoperable exchange
of electronic health records (EHR)—such as ISO/EN13606,
openEHR, or HL7. The ISO/IEEE11073 family—usually re-
ferred to as X73—has evolved from a previous effort focused
on the point of care (PoC) to a new paradigm for personal
health devices (PHDs). Regarding the ECG domain, the IEEE
has recently approved the ECG specialization (IEEE Standard
11073-10406-2011) [16]. This document establishes a norma-
tive definition of the communication between personal monitor-
ing ECG devices (1–3 leads) and concentrator devices (CDs),
which would be able to concurrently manage other PHDs in
compliance with X73. This device specialization leverages a
previous attempt to standardize X73PoC ECG devices (IEEE
P11073-10306 [17]). As regards EHR initiatives in the ECG
domain, only openEHR has published an archetype for the in-
teroperable exchange of ECGs at the moment of writing [18],
although archetypes for ISO/EN13606 or HL7 templates could
be built along similar lines.

B. Issues Resulting From the Large Variety of Existing and
Emerging Digital ECG Formats

The existence of medical standards for the ECG does not
guarantee the implementation of homogeneous, standardized
solutions for digital ECG recording, transmission, exchange,
storage, and visualization, since the integration of different stan-
dards into end-to-end solutions remains an intricate and complex
task. Hence, one of the main challenges in digital ECG standard-
based research is the subsequent transfer of new findings to the
healthcare system.

The existing lack of worldwide consensus within the digi-
tal ECG standardization arena encourages further investigations
into protocol engineering in order to accomplish fully fledged
interoperable cardiology ecosystems. A common practice is to
design mapping and harmonization mechanisms between digital
ECG formats, in an attempt to partially overcome ECG inter-
operability issues. Examples of such research processes include

Fig. 1. Typical eHealth end-to-end architecture.

mappings between SCP-ECG and DICOM [19], [20], SCP-ECG
and HL7 aECG using general data format (GDF) as interme-
diate structure [21], or SCP-ECG and ISO/IEEE11073 [22], to
mention only a few. Similarly, alignments between standards
are usual, such as SCP-ECG, which has become an interna-
tional standard as ISO/IEEE11073-91064:2009, part of the X73
family.

Despite these efforts, the issue of integration of digital ECG
standards into daily clinical practice is of paramount impor-
tance. Indeed, hospital management services are faced with the
challenge of having to cope with several different digital ECG
formats and, moreover, several different visualization applica-
tions. Therefore, a method to uniformly administer the various
formats would enhance the hospital information system and with
it, physicians’ daily practice. A potential solution for this prob-
lem is a framework providing converters for the different ECG
formats to a central format so that they can be homogeneously
handled at the hospital information system and uniformly visu-
alized thereafter.

C. End-to-End eHealth Information Frameworks Within the
EIS Paradigm

The historical context described previously has encouraged
the eHealth community to develop integration initiatives, en-
abling different MDs to communicate with CD that gather and
forward medical data to a host system (HS)—usually referred to
as EHR—which, in turn, can share medical data with third party
HS (TPHS)—i.e., external EHRs (see Fig. 1). The purpose of
these initiatives is the promotion of end-to-end standard-based
interoperable eHealth services.

Some previous works have considered the design and im-
plementation of standard-based end-to-end e-Health solutions
[23]–[25], but these attempts were general eHealth architectures
and therefore not focused on the complex situation of the dig-
ital ECG standardization process. Furthermore, these attempts
were neither designed nor developed from the standpoint of
EIS. Some common EIS-enabling techniques and technologies
include EAI, SOA, or BPM [2], briefly described as follows.

1) EAI provides a framework for the integration of enter-
prise data sources and sinks so that intraorganizational
and interorganizational systems can be seamlessly built
[26], [27]. EAI-enabling technologies range from elec-
tronic data interchange to web services (WS) [2].

2) SOA is an emerging paradigm that enables seamless coor-
dination of heterogeneous information systems, providing
platform-, language-, and operating systems-independent
services [2], [28], [29]. The common way to enable SOA
architectures is by means of WS. There are several differ-
ent architectural options for building WS, namely, XML-
remote procedure call (XML-RPC) [30], simple object
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access protocol (SOAP) [31], and representational state
transfer (REST) [32].

3) BPM aligns all aspects within an organization with the
help of ICT, thereby enhancing effectiveness and ef-
ficiency, reducing costs, and increasing agility to re-
spond to ever-changing environments [2], [33], [34]. De-
signing and modeling enterprise workflows is the com-
mon method used to track process-related information
[35]–[37]. Workflows—together with formalized refer-
ence models—play an important role in the manage-
ment of business domains [38]. Specific tools are used
to manage business processes with information technol-
ogy. These tools include Petri nets applied to workflow
management [39], web services business process execu-
tion language (WS-BPEL) [40], or business process model
and notation [41].

It is clear that current and next generation end-to-end telecar-
diology frameworks urgently require the seamless integration of
interoperability and cardiology standards into adequate frame-
works based on the innovative principles of the EIS paradigm.
However, an appropriate and consistent application of the exist-
ing and emerging standards, techniques, and technologies needs
to be carried out before an integrated, standardized ecosystem
can be achieved.

D. Objectives and Structure

This paper, therefore, aims at designing and developing an
IHIS for the standardized exchange and homogeneous manage-
ment of digital ECG formats. The specific objectives are 1) to
discuss and select an appropriate combination of digital ECG
formats and an adequate combination of EIS-enabling technolo-
gies to be used in the framework, 2) to design and develop such
a framework and the software architecture thereof, fulfilling the
requirements posed by the previous selection, and 3) to discuss
other existing and emerging options in the complex context of
digital ECG formats as well as to debate the practical utility of
the system resulting from the use of EIS-enabling technologies.

This paper is organized as follows. Objective 1 is outlined in
Section II, objective 2 in Section III, and objective 3 in Section
IV. Finally, the conclusions are drawn in Section V.

II. DESIGN PREMISES FOR SELECTING THE APPROPRIATE

DIGITAL ECG FORMATS AND THE EIS-ENABLING

TECHNOLOGIES

This section is divided into two sections. The first sets out a
reasoned argument for selecting the appropriate combination of
ECG formats and standards. The second explains the reason for
choosing a suitable combination of EIS-enabling technologies
for the framework based on general and specific desiderata.

A. Selection of ECG Formats

For the selection of the appropriate standard or protocol at
the different interfaces or entities of the framework, several
considerations must be taken into account. At the MD–CD in-
terface, the X73PHD standard is the only MD interoperability

initiative to date that provides off-the-shelf standard-based de-
vices [42]. Several previous contributions have applied X73 on
ECG acquisition by implementations of the X73PoC ECG de-
vice specialization draft [43]–[46]. However, no previous work
has implemented the emerging X73PHD ECG device special-
ization.

Since X73PHD covers only the MD–CD interface, the har-
monization with other protocols is required in order to forward
the digital ECG beyond the CD in a standardized way. Different
approaches include the mapping of the attributes and classes
of the X73PHD ECG device specialization to 1) an ECG on-
tology or 2) an existing ECG data format. The existing ECG
ontologies [11], [13] were discarded because development and
dissemination are at an initial—albeit relatively mature—phase.
Hence, they are not yet suitable for digital ECG exchange with
external applications. Therefore, the possibility of mapping the
classes and attributes of the X73PHD ECG device specialization
to a standard digital ECG format was considered. Among the
broad range of possible solutions [6], the SCP-ECG standard
was selected for the CD-HS interface, mainly due to its align-
ment with X73PHD (ISO 11073-91064:2009) [47] and the wide
variety of existing tools for handling it. An extended explana-
tion of the rationale for the harmonization between X73PHD and
SCP-ECG—as well as the harmonization itself—can be found
in [22]. Nonetheless, no previous work has covered the integra-
tion of the X73PHD ECG device specialization with other ECG
formats in a standard-based end-to-end telecardiology scenario.

As stated earlier, the issue of seamless integration of the
digital ECG formats reaching the HS is of utmost importance.
There are different approaches to this from the point of view of
internal ECG storage, namely 1) using an existing ECG format,
2) creating and using a new format or 3) using an ECG on-
tology. Approach 1 could lead to mapping gaps between the
different formats [21]. Approach 2 would imply the study of ev-
ery new format to be included and, eventually, the modification
of the designed central format, thus enabling all the fields or
attributes of the new format to be supported. This would not be
the case in a (well-founded) ECG ontology (approach 3), since
the terms in a controlled vocabulary must correspond to at least
one meaning (“nonvagueness”), and no more than one meaning
(“nonambiguity”), and these meanings must correspond to no
more than one term (“nonredundancy”) [48]. Therefore, since
an ECG ontology represents what an ECG is, the use of ECG
ontologies for semantic interoperability of ECG data is a fea-
sible, efficient alternative [14]. In addition, ontologies enable
semantic data integration within, or across, application, organi-
zational boundaries [49], [50]. In this context, no previous work
has covered the design and development of an ontology-driven
backend component for the homogeneous management and vi-
sualization of digital ECG formats. More specifically, the ECG
ontology created by Gonçalves et al. [13] has been selected for
the task.

Finally, beyond the HS, the existing standardization initiatives
for the interoperable exchange of EHR are HL7, ISO/EN13606,
and openEHR. At the time of writing, no previous work has de-
veloped either an HL7 template or an ISO/EN13606 archetype
covering the ECG. OpenEHR, on the other hand, is promoting
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ongoing work aimed at an ECG archetype [18]. However, the
purpose of this archetype is to record the electrocardiographic
interpretation of the electrical activity of the heart by an ECG de-
vice rather than the ECG samples themselves. Therefore, SCP-
ECG has been selected for the external exchange of digital ECG
beyond the HS, without disregarding future definitions of stan-
dardized ISO/EN13606 archetypes or HL7 templates, or the
completion of the OpenEHR archetype.

B. Selection of EIS-Enabling Techniques and Technologies

For the selection of the appropriate techniques and technolo-
gies, the following generic and specific desiderata have to be
taken into account. The first is the seamless integration of the
CD of the platform with other HS based on WS and XML—
both previously developed by our group [23]—and, eventually,
with other TPHS systems. The flawless communication of the
HS of the proposed system with external TPHS is also required.
Second, there is the leverage of the previous initial program-
ming efforts of the X73PHD-based MD–CD communication,
developed in C++ [22]. In addition, it is intended that the pro-
posed system should not only be platform independent in terms
of programming language and operating systems, but also pro-
vide format-independent ECG management within the backend
component. Furthermore, as SCP-ECG has been selected as the
digital format for exchanging ECGs, a technology that enables
seamless and straightforward transmission of binary files is de-
sired. Third, a well-designed management of ECG formats that
fosters the reuse of software intra- and inter-organizationally
is also necessary. In the light of these considerations, the se-
lection of the EIS-enabling techniques and technologies can be
described as follows.

1) EAI: WS have been selected as they enable flexible, scal-
able, and adaptable EAI frameworks, thereby facilitating
the integration of heterogeneous applications built with
different programming languages and on different plat-
forms [51]. This meets the first desideratum, since seam-
less inter- and intra-enterprise integration is enabled.

2) SOA: SOAP is a loosely coupled evolution of XML-RPC,
and therefore, XML-RPC was discarded. Selecting SOAP
or REST is still a matter of discussion for SOA develop-
ers. In the proposed system, binary SCP-ECG files are to
be transmitted. As SOAP provides straightforward meth-
ods for sending binary files, this protocol has been se-
lected. As a result, XML will be used since SOAP relies
on this language format. As regards methods for attaching
files with SOAP, there are various possibilities available
including direct internet message encapsulation, SOAP
with attachments, or message transmission optimization
mechanism (MTOM). MTOM [52] has been selected, as
it is the only World Wide Web Consortium (W3C) rec-
ommendation for such a purpose. Moreover, the SOA
paradigm allows the recursive aggregation of services as
well as the reuse of existing componentized sets of soft-
ware functionalities [53]. By using these technologies, the
second desideratum would be satisfied. The use of SOAP
and XML would enable seamless integration of the CD—

leveraged from previous efforts and already programmed
in C++—and the HS—coded in Java (to be introduced
in the next section). Besides, the use of software as a ser-
vice will enable the reuse of the visualization software
and the recursive aggregation of compatible ECG formats
and standards (by adding the appropriate converter). Fi-
nally, binary SCP-ECG files can be easily transmitted us-
ing MTOM.

3) BPM: WS-BPEL has been selected since it is a standard
created by the Organization for the Advancement of Struc-
tured Information Standards for specifying business pro-
cess behavior based on WS. WS-BPEL uses a number
of XML-based specifications, such as web services de-
scription language (WSDL) [54], a language that is used
for describing the functionality offered by a WS. These
technologies would satisfy the third desideratum, since
they enhance process management inside and beyond the
boundaries of the healthcare organization.

Regarding programming concerns, the web service oxygen
tank (WSO2) solution has been selected [55]. Its open-source
policy and the wide variety of EIS-enabling configurable mod-
ules available were the main reasons for this selection.

III. PROPOSED IHIS

The design of the telecardiology architecture is presented in
Fig. 2. This solution comprises three elements, namely, MD,
CD, and HS.

1) MD: This element provides the original medical data mak-
ing use of protocols that follow a proprietary format. Al-
though the X73PHD ECG device specialization has al-
ready been released [16], an X73PHD-compliant ECG
device is not yet available. Thus, adaptation to X73PHD
is needed. This adapter creates the inherent domain infor-
mation model (DIM), which sets the information structure
required to establish the finite state machine (FSM) and
allows every PHD to act as agent of the X73PHD commu-
nication (see upper area in Fig. 2).

2) CD: This is designed as an X73PHD manager that collects
the digital ECGs recorded with the X73PHD-compliant
MD (or adapter). Subsequently, an SCP-ECG file is gener-
ated according to the X73PHD–SCP-ECG mapping (pro-
vided in [22]) and other specific configuration information
(Config. Profile). Thereafter, the SCP-ECG file is sent by
means of WS to the HS (see middle area in Fig. 2) or, even-
tually, to external SCP-ECG-compliant service providers.

3) HS: This is an ontology-driven backend component for the
integration and homogeneous management of different
ECG formats. The HS comprises four different parts: a
servlet (engine), an applet (viewer), a database (storage),
and a web page (interface). The ECG files coming from
the CD (in compliance with SCP-ECG) or from external
applications (in compliance with different ECG formats)
are converted to an ontology-based central ECG format
to ensure homogeneous management of the ECGs. The
ECGs can also be exported to external applications in
compliance with SCP-ECG (see lower area in Fig. 2).
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Fig. 2. Proposed system architecture for end-to-end standard-based design of
telecardiology solutions.

All the external interactions with the HS are performed
through a WS interface and executed with a predefined
BPEL workflow.

A. Implementation of IEEE Standard 11073-10406-2011

This section details the first part of the architecture presented
in Fig. 2, i.e., the X73PHD communication between the MD
and the CD, stressing the X73PHD ECG device specialization.

A simulated X73PHD ECG device specialization based
on ISO/IEEE11073 has been implemented in a pre-existing
X73PHD platform [23]. Both the MD and the CD were pro-
grammed in C++. The X73PHD ECG device specialization
(IEEE Standard 11073-10406-2011) was added to this platform
within the framework of this research. The DIM of this docu-
ment was implemented to include the mandatory attributes of
the following metrics: a Real-Time Sample Array class to rep-
resent the ECG waveform, a Numeric class to represent the
heart rate, and an Enumeration class to represent the device sta-
tus (see [16]). The periodic/aperiodic sessions of the persistent
metric (PM) concept (PM store/PM segments) were added to
the application to handle previous metric data stored in the MD.

Fig. 3. X73PHD MD application with a basic ECG device specialization
initiated and sending simulated Real-Time data.

The pre-existing X73PHD platform was thereafter used to con-
nect, associate, configure, and operate a simulated ECG device.
Two major scenarios in telemedicine applications were consid-
ered, namely Store-and-Forward and Real-Time to analyze the
specific case of the ECG.

Fig. 3 shows the X73PHD MD application that can play the
role of X73PHD adapter for non- X73PHD-compliant devices
(note the Omron 705IT blood pressure monitor checkbox that
allows the connection of this specific MD) as well as that of
emulator of any X73PHD specialization for testing purposes.
The MD application allows the selection of four different PHD
specializations (weighing scale, blood pressure monitor, pulse
oximeter, or Basic ECG), as is shown in the upper area in Fig. 3.
This selection involves a choice of the specific objects, and
the DIM of every device specialization. The X73PHD MD–
CD communication model can be tested with the application
controls, see middle area of Fig. 3, by selecting the relevant
procedure defined in X73PHD FSM: CONNECT, OPERATE,
RELEASE REQUEST, ABORT REQUEST, or DISCONNECT.
Two different modes for recording and sending measurements—
Store-and-Forward and Real-Time—are allowed (see lower area
of the X73PHD FSM area in Fig. 3). The PERSISTENT MET-
RIC STORAGE simulates the recording and storage of a mea-
surement to be retrieved subsequently by the CD using the PM-
store mechanisms for the request and retrieval of information.
The X73PHD SEND button simulates the sending of the data ac-
quired concurrently (i.e. Real-Time mode operation). Different
previously recorded ECG files can be used as input. The spe-
cific X73PHD FSM status is shown below the X73PHD FSM
buttons in Fig. 3 and all the details of the communication pro-
cess are shown immediately below. This allows further analysis
not only of the X73PHD FSM operating flow and testing of all
the possible data transmission modes, but also of the details of
the hexadecimal code for the X73PHD APDUs for verification
purposes.

Fig. 4 shows the X73PHD CD application that collects data
from the different X73PHD MDs. The details of the communi-
cation process for the MDs that connect to the CD are shown in
the upper area in Fig. 4. The exchanged X73PHD messages for
the first MDs developed (weighing scale, blood pressure device,
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Fig. 4. X73PHD CD application for handling different X73PHD device spe-
cializations (the basic ECG device specialization both for Store-and-Forward
and Real-Time scenarios is shown in the lower area of the figure).

and pulse oximeter) as well as for the newly implemented ECG
device are also shown in the upper area in Fig. 4. The patient
data and the monitored data for the first MDs developed are
shown in the middle area in Fig. 4. The communication flow
for the ECG is shown in the lower area in Fig. 4 (first, the
Store-and-Forward scenario and, second, the Real-Time sce-
nario). Regarding the Store-and-Forward scenario, the buttons
that correspond to the X73PHD PM-store methods have been
added (retrieve PM-store attributes, retrieve PM-segment infor-
mation, transfer PM-segment content, and clear PM-segment).
A text box is used to introduce the Store-and-Forward configura-
tion parameter (e.g., to identify a specific ECG to be retrieved).
The transferred ECGs are automatically mapped to SCP-ECG
and stored in the CD in order to be eventually forwarded to
the HS or, eventually, to external SCP-ECG-compliant service
providers. Finally, the Real-Time area shows the ECG data as
they are received by the CD. The visualized data can also be
mapped to SCP-ECG and forwarded to the HS or, eventually, to
further processing entities. The communication to HS or TPHS
is carried out by means of the appropriate WS. In the example
in Fig. 4, the four MDs developed are connected simultaneously
to the CD. The simulated ECG device is sending two leads in
a Real-Time mode. Thus, the CD shows a two-lead ECG in the
lower area in Fig. 4.

The intended use for these two applications is in an advanced
development environment. Simpler frontends can be designed
for enhanced user experience.

B. Communication From an X73PHD-Compliant CD to the HS

Once the ECG data reach the CD, the X73PHD-compliant
ECG data are mapped to SCP-ECG (see middle area in Fig. 2).
For this to happen, harmonization between the different fields
of X73PHD and SCP-ECG is required. This harmonization is
explained in detail in [22]. As shown in [22], some manda-
tory data in SCP-ECG (such as patient data) are not present
in X73PHD. All missing data are added by the X73PHD CD
without the need for the X73PHD standard to make specific re-
quirements. Therefore, they are retrieved from an XML-based
Config. Profile sent from the HS to the CD. The SCP-ECG files
generated by the developed application have been successfully
tested using the certification service provided by the OpenECG
portal [56]. This service includes an SCP-ECG content checker
and a format checker.

Thereafter, the generated SCP-ECG file can be sent to any
other external SCP-ECG-compliant backend component for fur-
ther analysis, or to the HS of the standard-based end-to-end
solution. In any case, the SCP-ECG file is wrapped in an XML-
based envelope to accomplish an appropriate EIS approach.
More specifically, WS and XML-based transmission—i.e., two
EAI-enabling technologies—have been used to communicate
the CD and the HS. Furthermore, SOAP—i.e., a SOA-enabling
technology—has been added to the architecture. The attached
SCP-ECG binary files are sent using MTOM. As stated earlier,
WSO2 has been selected for programming the EIS approach.
WSO2 provides binary and source code for building WS that
provides complete enterprise SOA middleware stacks available
for a number of programming languages, including C++ and
Java. This enables seamless communication between the CD—
coded in C++—and the HS—coded in Java. As regards BPM,
the integration of the BPEL workflow as well as the WS offered
by the HS is explained within the next section.

C. Integration of Digital ECG Formats into the HS

The SCP-ECG files mapped from X73PHD as well as other
ECG files (in compliance with different ECG formats) are stored
and managed in the HS (see lower area in Fig. 2). As several
different digital ECG formats are managed, seamless integration
and management is required. In order to homogeneously handle
the different ECG formats, an ontology-driven HS comprising
four main components has been designed.

1) Java-Servlet: The servlet performs the parsing and sub-
sequent conversion of ECG files into the ontology-based
data format. Thus, it incorporates all the previously devel-
oped parser modules. In the proposed framework, SCP-
ECG, HL7 aECG, and MIT-BIH have been considered. In
a similar fashion, the servlet performs the conversion to
SCP-ECG of the ECGs stored in the database that are to
be exported.

2) Java-Applet: The applet is basically the viewer itself. It
displays the ECG signals as well as patient and manu-
facturer data. It also allows measurements to be taken on
the ECG signal. An applet vastly simplifies accessibility,
since only a standard web browser is required to use the
system.
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Fig. 5. HS WSs: (a) upload, (b) open, and (c) export.

3) Database: Within the database, the ECG files are stored.
The database may be accessed through the web page (to
list the stored ECG) and the servlet (to extract an ECG
recording session or to store a new one). The ECGs are
stored following an ontology-based format.

4) Web page: Finally, the web page is used to emulate a Hos-
pital Information System. It interacts with the database,
the servlet, and the applet. Three main user actions can be
triggered from the web page: open (to visualize an ECG
using the applet), export (to create and download an SCP-
ECG file), and upload (to add a new ECG in compliance
with the central ontology-based format by parsing the at-
tributes of the different incoming digital ECG formats).

The three WSs explained previously—upload, open, and
export—have been defined in WS-BPEL (see Fig. 5) following
a top-down design methodology and using the WSO2 Carbon
Studio, which offers an open-source graphical tool for this pur-
pose. For the sake of clarity, and with the intention of illustrating
the ontology approach, opaque activities have been included in
the BPEL diagram although these are not necessary for describ-
ing the WS. The WS-BPEL graphs are automatically transcoded
into WSDL, which is an XML-based file defining the WS.

The central ECG format is ontology-based. The existing ECG
ontology created by Gonçalves et al. [13] was selected. As
explained earlier, the ECG attributes of the different formats can
be mirrored to the ECG ontology [14]. This ontology-driven
framework was programmed in Java using the web ontology
language application program interface [57].

First, the ontology must be loaded. An OWL-RDF parser
takes the RDF/XML file provided by Gonçalves et al. and at-
tempts to construct an OWL ontology that corresponds to the
subject–predicate–object triples represented in the RDF [58].
Once loaded, three main actions (i.e., the WS) can be performed

through the web page: upload, open, and export (see Fig. 5).
Under the ontology-based approach, the upload WS implies the
creation of a new individual (a new ECG) within the ECG ontol-
ogy. An individual is made an instance of a class by adding an
assertion to the ontology (createNewIndividual). The mandatory
attributes of the incoming ECG file are subsequently extracted
by means of specific SCP-ECG/HL7 aECG/MIT-BIH parsers
(excractProperty). These attributes are converted into properties
of the new individual—i.e., setting new values to the objects of
the existing RDF triples (setProperty). Thereafter, the new in-
dividual is serialized into RDF/XML and added to the database
(serializeIndividual). Both the “open” and “export” WS access
the database and obtain an existing RDF/XML ECG file and
load the existing individual selected by the user (getIndivid-
ual). Both functions, then, extract the properties of the selected
individual (getProperty). If “open” is being performed, the in-
dividual is sent to the applet to visualize the ECG (visualize),
and if “export” is being performed, an SCP-ECG file is built for
exportation to external applications (createSCPECG).

These actions can also be seen in an entity-relationship di-
agram of the system as shown in Fig. 6. The core classes and
methods implemented are shown together with the main actions:
open, upload, and export.

The proof-of-concept design of the HS application is shown
in Fig. 7, where the ECGs of the database are listed. The actions
(i.e., WS) allowed include opening an existing ECG, exporting
an ECG in SCP-ECG format, and uploading a new ECG through
the web page in different formats (SCP-ECG, HL7 aECG, or
MIT-BIH).

Fig. 8 presents the ECG viewer. This viewer shows the dif-
ferent leads contained in the ECG file. Further details can be
displayed by clicking the top-right checkbox. Different config-
urations have been preconfigured for the visualization of the
ECG leads, such as 2 rows × 6 columns, 3 × 4, 12 × 1, 2 ×
1, or 1 × 1. The viewer also offers the possibility of zooming,
printing, and measuring the amplitude and time intervals.

Although the ECG backend component has been designed for
web access, it is worth mentioning that an offline application has
also been developed. This offline application has been created
from the applet code by means of Java Web Start and Java
Network Launching Protocol.

IV. DISCUSSION

The discussion section is divided into two sections. The first
deals with the final selection of ECG formats and standards
compared to other possible approaches. The second describes
the practical usefulness of the proposed system in terms of
interoperability and management.

A. Discussion on the ECG Formats Selected

A proof-of-concept design for an end-to-end standard-based
ontology-driven cardiology solution has been successfully de-
veloped and implemented. The rationale behind the selection
of the different standards and norms used in the proposed solu-
tion is explained in the introduction. However, other approaches
could have been selected and they are discussed in the following.
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Fig. 6. Entity-relationship diagram including the core classes and methods implemented, together with the main actions—open, upload, and export—that can be
performed.

SCP-ECG has been selected as the exchange format. Possibly
the emerging ECG ontologies may be considered more appro-
priate for such a purpose. However, the existing ECG ontology
that can be used has only recently been defined and its usage is
not widespread. Therefore, ECG ontologies have not yet reached
a point at which they can be regarded as suitable for exchanging
digital ECG recording sessions with external applications. An
existing ECG standard (such as SCP-ECG) currently provides
higher cross-entity interoperability. In any case, the foreseeable
spread of ontology-based CDs and HSs will make them ap-
propriate in the near future. Indeed, the use of ontologies to
exchange telemonitoring data between the CD and the HS is a
current line of research in our group [59], [60]. These papers pro-
pose a Home Telemonitoring Patient Profile Ontology to facili-
tate the semantic exchange and integration of medical data. The
imminent completion of this ontology will lead to the integration
of ECG recording sessions in an RDF/XML format and the re-

placement of the current plain XML-based format, as our group
recently proposed in a solution that also achieved the seamless
integration of ISO/IEEE11073 and ISO/EN13606 [23].

The use of an ECG ontology as a central format is suitable
and beneficial for a HS, since an ontology-driven HS prevents
potential mapping gaps between the fields or attributes of the
different ECG standards, while also providing a homogeneous
framework. At the same time, this approach draws on the en-
hanced features of the semantic web by facilitating eventual
automatic processing and integration of information related to
the ECG recording sessions available on the HS.

Finally, the standardized exchange of EHR requires that the
interoperable exchange of EHR be promoted. ISO/EN13606
is well positioned in this respect due first to its dual model
approach, second, to the fact that it is already the European
standard, and third, that it is supported by the ISO. The draft-
ing of ISO/EN13606 has completed recently (the last part was
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Fig. 7. Proof-of-concept web application for homogeneous ECG
management.

Fig. 8. Web-based Java application for the homogeneous visualization of
digital ECG.

approved in February 2010), but it is still a long way off gener-
alization. In this process, establishing reference archetypes will
be crucial in defining the information model into which exist-
ing and prospective systems must map. Regarding the ECG,
only openEHR has currently started the process of creating a
consistent, nonoverlapping, interlinked ECG archetype. To date
however, it only goes so far as to address the interpretation of
ECG. The presented end-to-end cardiology framework has been
designed and developed without overlooking foreseeable exten-
sions to dual-based standardization efforts for the interoperable
exchange of EHR, such as ISO/EN13606 or OpenEHR. Once
completed and released, these specifications will be considered
for replacing SCP-ECG as the exchange format in the proposed
platform. To simplify this future task, there is a close relation
between the language that has been selected to handle the ECGs
at the HS of the proposed solution (OWL) and the traditional
language used for archetype description, i.e., archetype defini-
tion language (ADL). In this respect, mappings between ADL
and OWL have already been presented [61], and some authors
have recently suggested that OWL be used instead of ADL for
the ISO/EN13606 EHR architecture to provide direct support
for exploiting reasoning on clinical knowledge [62], [63].

B. Discussion on Practical Usefulness

The practical usefulness of the system is discussed in this sec-
tion, principally in terms of interoperability and management.

As regards interoperability, it is true that the use of SOA and
XML—instead of simple SCP-ECG files—entails an increase
in the overhead and, therefore, a decrease in efficiency. On the
other hand, as argued previously, the use of WS and SOA enables
seamless integration with intra- [23] and inter-organizational
businesses (e.g., external TPHS). Furthermore, it enables enti-
ties programmed in different coding languages to communicate
seamlessly. Moreover, the use of EAI-enabling technologies (i.e.
WS) to communicate the CD and the HS would help adminis-
trators in managing the concurrent gathering of measurements
by generating a single XML file with different signals, e.g.
pulse, weight, ECG, etc. This could be useful since although
the proposed system deals with the standardized exchange and
homogeneous management of ECG formats, it has been built, to
all intents and purposes, as a potential telemonitoring solution
for cardiovascular conditions. Indeed, by selecting the X73PHD
standard, different biomedical measurements for following up
cardiovascular diseases can be concurrently integrated.

Regarding management issues, it could be said that given that
only three WS are offered (moreover, these are synchronous
and independent), this is a small proof-of-concept HS and the
potential benefits of the BPEL workflow design are not fully
exploited. However, this methodology significantly improves
the management and organization, and enhances the probability
of success if the proposed system were to be integrated into a
larger, scalable healthcare information system. Besides, the use
of ontologies entails an increase in the complexity of the sys-
tem, forced to process RDF/XML management procedures that
would not be required otherwise. However, this selection vastly
improves the usefulness of the system, as the ECG ontology
enables the reuse of software and the straightforward aggrega-
tion of new compatible ECG formats. Furthermore, it enables
potential reasoning in relation to biomedical measurements.

V. CONCLUSION

The need for standardization and seamless interoperability in
ECG environments has led to the discussion, proposal, and im-
plementation of an IHIS for end-to-end standardized exchange
and homogeneous management of digital ECG formats. The
system has been built following the EIS paradigm by using
EAI-SOA- and BPM-enabling techniques and technologies—
such as WS, SOAP, XML, or BPEL, which enhances homo-
geneous management, increases interoperability between intra-
and inter-organizational boundaries, and facilitates the reuse
and recursive aggregation of software. Besides, this framework
guarantees the specific requirements established by X73PHD
and SCP-ECG, thereby facilitating the standardized exchange
of digital ECG formats within, or across, healthcare information
systems. Furthermore, an ontology-driven backend component
for the integration and homogeneous management of electrocar-
diography formats capable of reaching a central hospital server
has been designed and developed, thereby solving the problem
of coexisting ECG formats and avoiding the use of multiple ECG
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viewers. The designed ECG backend component provides mod-
ularity (supporting a new ECG format is as easy as mirroring its
attributes or fields to the central ontology) and accessibility (a
single web page is required to use the system). In addition, the
homogeneous management of ECGs would ease comparisons
between ECGs, thereby reducing the possibilities of diagnostic
misinterpretation.
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[21] A. Schlögl, F. Chiarugi, E. Cervesato, E. Apostolopoulos, and C. E. Chron-
aki, “Two-way converter between the HL7 aECG and SCP-ECG data
formats using BioSig,” in Proc. Comput. Cardiology, 2007, pp. 253–256.

[22] J. D. Trigo, F. Chiarugi, A. Alesanco, M. Martinez-Espronceda, L. Serrano,
C. E. Chronaki, J. Escayola, I. Martinez, and J. Garcia, “Interoperability
in digital electrocardiography: Harmonization of ISO/IEEE x73-PHD and
SCP-ECG,” IEEE Trans. Inf. Technol. Biomed., vol. 14, no. 6, pp. 1303–
1317, Nov. 2010.

[23] I. Martı́nez, J. Escayola, M. Martı́nez-Espronceda, P. Munoz, J. D. Trigo,
A. Munoz, S. Led, L. Serrano, and J. Garcia, “Seamless integration of
ISO/IEEE11073 personal health devices and ISO/EN13606 electronic
health records into an end-to-end interoperable solution,” Telemed. J.
E Health, vol. 16, no. 10, pp. 993–1004, 2010.

[24] A. Mense, S. Sauermann, F. Gerbovics, M. Frohner, H. Wahl, and
R. Pucher, “Healthy interoperability: A standard based framework for
integrating personal monitoring and personal health device data into med-
ical information systems,” J. Inf. Technol. Healthcare, vol. 7, no. 4,
pp. 214–221, 2009.

[25] Continua Health Alliance. (2010, May 12). Continua Design Guide-
lines [Online]. Available: http://members.continuaalliance.org/apps/org/
workgroup/wg_chairs/download.php/8277

[26] K. A. Qureshi, “Enterprises application integration,” in Proc. IEEE Symp.
Emerg. Technol., 2005, pp. 340–345.

[27] O. Erol, B. J. Sauser, and M. Mansouri, “A framework for investigation
into extended enterprise resilience,” Enterprise Inf. Syst., vol. 4, no. 2,
pp. 111–136, 2010.

[28] R. Mietzner, F. Leymann, and T. Unger, “Horizontal and vertical combi-
nation of multi-tenancy patterns in service-oriented applications,” Enter-
prise Inf. Syst., vol. 5, no. 1, pp. 59–77, 2011.

[29] S. Li, L. Xu, X. Wang, and J. Wang, “Integration of hybrid wireless
networks in cloud services oriented enterprise information systems,” En-
terprise Inf. Syst., vol. 6, no. 2, pp. 165–187, 2012.

[30] XML-Remote Procedure Call (XML-RPC) (2011, Dec.). [Online]. Avail-
able: http://xmlrpc.scripting.com

[31] World Wide Web Consortium (W3C). (2011, Dec.). Simple Object Access
Protocol (SOAP). [Online]. Available: http://www.w3.org/TR/soap

[32] R. T. Fielding. (2007). “Architectural styles and the design of network-
based software architectures,” Ph.D. dissertation, Dept. Inf. Comput.
Sci., Univ. California, Irvine [Online]. Available: http://www.ics.uci.
edu/∼fielding/pubs/dissertation/top.htm

[33] M. L. Rosa, A. H. M. ter Hofstede, P. Wohed, H. A. Reijers, J. Mendling,
and W. M. P. van der Aalst, “Managing process model complexity via
concrete syntax modifications,” IEEE Trans. Ind. Informat., vol. 7, no. 2,
pp. 255–265, May 2011.

[34] L. Aldin and S. D. Cesare, “A literature review on business process mod-
elling: New frontiers of reusability,” Enterprise Inf. Syst., vol. 5, no. 3,
pp. 359–383, 2011.

[35] W. Aalst and K. M. Hee, Workflow Management: Models, Methods, and
Systems. Cambridge, MA: MIT Press, 2004.

[36] L. Xu, H. Liu, S. Wang, and K. Wang, “Modelling and analysis techniques
for cross-organizational workflow systems,” Syst. Res. Behav. Sci., vol. 26,
no. 3, pp. 367–389, 2009.

[37] W. Liu, Y. Du, and C. Yan, “Soundness preservation in composed logical
time workflow nets,” Enterprise Inf. Syst., vol. 6, no. 1, pp. 95–113, 2011.

[38] M. Zdravkovic, H. Panetto, M. Trajanovic, and A. Aubry, “An approach
for formalising the supply chain operations,” Enterprise Inf. Syst., vol. 5,
no. 4, pp. 401–421, 2011.

[39] W. M. P. Van der Aalst, “The application of Petri nets to workflow man-
agement,” J. Circuits Syst. Comput., vol. 8, no. 1, pp. 21–66, 1998.

[40] Organization for the Advancement of Structured Information Standards.
(2007, Apr.). Web Services Business Process Execution Language Version
2.0. [Online]. Available: http://docs.oasis-open.org/wsbpel/2.0/wsbpel-
v2.0.html

[41] Business Process Model and Notation (BPMN), (2011, Dec.). [Online].
Available: http://www.bpmn.org/.

[42] Continua Health Alliance. (Dec. 2011). Product Showcase. Available:
http://www.continuaalliance.org/products/productshowcase.html

[43] S. Warren, J. Yao, R. Schmitz, and J. Lebak, “Reconfigurable point-of-
care systems designed with interoperability standards,” in Proc. Int. Conf.
IEEE Eng. Med. Biol. Soc., 2004, pp. 3270–3273.

[44] J. Yao, R. Schmitz, and S. Warren, “A wearable point-of-care system for
home use that incorporates plug-and-play and wireless standards,” IEEE
Trans. Inf. Technol. Biomed., vol. 9, no. 3, pp. 363–371, Sep. 2005.

[45] J. Yao and S. Warren, “Applying the ISO/IEEE 1 standards to wearable
home health monitoring systems,” J. Clin. Monit. Comput., vol. 19, no. 6,
pp. 1073–436, 2005.

[46] A. Susperregui, C. Paloc, I. Macı́a, I. Garcı́a, and E. Carrasco, “A standard-
based mobile and wireless vital signs monitoring system,” J. Quality Life
Res., vol. 3, no. 2, pp. 130–134, 2005.

[47] Health Informatics. Standard Communication Protocol—Part 91064:
Computer-Assisted Electrocardiography, ISO 11073-91064, 2009.

[48] J. J. Cimino, “Desiderata for controlled medical vocabularies in the twenty-
first century,” Methods Inf. Med., vol. 37, no. 4–5, pp. 394–403, 1998.



528 IEEE TRANSACTIONS ON INFORMATION TECHNOLOGY IN BIOMEDICINE, VOL. 16, NO. 4, JULY 2012

[49] J. de Bruijn, “Semantic information integration inside and across organi-
zational boundaries,” M.S. thesis, Dept. Math., Faculty Elect. Eng., Math.
Comput. Sci., Delft Univ. Technol., Delft, The Netherlands, 2003.

[50] T. Berners-Lee, J. Hendler, and O. Lassila, “The semantic web,” Scientific
Amer., 2001.

[51] World Wide Web Consortium (W3C). (2004, Feb.). Web Services Archi-
tecture [Online]. Available: http://www.w3.org/TR/ws-arch.

[52] World Wide Web Consortium (W3C). (2005, Jan.). SOAP Mes-
sage Transmission Optimization Mechanism [Online]. Available:
http://www.w3.org/TR/soap12-mtom

[53] T. Unger, R. Mietzner, and F. Leymann, “Customer-defined service level
agreements for composite applications,” Enterprise Inf. Syst., vol. 3, no. 3,
pp. 369–391, 2009.

[54] World Wide Web Consortium (W3C). (2007, Jun.). Web Ser-
vices Description Language (WSDL) Version 2.0 [Online]. Available:
http://www.w3.org/TR/wsdl20.

[55] Web Services Oxygen Tank (WSO2). (2011, Dec.). [Online]. Available:
http://wso2.com/about

[56] OpenECG (2011, Dec.). [Online]. Available: http://www.openecg.net
[57] Ontology Web Language Application Programming Interface (OWL API)

(2011, Dec.). [Online]. Available: http://owlapi.sourceforge.net
[58] World Wide Web Consortium (W3C). (2004, Jan.). OWL Web On-

tology Language. Parsing OWL in RDF/XML [Online]. Available:
http://www.w3.org/TR/2004/NOTE-owl-parsing-20040121

[59] N. Lasierra, A. Alesanco, and J. Garcı́a, “An Ontology approach to manage
individual patient profiles in home-based telemonitoring scenarios,” in
Proc. IEEE Int. Conf. Inf. Technol. Appl. Biomed., 2010, pp. 1–4.

[60] N. Lasierra, A. Alesanco, and J. Garcı́a, “Home-based telemonitoring
architecture to manage health information based on ontology solutions,”
in Proc. IEEE Int. Conf. Inf. Technol. Appl. Biomed., 2010, pp. 1–4.

[61] O. Kilic, V. Bicer, and A. M. Dogac. (2005). “Mapping Archetypes
to OWL,” Middle East Tech. Univ., Ankara, Turkey, Tech. Rep.
TR-2005-3 [Online]. Available: http://www.srdc.metu.edu.tr/webpage/
publications/2005/MappingArchetypestoOWLTechnical.pdf 2005.

[62] C. Martinez-Costa, M. Menarguez-Tortosa, J. T. Fernandez-Breis, and
J. A. Maldonado, “A model-driven approach for representing clinical
archetypes for semantic web environments,” J. Biomed. Informat., vol. 42,
no. 1, pp. 150–164, 2009.

[63] L. Lezcano, M. A. Sicilia, and C. Rodriguez-Solano, “Integrating reason-
ing and clinical archetypes using OWL ontologies and SWRL rules,” J.
Biomed. Informat., vol. 44, no. 2, pp. 343–353, 2011.
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