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Nowadays, it is recognized worldwide that healthcare-associated infections are responsible for an increase in
patient morbidity, mortality, and higher costs related to prolonged hospital stays. As electronic health data are
increasingly available today, there is a unique opportunity to implement real-time decision support systems
for automating the surveillance of healthcare-associated infections. As a consequence, different electronic
surveillance systems have been implemented to date with varying degrees of success. However, there have
been few instances in which clinical data and physician narratives with the potential to significantly improve
electronic surveillance alternatives have been adopted. In this context, the present work introduces a case-
based reasoning system for the automatic surveillance and diagnosis of healthcare-associated infections. The de-
veloped systemmakes use of differentmachine learning techniques in order to (i) automatically extract evidence
from different types of data including clinical unstructured documents, (ii) incorporate static a priori knowledge
handled by infection preventionists, and (iii) dynamically generate newknowledge aswell as understandable ex-
planations about the system's decisions. Results obtained from a real deployment in a public hospital belonging
to the Spanish National Health System trained with 2569 samples belonging to 1800 patients during more than
10 consecutive months recognize the usefulness of the system.
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1. Introduction

Nosocomial infections (NIs), more commonly known as healthcare-
associated infections (HAIs), refer to the infections acquired by a patient
when treated in a hospital environment. HAIs or infections acquired in
health-care settings are the most frequent adverse effect of health-
care delivery worldwide. As is the case for many other patient safety
issues, HAIs create additional suffering and come at a high cost for
patients and their families. Infections prolong hospital stays, create
long-term disability, increase resistance to antimicrobials, represent a
massive additional financial burden for health systems, generate high
costs for patients and their family, and cause unnecessary deaths.

Presently, HAIs are accepted as a major problem for both patients
(causing an increment in morbidity and mortality) [1] and hospitals
(with economic and reputational implications) [2] in almost all
countries. Generally, at any given time, the prevalence of healthcare-
associated infections in developed countries varies approximately be-
tween 3.5% and 12% when it is considered the entire hospital (i.e., all
hospital units) and all types of infection. However, the percentage

may vary significantly depending on both hospital unit and type of
infection. In the USA alone, it was estimated that during 2011, there
were 648,000 patients with 721,800 HAIs in acute care hospitals [3]
(with one in twenty-five patients suffering at least one HAI). The num-
ber of deaths occurring in the USA as a direct consequence of these
infections is estimated to be at least 99,000 per year. Similarly, the
European Centre for Disease Prevention and Control (ECDC) reports
an average prevalence of 7.1% in European countries, where approxi-
mately 4,100,000 patients are estimated to acquire an HAI every year,
accounting for 37,000 deaths. However, approximately 20–30% of
HAIs are considered to be preventable by intensive hygiene and control
programs [4]. Taking into consideration the increasing emphasis placed
by national administrations on benchmarking and public reporting of
surveillance data, applicable procedures and methods need to be effi-
cient, reliable, and transferable.

In this context, world-wide health services have established active
prospective surveillance programs which should be strictly followed
by infection preventionists and hospital epidemiologists with the goal
of ultimately decreasing rates of infection. Although these programs
have proven to be adequate, different factors actually hinder the use
of traditional time-consuming surveillance methods applied by infec-
tion control specialists [5]: (i) inability to find cases via manual surveil-
lance, (ii) use of partially subjective clinical criteria to identification of
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HAIs, (iii) widely variable sensitivity depending on the site of infection,
intensity of surveillance and/or application of site definitions, or (iv) the
lack of valid and reliable metrics for inter-hospital comparisons.

In such a situation, the development of electronic surveillance tools
based on information technologies, which are able to provide a more
rapid and accurate detection of HAIs at a lower cost, remains a signifi-
cant challenge [6]. Existing approaches range from systems focused on
infection control to antimicrobial management and mathematical
modeling of the underlying dynamics of pathogen transmission [7–8].
However, publicly available surveillance systems are scarce, not exhaus-
tive, and their drawbacks and architecture have not been adequately
defined and/or documented [5], which makes their adoption very diffi-
cult from a technical and economical point of view. Additionally, there
are novel sources of clinical information available in the form of elec-
tronically unstructured documents that can be definitively taken into
consideration to boost the effectiveness and comprehensiveness of the
automatic surveillance of HAIs.

In this context, our InNoCBR system is a completely automated sur-
veillance systemwhich effectively integrates data frommultiple sources
to assist infection control specialists in their daily activity (i.e. from
monitoring to diagnosing and controlling HAIs), following the ECDC
surveillance definitions and criteria for all specific types of infections.
The main component of InNoCBR is its case-based reasoning system
(CBR), which is able to construct and manage its own independent
knowledge base that makes use of clinical-, laboratory-, and medico-
administrative-based data. These raw data are enhanced with prior
expert knowledge represented as executable rules that drive the auton-
omous operation of the system. Moreover, a natural language process-
ing (NLP) module is able to handle specific electronic physician
narratives and daily comments from nursing staff in order to provide
additional clues about the occurrence of underlying HAIs.

The remainder of the paper is structured as follows. Section 2
presents an overview of previous related systems devoted to the sur-
veillance and control of HAIs. Section 3 introduces the general architec-
ture of our CBR system, documenting its life cycle and providing details
about the internal knowledge base and the differentmodules thatmake
up the system. Section 4 demonstrates the suitability of the developed
approach though a set of different scenarios and cases working with
real data from a public hospital belonging to the Spanish National
Health System (NHS). Finally, Section 5 briefly outlines themain conclu-
sions and identifies future research work.

2. Previous work: Electronic surveillance/control of HAIs and use of
CBR in the health sciences

Given the global importance of HAIs to both public and private
health systems and their negative effects on patients, a fair number of
electronic surveillance initiatives have been published in the scientific
literature over the last decade. In order to acknowledge all these
works, we outline below four systematic reviews that conveniently
summarize the current state of the art, together with a list of specific
commercial software packages currently available in the market.

The work of [9] reported an up-to-date compilation of 26 publica-
tions comprising discussions on 27 different electronic HAI surveillance
systems from January 2001 to December 2011. The study was focused
on data use and effectiveness, and its main conclusions showed (i) the
great importance of microbiology data in HAI detection, (ii) the limited
adoption of clinical data and physician narratives to date, and (iii) the
fact that the use of heterogeneous data sourcesmay result in higher sys-
tem sensitivity at the expense of specificity. From another complemen-
tary perspective, the work of [10] discussed 24 studies ranging from
1980 to 30 September 2007 with the goal of comparing the utility of
electronic and conventional surveillancemethods. Themain conclusion
of the study was that, despite the explosion in database systems and
availability of electronic data, electronic surveillance is not in wide-
spread usage. However, reviewed systems demonstrated that electronic

surveillance has moderate to excellent utility when compared to con-
ventional alternatives.

In addition to what precedes, the work of [11] analyzed 44 studies
published between January 2000 and December 2011 with the goal of
evaluating system effectiveness in the detection of different types of
infection. Although the findings of this systematic review endorsed
previous recommendations about the convenience of implementing
electronic surveillance systems, it also recognized that the architecture
of existing systems greatly varies and that individual hospitals need to
identify and assess available information sources before making the de-
cision to develop a new, or adopt anexisting, electronic surveillance sys-
tem. Finally, thework of [12] recently updated and summarized existing
electronic surveillance systems currently in use for the identification
and surveillance of HAIs up to August 21, 2014. The focus of this system-
atic reviewwas to describe primary data sources, data elements and val-
idation methods, comparing their usage with recommended standards.
The primary conclusion of this study was that the vast majority of the
analyzed systems use standard definitions, but the lack of widespread
internal data, denominator, and external validation compromise the
reliability of their findings.

Although the majority of the previously published studies demon-
strated the utility of electronic surveillance systems developed within
public institutions rather than privative available software [13], it is a
fact that there are also several commercial applications that give com-
plementary support to different aspects related to infection tracking.
From this perspective, but taking into consideration that these alterna-
tives are often more expensive to purchase and maintain and less vali-
dated, some examples of privative software packages and applications
are the following: MedMined Surveillance Advisor1 from CareFusion,
TheraDoc2 from Hospira, Sentri73 from Pharmacy OneSource, 3M
Clintrac Infection Control Manager4 from 3M, Infection MonitorPro
Software5 from rL Solutions and SafetyAdvisor6 from Premier Inc.

However, despite the existence of many implanted surveillance sys-
tems, there is not yet a definitive consensus on relevant questions
concerning fundamental HAI issues like (i) the fact that clinical details
associated with the definition of HAIs are not available in hospital infor-
mation systems, (ii) the subjective importance of multiple data sources,
(iii) the accuracy and quality of available clinical data and data linkage
procedures, and (iv) the use of different computer algorithms and
queries for specific electronic surveillance tasks.

For its part, and in parallel with the previously commented advances
made and challenges existing in e-surveillance and control of HAIs,
since 1970 electronic Decision Support Systems (DSS) in healthcare
became more common, feasible, and necessary [14]. Although there
are multiple examples of how DSS can improve and reduce costs in
healthcare delivery, such as predicting the length of stay [15], evidence
reporting widespread use of CDSS (Clinical Decision Support Systems)
is, in general, limited [16]. However, andmore concretely, multipurpose
medical CBR systems have also experienced a significant growth in
healthcare management over the past decade [17]. In fact, health sci-
ences and CBR create an ideal partnership, the former offering a wide
variety of complex tasks difficult to solve using traditional approaches,
while the latter providing key benefits regarding the true integration
of different types of knowledge [18] and its medically accepted reason-
ing process [19]. In this line, the work of Begum and colleagues [20] re-
cently compiled up to 34 successfully developed CBR applications

1 http://www.carefusion.com/medical-products/carefusion-brands/medmined/ (last
accessed: Aug 27, 2015).

2 http://www.theradoc.com/ (last accessed: Aug 27, 2015).
3 http://www.pharmacyonesource.com/Sentri7 (last accessed: Aug 27, 2015).
4 http://solutions.3m.com/wps/portal/3M/en_US/3M_Health_Information_Systems/

HIS/Products/ClinTrac_Infection_Control/ (last accessed: Aug 27, 2015).
5 http://www.rlsolutions.com/RLSolutions/media/pdf/whitepapers/

TheCaseForInfectionPreventionAndControlSoftware.pdf (last accessed: Aug 27, 2015).
6 https://www.premierinc.com/transforming-healthcare/healthcare-performance-

improvement/patient-safety/safetyadvisor/ (last accessed: Aug 27, 2015).
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