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ABSTRACT : Due to the particular characteristics of hospital environments, it is necessary to carefully select the
maintenance management model to be implemented in a health institution. This model must guarantee not only
the availability of medical technology but also residual risk management and patient safety. This article is focused
on a general review about the maintenance process and its management models through time and analyses in a
particular way its impact in the hospital sector. This review will classify the evolution of the maintenance function
through time according to its historical context. It will summarize earlier literature review papers related to
maintenance management. Moreover, it examines the impact of maintenance models within the literature
regarding the clinic-hospital environment.

We can find a number of papers about the application of a strategy for hospital maintenance management,
independently of its orientation. Among the models reported in the literature for maintenance management, it was
detected that only seven had risk orientation or criticality of the assets. These models could be the most adequate
for clinical and hospital environment. Nevertheless, it was also identified that none of these models were aimed at
maximizing the safety of physiologically impaired people. This highlights the need to develop a model that
integrates the hospital maintenance management, the medical technology residual risk management and patient
safety, which must nowadays be an aim to achieve by biomedical engineers. The paper provides an organized and
structured literature review and identifies gaps from the perspective of research and practice. It is useful for
biomedical engineers, maintenance managers or other professionals related directly or indirectly with hospital
technology management or hospital facility management.

KEYWORDS: Clinic-Hospital environment, Maintenance management, Maintenance model, Medical technology,
Patient safety, Risk management.
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l. INTRODUCTION

In the historical development of maintenance, it was proposed that some practices were considered the
best like, steps or sequences of activities or models to manage the maintenance function (Fernandez & Marquez,
2012; Pintelon & Van, 2013). In this sense, different terms are frequently used to describe models, methods,
techniques, systems, types, tasks, philosophies, or strategies, to refer to the administration or management of
maintenance function; in this work, the term model was used. In this way, it can be used to implement a high-
quality model to drive maintenance activities and can be embedded in the general management system of the
organization. Over time, it has become a research topic and a fundamental question to identify the effectiveness
and efficiency of maintenance management and to fulfil enterprise objectives.

De Groote (1995) views maintenance as an integral part of an organization’s long-term profitability, and
which has increasingly become part of a total performance approach. Moubray (1977) defines maintenance as the
execution of activities, which ensure physical assets continue to do what their users want them to do. However
Tsang et al (1999) look at maintenance as the routine and recurring process of keeping a particular asset or
machine, in its normal operating condition so that it can deliver its expected performance or services. Moreover,
in the Oxford Dictionary maintenance is defined as the process of preserving a condition or situation or the state
of being preserved. Finally in IEC 60300-3-14:2004 application guide - maintenance and maintenance support;
maintenance is defined as follows: the combination of all technical, administrative and managerial actions during
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the lifecycle of an asset intended to retain it in, or restore it to a state in which it can perform the required function.
(IEC, 2004)(De-Groote, 1995)(Moubray, 1997)(Tsang, Jardine, & Kolodny, 1999)

Summarizing, there are many ways to define the maintenance function according to the authors that
investigate this topic. That reflects that maintenance has become a complex process to manage, to which special
attention should be paid. Therefore, this article focuses on a literature review about the maintenance process and
its management models through time and analysis, in a particular way, its impact in the hospital sector.

1. MAINTENANCE FUNCTION. ORIGIN AND EVOLUTION ACCORDING TO THE HISTORICAL
CONTEXT.

Maintenance progress allows to distinguish several evolutionary generations, in relation to the different
objectives of the productive or service areas over time (Gutiérrez, 2006; Pérez, Cardenas, Rodriguez, & Cruz,
2000). Fig. 1 shows maintenance evolution and the productive or services area, taking into account the approach
and its main objective according to its historical context. Let us carry out a brief analysis of each stage.
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Figure 1: Approach and objectives of the maintenance and productive areas over the time.
Source: Own elaboration.

The priority of the production or service areas in stage | is the product while the maintenance area focuses
on repair of unforeseen events (Barber, 1967; Metcalf, 1944; Newbrough, 1974; Reed, 1967). In this stage, it
appears the primary elements required to maintain the assets are elements such as work orders, general tools, spare
parts and a maintenance warehouse. It also shows the first information that is later constituted in the databases
and then in information systems; then the techniques and technologies of the company in particular are developed;
in general, it establishes the requirement for managing the maintenance function (Sacristan, 1996). The goal of
stage Il is to solve sudden stops, so the maintenance department begins to develop actions of prevention or
prediction of failures. In this stage, techniques and technologies specific to prevention and prediction are
implemented, such as: maintenance routines, preventive plans, technical measurements, state condition
assessment, non-destructive tests, among others; creating in this way the asset’s operational control (Galan &
Alfonzo, 2016; Oliva, Arellano, Lépez, & Soler, 2009; Viveros, Kristjanpoller, Barbera, & Crespo, 2013).

Once the companies have reached maturity in the real and conceptual management of maintenance
actions, they begin to adopt a structure for a sequential, logical and organized development in order to gestate and
operate maintenance under an organized system or maintenance tactic. In stage 1l the maintenance tactics are
implemented, among them: Total Productive Maintenance (TPM), Reliability-centered maintenance (RMC),
Total quality maintenance (TQMain), Evidence-based asset management (EBAM), Time-based maintenance
(TBM), Computerized maintenance management system (CMMS), etc., in sequential and historical order (Z.
Chen, Maiti, & Agapiou, 2017; Galan, Alfonso, & Duque, 2014; B. Jonge, RuudTeunter, & TiedoTinga, 2017;
Modgil & Sharma, 2016; Pramod, Devadasan, Muthu, Jagathyraj, & Dhakshina, 2006; E. J. J. Ruijters, Guck,
Drolenga, & Stoelinga, 2016). Stage IV is reached when companies have adequately developed the previous
levels. In this stage, companies are interested in measuring results and knowing how well they do their work,
which is why they begin to establish their own maintenance systems such as life cycle cost analysis (LCC). It is
characteristic of this stage that the measurement systems implemented are under international parameters, to
compare themselves with similar or different companies to establish the level of success reached, in general, they
try to control all the executed actions (Goyal, Pabla, Dhami, & Lachhwani, 2017; Macchi, Marquez, Holgado,
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Fumagalli, & Martinez, 2009; Pui, Bhandari, Arzaghi, Abbassi, & VikramGaraniya, 2017; Sabri, Sulaiman,
Ahmad, & Tang, 2015).

Stage V is characterized by the development of skills and competence in all maintenance staff; it is also
dependent on all of the previous stages. At this level the FMECA (Failure Modes, Effects and Criticality Analysis),
RCFA (Root Cause Failure Analysis), and RPN (Risk priority number) strategies are consolidated. The company
is strengthened and develops skills and competence in whole or some of the topics initiated in the previous stages
(Chemweno, Pintelon, Horenbeek, & Muchiri, 2015; Espinosa & Salinas, 2010; E. Ruijters, Guck, Noort, &
Stoelinga, 2016; Selim, Yunusoglu, & Balaman, 2016; Sellappan, Nagarajan, & Palanikumar, 2015).

The difference between assets and liabilities is that conceptually the first one is associated with the
production of wealth, while the second refers to investment or expenses. Under this premise, maintenance is
influenced in terms of how to visualize the assets’ use. The evolution towards the sixth generation "Assets Integrity
Management", has different ways of being reached (Amadi-Echendu et al., 2010; Dunning, 2006; Kilsby,
Remenyte-Prescott, & Andrews, 2017; Murthy, Atrens, & Eccleston, 2002; Palencia, 2007). It focuses on
obtaining lower costs, lower labor requirements, reduce the planned repair and maintenance times (increased in
operational time), as well as eliminating or reducing the logistics time required for maintenance and / or
production.

I1l. ANALYSIS OF MAINTENANCE MANAGEMENT MODELS REPORTED IN THE LITERATURE

The review to identify the various maintenance models within the literature includes a group of
preliminary studies. The first review report on maintenance models dates from 1976 in a study entitled “A survey
of maintenance models: the control and surveillance of deteriorating systems” (Pierskalla & Voelker, 1976). The
focus is on work appearing since the 1965 survey, “Maintenance Policies for Stochastically Failing Equipment:
A Survey” by John McCall and the 1965 book, The Mathematical Theory of Reliability, by Richard Barlow and
Frank Proschan (Barlow & Proschan, 1996; McCall, 1965). The survey includes models, which involve an optimal
decision to procure, inspect, and repair and/or replace a unit subject to deterioration in service. Subsequently,
Dekker (1996) and Stoneham (1998) publish two reviews on models or strategies for maintenance management.
In 1996, Dekker reviews the applications of maintenance optimization models and discusses it future prospects.
Two years later Stoneham characterized the most used maintenance models up to that date, among which stand
out TPM, RCM and CBM. In a critical analysis at the beginning of the 21st century, Sherwin (2000) reviews the
general models for maintenance management from a strategic viewpoint to consider maintenance as a “contributor
to benefits” instead of "a necessary evil".

A few years later, in a review to identify different maintenance strategies, Mostafa (2004) and Garg et
al. (2006) list a group of strategies for maintenance management. The papers finds, among other things, that
important issues in maintenance management range from various optimization models, maintenance techniques,
scheduling, and information systems etc., within each category the authors have been identified different gaps.
Moreover, they provide a review of a large number of papers in this field and suggests a classification into various
areas and sub areas. Fraser et al. (2015) perform a literature review, first with the aim to identify and categorize,
the various maintenance management models, and second, to determine the depth of empirical evidence for the
popular models in real-world applications (Fraser, Hvolby, & Tseng, 2015). Finally, Yousefli et al. (2017) propose
a paper to categorize the literature and to adopt a hierarchy review according to maintenance management
functions in hospital buildings.

Table | provides a summary of the earlier literature review papers that are related to the maintenance
management model.

Table | Summary of the literature review papers related with the maintenance management
Source: Own elaboration.

Author Year Title Publisher

William P. Pierskalla 1976 A survey of maintenance models: the | Naval Research Logistics

John A. VVoelker control and surveillance of deteriorating | Quarterly
systems

Rommert Dekker 1996 Applications of maintenance optimization | Reliability Engineering &
models: a review and analysis System Safety

D. Stoneham 1998 The Maintenance Management and | Elsevier Advanced
Technology Handbook Technology

David Sherwin 2000 A review of overall models for maintenance | Journal of Quality in
management Maintenance Engineering

S. Mostafa 2004 Implementation of proactive maintenance | Journal of Quality in
in the Egyptian glass company Maintenance Engineering

Amik Garg 2006 Maintenance  management: literature | Journal of Quality in

S.G. Deshmukh review and directions Maintenance Engineering
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Kym Fraser 2015 Maintenance management models: a study | International Journal of
Hans Henrik Hvolby of the published literature to identify | Quality &  Reliability
Tzu Liang Tseng empirical evidence: A greater practical | Management

focus is needed
Zahra Yousefli 2017 Healthcare facilities maintenance | Journal of  Facilities
Fuzhan Nasiri management: a literature review Management
Osama Moselhi

Twenty-seven maintenance management models were identified and were named in different ways with
particular characteristics and practical utility. Except Pierskalla and Voelker review from 1976, with a reactive
approach according to the period, it is possible to highlight that five of the identified models were listed in all the
reviews, so it can be considered as the most relevant model reported in the literature for maintenance management.
These models according to the fulfilled review are corrective maintenance (CM), preventive maintenance (PM),
total productive maintenance (TPM), reliability-centred maintenance (RCM), and condition-based maintenance
(CBM).

Additionally, authors continue searching for the most suitable model for maintenance management in
their business (Campos, Fernandez, Diaz, & Méarquez, 2010; Gupta & Mishra, 2016; Hassanain, Froese, & Vanier,
2001; Lavy & Shohet, 2009; Marquez, Leon, Fernandez, Marquez, & Campos, 2009; Pramod et al., 2006; Shafiee,
2015; Viveros, Stegmaier, Kristjanpoller, Barbera, & Crespo, 2013; C. H. Wang & Hwang, 2004). However, after
reviewing the proposed models, it can be verified that theoretical bases form part of the most relevant models with
an emphasis on informatics, so they will not be taken into account as new models, but as a specialization of
existing models.

Table Il summarizes the models identified in the literature, including its focus, the application
environment and some examples of implementation in recent years, according to their historical context.

Table I1: Maintenance management models.
Source: Own elaboration.
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v. MAINTENANCE MANAGEMENT. APPLICATION TO THE CLINIC-HOSPITAL FACILITY

The demand for healthcare services and facilities is ever increasing in the twenty-first century owing to
population growth, increased life expectancies and elevated standards of life. Nowadays, asset, risk and
maintenance management are three types of management that are heavily related to each other. Moreover, all
three of them are frequently encountered in asset intensive industries around the world. Unfortunately, this
relationship has come late to the hospital environment.

As mentioned in the introduction section, maintenance is the combination of all technical, administrative
and managerial actions during the lifecycle of an asset intended to retain it in, or restore it to a state in which it
can perform the required function (IEC, 2004).

Applied to the hospital environment this definition is inappropriate. It requires the addition to the
definition, a maintenance management model that includes risk management and patient safety. Therefore, this
has forced hospital entities to record, document and analyze data and practices in a structured way and to use a
consistent and transparent method for analysis (Ali & Wan-Mohamad, 2009; Galan, 2017; Mwanza & Mbohwa,
2015). Risk management does not mean that risks are deliberately accepted to meet the business objectives. The
task is to identify risks within the entire process to implement appropriate measures to manage (control) these
risks. In the hospital environment, this process is known as residual risk management and is aimed at maximizing
the safety of patients and workers in a hospital entity (SO, 2007; Lueddemann, Sahin, Pfeiffer, & Lueth, 2016;
Rezaei, Yarmohammadian, Haghshenas, Fallah, & Ferdosi, 2018).

From the beginning of this century, scientific production has increased on the topic of hospital
technological administration. There is a growing interest on the part of biomedical engineers to find a strategy or
model applicable to the hospital environment (Canaway, Bismark, Dunt, & Kelaher, 2017; Ezziane et al., 2012;
Lam, 2007; Mahfoud, Barkany, & Biyaali, 2016; Melo, 2016; Mutia, Kihiu, & Maranga, 2012; Stere-Valen,
Larssen, & Bjorberg, 2014).

In a research proposal, Shohet, Leibovich, and Bar (2003) propose that biomedical engineers, as well as
facility managers, should find new ways to improve the comfort, safety, energy consumption and cost
effectiveness of the buildings they manage and operate. To develop this goal, quantitative management indicators
for the examination of hospital buildings’ performance and budgeting of their maintenance activities need to be
taken into account. Other authors raise the need to develop a quantitative integrated health-care facility
management model. Koning et al (2006) combine and apply different strategies to remain competitive, cost
efficient, and up-to-date in a healthcare center. The article outlines a methodology and presents examples to
illustrate how principles of Lean Thinking and Six Sigma can be combined to provide an effective framework for
producing systematic innovation efforts in a healthcare center.

Lee and Kwak (2011) shows the relevance of the DKM (distributed knowledge management) model in
a case study of a distributed decision support system (DDSS) in health care administration in the US. Sumet et al.
(2012), use a knowledge management (KM) model as a tool to improve the quality of service in a hemodialysis
unit. The paper focuses on intervention that applied KM to staff providing care for patients with hemodialysis to
improve care and outcomes. Taghipour, Banjevic and Jardine (2001) present a multi-criteria decision-making
model to prioritize medical devices according to their criticality, as a maintenance management strategy. Devices
with lower criticality scores can be assigned a lower priority in a maintenance management program. However,
those with higher scores should be investigated in detail to find the reasons for their higher criticality, and
appropriate actions, such as ‘preventive maintenance’, ‘user training’, ‘redesigning the device’, etc., should be
taken.

Franceschini et al. (2003) describes a proposal of a new approach for managing outsourcing processes.
The model, which can be easily adapted to different application fields, has been conceived with the main aim of
managing strategic decisions, economic factors and human resources. Shohet (2004) developed a quantitative
model to integrate different domains related to facilities management (FM). The proposed model is divided into
three main phases that deal with the five main FM domains. He asserted that all of the FM practices in hospitals
could be outsourced. Alzaben et al. (2014) identified a means to improve maintenance operations in Saudi
hospitals through the development of a new framework incorporating aspects of three important maintenance
management concepts as suitable options to aid healthcare facility management. These options are Total
Preventive Maintenance (TPM), Reliability Centred Maintenance (RCM) and Reliability Centred Failure Analysis
(RCFA).

Straub and Van Mossel (2007) suggested a performance-based contract mechanism used to select an
outsourcing contractor. To be selected, a contractor must propose their choice of maintenance strategies
considering the future scenarios of the hospital in terms of services and requirements as well as the user
satisfaction issues related to maintenance activities. Liu, Hotchkiss and Bose (2008) review the research literature
on the effectiveness of contracting-out of primary health care services and its impact on both programme and
health systems performance in low- and middle-income countries. Straub (2009) developed a calculation model
was that calculates the net present value of the direct (product) and indirect (transaction) costs at project level for
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a competitive maintenance tendering approach and for performance-based maintenance contracts. The findings
show that performance-based maintenance contracts reduce both direct and indirect costs compared to a
competitive tendering approach. Bana e Costa et al. (2012) proposes a multi-criteria model for auditing a
Predictive Maintenance Programme (PMP) developed and implemented in the General Hospital of Ciudad Real
(GHCR) in Spain. The model has a two-level structure, with top level auditing areas specified by second level
auditing criteria on which the performance of the PMP should be appraised. Ikediashi and Ekanem (2015) purpose
a paper to extend the body of knowledge on health care facilities management (FM) by investigating the extent to
which public hospitals in Nigeria have fared in terms of outsourced FM services.

On the other hand, Shohet and Nobili (2016) developed a performance-based model for clinic facilities
by integrating eight KPIs into an enterprise resource planning (ERP) system for the maintenance of public clinic
facilities. Jandali and Sweis (2018), identify and assess the factors affecting maintenance management
performance of hospital buildings in Amman, Jordan. The analysis proved that 14 items representing four factors
had significant effect on maintenance management performance and a new framework was established.
Additionally, the results showed that Amman’s hospitals were found to be in an average condition and
maintenance management practices were assessed to be efficient.

Summarizing, due to the particular characteristics of hospital environments it is necessary to carefully
select the maintenance management model to be implemented in a health institution. This model must guarantee
not only the availability of medical technology but also the residual risk management and patient safety. Among
the models reported in the literature for maintenance management analyzed in the previous section, it was detected
that only seven had risk orientation or criticality of the assets and could be the most adequate for clinical and
hospital environment. These models are predictive maintenance (PdM), reliability-centred maintenance (RCM),
risk-based maintenance (RBM), availability-based maintenance (ABM), effectiveness-centred maintenance
(ECM), time-based maintenance (TBM) and strategic maintenance management. Nevertheless, it was also
identified that none of these models were aimed at maximizing the safety of physiologically impaired people.

Table 11l summarizes the maintenance management models that should been applied to hospital
environments. It summarizes the number of articles found in the literature for each model with industrial
applications (1) vs number of articles with an application in the hospital environment (H), from 2000 to 2017. The
search was carried out in the main databases that publish research related with maintenance function and only
included the model name in the title, abstract, and keywords of published articles.

Table 111 Number of papers related with the maintenance management model reported on the specialty literature
Source: Own elaboration.

BD EbscoHost Emerald Science Scopus Springer Web of Total
Direct Science
Model
PdM 75/1 26/0 13/1 356/1 47/1 262/3 719/7
RCM 183/0 15/0 27/1 50/0 10/0 225/0 510/1
RBM 105/2 5/0 62/2 13/0 7/0 72/1 264/5
ABM 23/0 2/0 13/0 9/0 0/0 6/0 53/0
ECM 0/0 1/0 14/0 0/0 0/0 7/0 22/0
TBM 59/0 4/0 6/0 9/0 1/0 9/0 88/0
SMM 18/2 14/1 18/0 126/1 2/0 3/0 181/4
Total 463/5 67/1 153/4 563/2 67/1 584/4 1897/17

As can be seen from Table 111, the databases produced a total of 1897 articles with industrial application
and only 16 with a direct application to the hospital environment; including as a search criteria the model name
in the title, abstract, and keywords of published articles. If the search is extended with the maintenance
management models, independently of the risk orientation, we can find a number of research articles about the
application of any strategy for hospital maintenance management. This highlights the need to develop a model
that integrates the hospital maintenance management, the medical technology residual risk management and
patient safety, which must be nowadays be an aim to achieve by biomedical engineers.

V. CONCLUSIONS

Maintenance management has flourished as a science along the time but its impact on decision making
within organizations is limited so far. Considering maintenance as an applied research field and maintenance
management being of strategic importance for any type of organization, it offers a detailed overview of an area,
which has not been given the strategic attention by business managers in the previous years. Specialized literature
on maintenance models was reviewed, considering a large amount of papers published in the main databases that
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publish research related within maintenance function in a period of 2000 to 2017. The information recovered
about the of maintenance management models will permit practitioners to reconsider the way to manage the
maintenance function, especially in a clinic-hospital environment.

According to the literature review, there is very limited research on identification, evaluation and
application of maintenance management models in a hospital environment. The literature is even more limited in
the case of analysis and risk management associated with the maintenance function in hospitals.

Finally, improvement of the performance of the maintenance function in healthcare facilities not only
leads to reduced cost and resource efficiency gains but also elevates the satisfaction of patients by increasing the
quality and reliability of services. Therefore, designing a maintenance model that integrates maintenance
management, risk management and patient safety, is the new challenge that biomedical engineers must face
nowadays.
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