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Abstract

Background: The real-world application of maintenance in organisations brings together a number of maintenance
policies in order to achieve the desired availability, efficiency and profitability. However, the literature mostly
chooses a single maintenance policy, and so the decision process is not suited to the real conditions in the
company to which it is applied. Our study takes a combination of maintenance policies as alternatives, and so
conforms to the actual practice of maintenance in organisations. Furthermore, it introduces the possibility of
including extra spare parts, or outsourcing maintenance policies. Although the selection of maintenance policies
has been applied to many kinds of business and of machine, there is almost no instance of its application to
hospitals, and it has never been applied to delivery systems for cytostatic drugs.

Methods: The model uses the fuzzy Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS),
which is recognised as being highly suitable for solving group decision-making problems in a fuzzy environment.
Fuzzy set theory is also considered to be more proficient than crisp numbers for handling the ambiguity,
imprecisions, data scarcity, and uncertainty inherent in decisions made by human beings. The judgements required
were obtained from a decision group comprising the heads of facilities maintenance, maintenance of medical
equipment, health and safety at work, environment, and programming-admission. The group also included care
staff; specifically, the heads of the main clinical services, and the medical supervisors. The model includes original
criteria, such as Quality of health care, which measures impact on care as a function of mean availability of each
alternative. It also considers Impact on hospital management via the criteria: Working environment in the
organisation and Impact on health care; the former criterion measures equality among care services in the hospital,
while the latter assesses the effect on regional health cover. The model was built using real data obtained from a
state hospital in Spain. The model can also be easily applied to other national and international healthcare
organisations, providing weights specific to the criteria. These are produced by a decision group from each
healthcare organisation and the alternatives are updated in accordance with what is considered important in each
hospital.
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Results: The results obtained from the model recommend changing the alternative that is currently in use,
Corrective and Preventive Maintenance, to Corrective and Preventive Maintenance plus two spare hoods. This
alternative would lead to an availability of 1 (the highest possible) in the systems for preparing personalised
cytotoxic drugs, and so the quality of service is therefore very high. Additionally, it could offer services to all the
users of the hospital, and also offer cover in the preparation of cytotoxic medicines to other hospitals in the
catchment area.

Conclusions: The results suggest the possibility that improvements to the support and logistical systems, which
include maintenance, traditionally held to have no effect on quality of care, may be key to improving care quality,
but also in reducing risk to patients, care and non-care staff, and the environment.

Keywords: Maintenance strategy selection, Devices for the preparation of cytotoxic drugs, Multiple-criteria decision
making, Fuzzy TOPSIS

Introduction
Anti-neoplastic, or cytotoxic, drugs are drugs which
modify or inhibit the ability of cells to reproduce at one
or another stage. This makes them useful for the treat-
ment of malignant neoplastic diseases or cancer. They
are, however, also used to treat non-cancerous diseases,
such as psoriasis, multiple sclerosis, and systemic lupus
erythematosus, which has led to increased use of these
drugs [1]. Hospital pharmacy services are responsible,
once a prescription has been written, for preparing the
cytotoxic drugs, mixing, fortifying and diluting the ori-
ginal commercial product as required, to produce the
personalised form suited to the needs of the patient.
These products are then administered intravenously or
orally (as chemotherapy).
Since the 80’s, the mutagenic, teratogenic and carcino-

genic effects of cytotoxic drugs, if not handled and ad-
ministered appropriately, have been well known [2].
These pharmaceutical products represent the most dan-
gerous chemical risk factor in healthcare organisations,
and are some of the most hazardous chemicals ever de-
veloped [1]. The preparation and delivery of cytotoxic
drugs therefore carries a set of risks to the patient, the
specialist care staff who prepare and administer them,
and the non-care staff who perform cleaning and main-
tenance work on the areas/devices where these products
are handled. For the patient, the risks arise from the nar-
row therapeutic margin of these drugs and their high
toxicity, which leads to a high risk of harming the pa-
tient should there be any slight error. In the case of care
and non-care staff, direct contact with these products
could lead to them entering the bloodstream, with ser-
ious results. Hospital workers who handle them should
therefore take strict safety measures to avoid any risk.
Given that the WHO, in its world report on cancer,

predicts an increase in incidence of 50% by 2020, which
would mean 15 million new cases [3], both patients and
hospital staff in contact with these drugs have a signifi-
cant increase in risk [4]. To these should be added the

increasing number of professionals in contact with these
products who are not directly involved in oncology, such
as those who treat diseases in the fields of immunology,
rheumatology, nephrology and dermatology, due to
expanding use of these drugs in the treatment of non-
malignant diseases [5].
For this reason, many associations, institutions and or-

ganisations have produced, and update regularly, man-
uals and lists of recommendations for handling cytotoxic
drugs, (see for example [6, 7]). These look at questions
of environmental protection, protection of healthcare or
handling staff, and handling techniques [8]. The ques-
tions most frequently analysed, according to the litera-
ture review carried out by Bernabeu-Martínez et al. [9]
are drug preparation, staff training and patient education
and administration. However, most of the guidelines
analysed consist only of recommendations on the hand-
ling of anti-neoplastics, and there is only one guide that
addresses all the stages in the handling process of cyto-
static drugs.
In 2016 the European Union published eleven recom-

mendations aimed at reducing or preventing occupa-
tional exposure of staff to cytotoxic and other hazardous
drugs [10]. It is the first document to put together a list
of staff whose work may involve exposure to cytotoxic
drugs. As well as care staff, this includes housekeeping
staff, workers who ship, transport or receive hazardous
drugs, and laundry and maintenance workers. There is,
however, a serious failure to address questions related to
the maintenance of delivery systems for cytotoxic drugs.
Santillo et al. [11] produced the most recent guide to the
handling of cytotoxic drugs in clinical areas: it includes
recommendations for administering cytotoxic chemo-
therapy, Personal Protective Equipment (PPE), training
of nursing staff, recommendations for infusions in infu-
sion bags, recommendations for infusions in syringes,
elastomeric infusors, sub-cutaneous injections, intra-
thecal injections, bladder installations, waste disposal,
and cleaning of chemotherapy clinical areas, but there is
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no mention of which maintenance policy to apply. Only
the Health and Safety Executive [12] of the United King-
dom has published in a manual the need for isolators to
be adequately maintained by examination and testing at
least every 14 months, as well as daily visual inspections.
However, these stipulations are very generous, consider-
ing the consequences of a failure or fault in the systems.
Therefore, and despite its importance to patients, care

and non-care staff and to the environment, there is no
precedent in the literature studying maintenance policies
in preparation systems for cytotoxic drugs. The mainten-
ance of these systems can affect the availability of treat-
ment, and thus, its effectiveness and patient recovery.
They may be also be high risks to care staff and the en-
vironment should there be a failure of any component.
Maintenance, or asset management systems, may be

defined as the combination of all technical and adminis-
trative actions, including supervisory action, intended to
maintain an asset or return it to a fully functional state.
Standard ISO 55000 states that it is the set of elements
of the organisation that are interrelated with asset man-
agement, whose purpose is to establish an asset manage-
ment policy, the aims of that policy, and the means by
which these aims will be achieved [13].. A maintenance
policy is a set of administrative, technical and managerial
actions to be applied over the life-cycle of a device, used
to guide maintenance-management decision making to-
wards maintaining certain operating conditions of a ma-
chine, or intended to restore the machine to said
conditions [14]. The choice of a maintenance policy is
very important to availability, the quality of the service
or product provided, the safety of the facilities and the
staff, and the cost of facilities maintenance (which may
be from 15 to 70% of production costs), efficiency, etc.
[15]. However, despite these important implications, the
literature on methods of selecting optimum maintenance
strategies is limited [16].
Different types of maintenance policies can be defined:

� Corrective Maintenance (CM). Also known as
breakdown maintenance or run-to-breakdown main-
tenance. It is carried out after a failure, with the aim
of returning the machine to a state in which it can
perform its desired function [17]. It is therefore
characterised by passivity and a random dynamic; al-
though there is no cost to detecting the state of the
device, it leads to high costs in spares and mainten-
ance activities, and high unavailability and lack of
safety in facilities. Although organisations attempt to
apply more efficient maintenance policies [16], there
is still an underlying 10% of corrective maintenance
that cannot be reduced.

� Preventive Maintenance (PM), implements
preventive scheduled activities, a series of checks,

replacements and/or component revisions with a
frequency related to the failure rate, throughout the
working life of the machine. This allows faults to be
detected and repaired, or the faulty components to
be repaired. However, this time-based maintenance
involves high costs in spare parts and in specialised
labour [16], which might, in some cases, be done
without, as the machine shows no fault when the
preventive activities are carried out.

� Condition Based Maintenance (CBM). This is based
on the control of physical parameters (vibrations,
temperature, water content of lubricant, etc.) of a
working machine that can be recorded, periodically
or continuously, by a set of sensors, to detect an
abnormal situation, allowing maintenance resources
to be prioritised and optimised. CBM minimises the
cost in spare parts, reduces system downtime and
increases system life span. However, it also requires
a large initial investment in equipment (vibration
analysers, sensors, ultrasonic testing devices,
thermographic devices, etc.) and extra staff with
extensive training in its use.

� Predictive Maintenance (PdM) predicts when to
implement maintenance according to the monitoring
data, which are analysed to find possible trends over
time. This means that it is possible to predict when
the controlled parameter value will reach or exceed
the threshold values [15]. It combines appropriate
scheduling of corrective maintenance with the state
monitoring of condition based maintenance, and
applies prognostics and health management (PHM)
technologies to achieve better scheduled and highly
cost-effective maintenance [16].

� Opportunistic Maintenance (OM), takes advantage
of machine downtime to undertake maintenance
activities, and carry out necessary checks and repair.
This allows the frequency of stoppages to be
reduced, by undertaking a series of repairs at the
same time. It can also choose the most suitable time
for the Production and Maintenance Departments
to carry out the repairs. It is nevertheless true that
its application requires a high level of coordination
and backup from production staff.

� Total Productive Maintenance (TPM) is defined by
Nakajima [18] as productive maintenance involving
total participation, in addition to maximising
equipment effectiveness and establishing a thorough
system of planned preventive maintenance. Among
these key points is getting the most efficient use out
of the machine, involving the whole company in
maintenance prevention, preventive maintenance
and improvement-related maintenance, and encour-
aging the use of preventive maintenance based on
small autonomous groups.
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� Reliability Centred Maintenance (RCM). RCM is a
systematic methodology for the allocation of
efficient predictive and preventive maintenance
aimed at preventing the dominant causes of failure
of critical equipment. This can, in turn, lead to more
acceptable levels of equipment availability and costs
by reducing corrective maintenance [19].

The choice of maintenance policies is a complex deci-
sion, as it combines technical requirements for each ma-
chine with the company strategy and the established
goals for availability, quality and safety. Thus, it is a deci-
sion which requires a great deal of thought, as different
quantitative and qualitative criteria must be considered,
which justifies the use of Multi-Criteria Decision Ana-
lysis techniques.
This article describes a model aimed at contributing to

optimum choice of a combination of maintenance pol-
icies (both in-house and outsourced) and other actions
for improvement, such as increasing the number of
spares, in systems designed for personalised delivery of
cytotoxic drugs. The model uses the fuzzy Technique for
Order of Preference by Similarity to Ideal Solution
(TOPSIS). The choice of this multicriteria technique
over others is due to its adaptability to group decision-
making processes [20, 21], as this study requires, because
the judgements needed to apply fuzzy TOPSIS were ob-
tained from a decision group comprising those in charge
of a number of care and non-care departments. Fuzzy
TOPSIS can be applied considering any number of cri-
teria, which can be positive or negative, and qualitative
or quantitative [22]; additionally, it includes the possibil-
ity of taking into account the uncertainty of such pro-
cesses. The model was built from real data obtained
from a state hospital in Spain.
The original aspects and contributions that should be

highlighted in this research are the following:

1. The real application of maintenances policies
consists of integrating several possible strategies to
fulfil the requirements of the organisation in terms
of availability, efficiency and profitability. However,
it should be noted that in the literature, only
Bertolini and Bevilacqua [23] and Ghosh and Roy
[24] combine different maintenance strategies; The
rest of the literature chooses a single maintenance
policy, so the decision-making process is not
adapted to the conditions which would allow real
application in a company. This study considers as
alternatives the combination of maintenance pol-
icies, so it is in line with the actual practice of main-
tenance in organisations.

2. The model is built using fuzzy TOPSIS. This
method is highly suited to solving group decision-

making problems in a fuzzy environment [20, 21].
The use of fuzzy set theory is recognised to be more
proficient than crisp numbers for dealing with the
ambiguity, imprecisions, data scarcity, and uncer-
tainty inherent in decisions made by human beings
[25]. This is because fuzzy set theory formalises the
subjective and imprecise nature of human thinking
by representing and quantifying vague information
through a membership degree function.

3. Among the alternatives are options to outsource
given maintenance policies and activities. This is
common practice in many healthcare organisations,
which outsource some maintenance services to the
manufacturer or supplier of the medical equipment,
and is not generally considered in the literature.
This research considers the outsourcing of
predictive maintenance by applying thermography
analysis or hot spots in the systems analysed. This
avoids having to purchase expensive thermography
equipment and having to train personnel, but at the
same time it guarantees the application of the most
technological maintenance policy efficiently.

4. The selection of maintenance policies has been
applied to very different types of companies and
machines (see [13] or [26]), but usually a
multicriteria model is used in manufacturing, and
power and petrochemical plants. Its application to
hospitals is almost non-existent and, in no case has
it been applied to delivery systems for cytostatic
drugs. There is no precedent for this in any study of
maintenance, much less a model aimed at optimis-
ing decision making.

5. The model includes original criteria, such as
Quality of health care, which measures the impact
on care, as a function of mean availability of each
alternative. It also considers the Impact on hospital
management through the criteria: Working
environment in the organisation and Impact on
health care. While the first criterion measures
equality between the care services of the hospital,
the second evaluates the effect on regional health
cover, if the service is classed as a reference in the
regional health service, and the ability to attend to
other areas assigned to the hospital. These
questions have not been considered in any previous
study.

6. The construction of the model used the judgements
of a decision-making group made up of the main
representatives of the different departments of the
healthcare organisation: maintenance of facilities,
maintenance of medical equipment, health and
safety, environment, programming-admission, and
care staff, consisting of clinical managers of central
services and the supervisors of medical areas. This
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decision group provided the decision-making cri-
teria, the descriptors used to evaluate the alterna-
tives, the judgements necessary to obtain the
weightings of said criteria, and the evaluations of
the alternatives. The model thus incorporates the
needs and characteristics required by the healthcare
organisation to maintain a high level of quality of
care, from a consensus of the entire hospital.

7. The model described can be easily applied to other
healthcare organisations. It would be necessary to
form a decision group from the organisation to give
the judgements that will provide the weights of the
criteria, as well as evaluating the alternatives in each
criterion according to the particular conditions of
the hospital maintenance service. Also, depending
on what the decision group deems appropriate, they
could include any additional criteria or modify any
of those provided in this study.

8. The results obtained with the model propose the
use of a combination of maintenance policies
consisting of integrating Corrective and preventive
maintenance plus the availability of two spare
hoods. This alternative would provide an availability
of 1 (the highest possible) in systems for the
preparation of personalised cytotoxic drugs and the
quality of service is therefore very high.
Additionally, it could offer services to all the users
of the hospital, and also offer cover for the
preparation of cytotoxic medicines to other
hospitals in the catchment area. Therefore, this
shows how improvements to the support and
logistical systems, which include maintenance,
traditionally held to have no effect on quality of
care, may be key not only to improving care quality,
but also in reducing risk to patients, care and non-
care staff, and the environment.

This paper is structured as follows. Firstly, there is a re-
view of the literature on selection of maintenance policies.
Next is a description of the fuzzy TOPSIS technique. Model
for optimisation of maintenance in systems for preparation
of cytotoxic drugs sets out the model; firstly, Markov chains
are applied to systems for preparation of cytotoxic drugs at
the hospital. Then fuzzy TOPSIS is applied, the criteria
used and the matrices obtained are described. Results
shows the results and the sensitivity analysis. Discussion
shows the real implications of applying the results obtained
with the model on quality of care at the hospital; finally
come the conclusions and references.

Background
In recent decades, maintenance has followed a trend
with respect to sophistication and application cost simi-
lar to that of medical equipment. According to data

from hundreds of hospitals, each hospital has an average
of 15–20 new medical devices for each staffed bed,
meaning an investment of some US$200–400,000/staffed
bed, and the corresponding annual medical equipment
maintenance cost is approximately 1% of the total hos-
pital budget, which means that a 500-bed hospital
spends on average around $5 million/year [27]. Thus,
hospital maintenance has an important effect not only
on costs, but also on the quality of care offered to
patients.
The literature includes a large number of mathemat-

ical models (e.g. mathematical programming, genetic al-
gorithms, etc.) for optimising maintenance [28],
however, most of these are applied to a single mainten-
ance policy, and they are also so difficult to solve that it
is impossible to apply them in actual practice in organi-
sations [29, 30]. Furthermore, the choice of maintenance
policies should look, at the same time, at strategic, tech-
nical, economic and environmental aspects, as well as at
safety and quality, etc. According to Almeida and
Bohoris [31] and Martorell et al. [32], Multi-Criteria De-
cision Making (MCDM) techniques are well suited to
this area of decision making, where there are many
quantitative or qualitative criteria, or a combination of
both, which also commonly clash with each other.
MCDM techniques can support decision making in
health care and contribute significantly to the transpar-
ency and consistency of decision making in the public
sector [33], and it is also a flexible approach [34] as it
can include multiple scenarios, stakeholders and deci-
sion makers.
According to the literature review of Adunlin et al.

[35] on MCDM in health care, these techniques are used
mainly in the diagnosis and treatment of diseases (39%),
although Marsh et al. [36] show that it is used to sup-
port healthcare investment decisions, such as HTA,
and national and local coverage decisions, up to 56%
of contributions; it is also used, though less widely, in
prescription decisions (22%), supporting authorisation
(12%) and allocation of health research funding (2%).
Additional applications MCDM in health care are re-
lated to formulary management, geographical informa-
tion, pain management, performance measurement,
priority setting, professional practice, public health
and policy, resource planning, site selection, and sup-
ply chain. But the application of MCDM to mainten-
ance in health care is not recognised. Only the review
performed by Schmidt et al. [37], on the quality of
research studies using Analytic Hierarchy Process
(AHP) in health care, contains a contribution. A more
recent literature review [38], does however recognise
the existence of four contributions, out of a total of
66 analysed, which address equipment maintenance in
healthcare organisations.
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Table 1 shows the advantages and disadvantages of the
application of different multicriteria crisp techniques. As
can be seen, all multicriteria methods have advantages
and disadvantages, so the selection of one method over
another depends on each particular problem. Compared
to the previous crisp multicriteria techniques, the use of
fuzzy methods provides the possibility of including un-
certainty due to incomplete, imprecise or vague informa-
tion, ambiguities and inaccuracies inherent in the
decision process, which otherwise would not be taken
into account.
Fuzzy TOPSIS has been chosen over other fuzzy

methods, most importantly fuzzy AHP, which is the
technique applied to a greater extent in the fuzzy envir-
onment. TOPSIS makes full use of attribute information,
it provides a cardinal ranking of alternatives and it does
not require that the attribute preferences be independent
[41], which fuzzy AHP does. Fuzzy TOPSIS does not

impose any restriction on the number of criteria and al-
ternatives [22]; however, Fuzzy AHP, like AHP, is lim-
ited to using nine criteria and alternatives so as not to
compromise human judgement and its consistency. Al-
though in this paper the model considers four alterna-
tives, the aim is for it to be updated over time and,
therefore, it is required that additional alternatives can
be evaluated. TOPSIS logic is rational and understand-
able, the computation processes are simple, the concept
allows the best alternatives for each criterion to be
sought in a simple mathematical form, and the calcula-
tion of weights is incorporated into the comparison pro-
cedures [42]. Although there are many methods that
allow the aggregation of judgments from more than one
decision maker, aggregation of the weights of criteria
and ratings of alternatives given by k decision makers is
explicitly considered in the application procedure for
fuzzy TOPSIS. Fuzzy TOPSIS is recognised as a suitable

Table 1 Advantages and disadvantages of Multi-Criteria Decision Analysis techniques [39, 40]

Technique Advantages Disadvantages Areas of application

Analytic Hierarchy
Process (AHP)

Easy to use; scalable; the hierarchy
structure can be easily adjusted to many
sized problems; not data intensive; the
use of pairwise comparisons allows more
accurate information to be obtained
from decision makers.
Check inconsistency in the judgements

Problems due to interdependence
between criteria and alternatives; can
lead to inconsistencies between
judgement and ranking criteria; rank
reversal.

Performance problems, resource
management, corporate policy and
strategy, public policy, political
strategy and planning.

Technique for Order of
Preference by Similarity
to Ideal Solution
(TOPSIS)

A simple process; easy to use and
programme; the number of steps
remains the same regardless of the
number of criteria; it returns stable results
if input data are oscillating. More robust
involving all stakeholders and
interrelations between alternatives and
objectives.

The use of Euclidean distances does
not take into account the correlation
of criteria; difficult to weight and to
maintain consistency between
judgements. Rank reversal.

Supply chain management and
logistics, engineering, manufacturing
systems, business and marketing,
environment, human resources and
water resources management.

Simple Additive
Weighting (SAW)

Ability to compensate between criteria;
intuitive for decision makers; simple
calculation.

Estimates do not always reflect the
real situations; the results obtained
may not be logical.

Water management, business and
financial management.

ELimination Et Choix
Traduisant la REalité
(ELECTRE)

Accounts for uncertainty and vagueness. Its process and results may be
complex to explain in layman’s terms;
outranking can lead to the strengths
and weaknesses of the alternatives not
being directly identified. Rank reversal.

Energy, economics, environmental,
water management and transportation
problem.

Preference Ranking
Organization METHod
for Enrichment of
Evaluations
(PROMETHEE)

Easy to use; does not require assumption
that criteria are proportionate.

Provides no procedure for obtaining
weights for the criteria. Rank reversal.

Environmental hydrology, water
management, business and finance,
chemistry, logistics and transportation,
manufacturing and assembly, energy,
agriculture.

Measuring
attractiveness through a
categorical-based evalu-
ation
technique[(MACBETH)

Uses a value tree to structure a problem;
the use of pairwise comparisons allows
more accurate information to be
obtained from decision makers. Avoids
inconsistency in the judgements. Uses
two reference levels for more objective
judgements.

Its application is time-consuming. Airport management, credit scoring,
and strategic town planning,
maintenance, energy, water
management.

VIekriterijumsko
KOmpromisno
Rangiranje (VIKOR)

Able to establish the stability of decision
performance; aggregate function is
closest to the best solutions; the criteria
selected may not allow homogeneous
aggregation

Searching for the compromise ranking
order; use of complex linear
normalisation process; needs initial
weights.

Renewable energy, service quality,
earthquake
sustainable reconstruction, material
selection, land-use strategy
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technique for solving group decision-making problems
in a fuzzy environment [21]. Fuzzy TOPSIS is simple
and yields an unarguable preference order, although
each attribute should only have an increasing or decreas-
ing utility [40]. Furthermore, it is the second most
widely applied fuzzy MCDA technique in the literature,
after fuzzy AHP, and it is recognised that this trend will
continue [43]. It has been successfully applied to numer-
ous real-world problems, as shown in the literature re-
view by Salih et al. [44]. However, fuzzy TOPSIS has the
problem of rank reversal. This consists of a change in
the ordering among previously defined alternatives, after
the addition or removal of an alternative from the previ-
ously ordered group. In order to solve this problem,
García-Cascales and Lamata [42] propose absolute nor-
malisation with the use of two fictional alternatives. One
of them should contain 0 for all its values, and the other
should have the maximum value in the decision matrix
for all its values.
Comparing TOPSIS to other MCDM methods, for ex-

ample PROMETHEE, the former was preferred, as the
latter is time consuming and makes it difficult for deci-
sion makers to have a clear view of the problem, espe-
cially when many criteria are involved [45]. It also
requires the weights of the criteria to be obtained by
other methods, and it is necessary to choose the prefer-
ence, the preference function, and the equivalence
thresholds [46].
Most of the literature that uses MCDM in the choice

of maintenance policies applies it to power plants for in-
tegrated gasification and combined cycle plants [47], a
thermal power plant [28], the oil and gas industry [48,
49], the processing industry [50] or cogeneration systems
[30]. It is applied to a lesser extent to weapons systems
[51], centrifugal pumps operating in an oil refinery [52],
in textile industry [53, 54], aircraft systems [55], a news-
paper printing facility [56], the cement industry [57], a
mining company [58], a paper manufacturing plant [59]
or, for example, Hemmati et al. [60] who select the
maintenance policy for an acid manufacturing company
by means of a fuzzy Analytic Network Process (ANP)
model or Asuquo et al. [61] who apply TOPSIS to mar-
ine and offshore machines. However, the characteristics
of these industrial and business plants, and the equip-
ment they use, are very different from the characteristics,
machines and requirements of healthcare organisations,
and so in many cases the criteria and techniques sug-
gested cannot be used for hospital systems.
The precedents using MCDM techniques for the

choice of maintenance policies in health care organisa-
tions are very few, and come from Taghipour et al. [62]
who prioritise medical devices according to their critical-
ity by applying AHP. Those devices with the lowest crit-
icality are given low priority in a maintenance

management programme. Those devices with high crit-
icality are, on the other hand, more fully analysed, to de-
termine suitable actions such as user training or
equipment redesign. The criticality values obtained are
used to establish guidelines for selecting appropriate
maintenance strategies for different classes of device.
The methodology was applied to 26 pieces of equipment
with a variety of functions. Function, mission criticality,
age, risk, recall and hazard alerts and maintenance re-
quirements were used as criteria in the AHP model.
Houria et al. [63] also prioritise medical equipment ac-
cording to criticality. Degree of complexity of mainten-
ance, function, risk, degree of importance of the mission,
age, recalls and user errors and class of equipment were
used as criteria in a fuzzy AHP model which allows the
weight of each criterion to be obtained. Fuzzy TOPSIS is
then applied to choose the most appropriate mainten-
ance policy according to the closeness coefficient. Jam-
shidi et al. [64] apply fuzzy failure-mode and effect
analysis to calculate a risk priority index. Next, an addi-
tive weighting model made up of seven criteria (age,
usage-related hazards, utilisation, number of available
identical devices, recalls and hazard alerts, function and
maintenance requirements) was applied to obtain a TI
for each medical device. AHP was used to obtain the
weightings for the criteria. Finally, a maintenance plan-
ning diagram identifies the maintenance policy for each
medical device. Mahfoud et al. [65] apply AHP Prefer-
ence Ranking Organization METHod for Enrichment of
Evaluations (PROMETHEE) to build a model to priori-
tise medical devices using multi-clinical expert judge-
ments. Eight criteria were used: function, recalls and
hazard alerts, utilisation, redundancy, age, technological
obsolescence, maintenance requirements and a risk pri-
ority index. Carnero and Gómez [66] developed a multi-
criteria methodology for the combined choice of
maintenance policies in dialysis subsystems associated
with acute or chronic patients, infected with hepatitis B
or C, using the Measuring Attractiveness by a Categor-
ical Based Evaluation Technique (MACBETH) approach;
the results show that the optimal decision is to apply
corrective and preventive maintenance plus two reserve
devices; the paper describes the implications of a change
to the maintenance policies followed in the hospital for
quality of care. Houria et al. [67] set out a model that in-
tegrates AHP and TOPSIS to classify the maintenance
policies used in a hospital in Tunisia, and mixed integer
problems MILP in order to select the most suitable
maintenance policy for each medical device. Ighravwe
and Oke [68] use stepwise weight assessment ratio ana-
lysis (SWARA), weighted additive sum product assess-
ment (WASPAS), fuzzy axiomatic design (FAD), and the
additive ratio assessment (ARAS) to choose the best
maintenance strategy for public buildings (hospitals,
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research institutions, universities and polytechnics), and
found as a result that the most suitable order is predict-
ive maintenance, followed by preventive maintenance,
condition-based maintenance and corrective mainten-
ance. Previous contributions usually build models to be
applied to different kinds of medical device, whose char-
acteristics, use, redundancy, technological obsolescence
or risks are varied. The study set out in this paper, how-
ever, uses a model designed exclusively for equipment
used for the preparation of cytotoxic drugs, and incorpo-
rates specific information about failures, maintenance
characteristics for mean repair times, etc. Questions
such as the risk each type of equipment represents for
patients, care staff, and other staff who might come into
contact with it, and for the environment, were taken into
account in the judgements produced by the experts at
the hospital.
Furthermore, most of the previous studies chose the

most satisfactory maintenance policy but did not con-
sider that industry applies several policies simultan-
eously, and so it would be necessary to choose the best
combination of policies, including the corrective policy,
which should always exist, and the preventive, which is
present in industry even when there are other more ad-
vanced policies, such as condition-based maintenance,
reliability-centred maintenance or total productive
maintenance.

Methods
In 1965, Zadeh introduced the concept of Fuzzy Set
(FS), as a class of objects with a continuum of member-
ship degrees. This FS is characterised by a membership
function that assigns to each object a degree of member-
ship on the interval [0, 1] [69]. FS allows real-world deci-
sion problems to be formulated in which the alternative
ratings and criteria weights cannot be precisely assigned
due to the presence of unquantifiable, incomplete or un-
obtainable information, or partial ignorance [70]. Differ-
ent types of FS have been introduced since 1965, some
with the aim of solving the problem of constructing the
membership degrees of the elements of the FS, and
others aimed at representing uncertainty in a different
way from that proposed by Zadeh [71]. Table 2 gives the
definitions of the different types of FS explained in the
literature. X is the domain, space or universe, A(x) the
membership degree of the element x of the FS(A) and
μA(x) is a membership function. Atanassov intuitionistic
fuzzy sets, vague sets, grey sets, interval-valued fuzzy
sets, interval-valued Atanassov intuitionistic fuzzy sets,
and some types of bipolar sets are particular cases of
set-valued fuzzy sets. Additional properties and relations
between types of fuzzy sets can be consulted in [71].
A fuzzy number is a normal, convex membership

function. That is, its membership function is piecewise

continuous and there exists at least one x0∈R satisfying
μ~A

ðx0Þ ¼ 1, where A is a fuzzy set [72]. A fuzzy number

is a quantity whose values are imprecise. The literature
includes a variety of fuzzy numbers, with their member-
ship functions, such as triangular fuzzy numbers, trapez-
oidal fuzzy numbers, pentagonal fuzzy number,
heptagonal fuzzy numbers, diamond fuzzy number, and
pyramids. In this study, Triangular Fuzzy Numbers
(TFN) are used due to their relative simplicity of calcula-
tion [73] and their wide application in representing the
opinions of decision makers. A TFN ~A can be defined as
a triplet (l,m, u) with a membership function μ~A

ðxÞ:R→

½0; 1� as shown in Eq. (1) [74]. With l ≤m ≤ u, where l
and u are the lower and upper values of fuzzy numbereA; and m is the modal value.

μ~A xð Þ ¼
0;

x−lð Þ= m−lð Þ;
x−uð Þ= m−uð Þ;

0;

8>><
>>:

x < l
l≤x≤m
m≤x≤u
x > u

ð1Þ

If ~A ¼ ðl1;m1;u1Þ and ~B ¼ ðl2;m2; u2Þ are considered
to be two TFNs, then the operational laws of these tri-
angular fuzzy numbers are as follows [75]:

~A⊕~B ¼ l1 þ l2;m1 þm2;u1 þ u2ð Þ; ð2Þ
~A⊖~B ¼ l1−u2;m1−m2; u1−l2ð Þ; ð3Þ
~A� ~B ≈ l1l2;m1m2; u1u2ð Þ; ð4Þ
~A⊘~B ≈ l1=u2;m1=m2; u1=l2ð Þ; ð5Þ
~A
−1

≈ 1=u1; 1=m1; 1=l1ð Þ for l;m;u > 0; ð6Þ
k � ~A ≈ kl1; km1; ku1ð Þ; k > 0; k∊R; ð7Þ

Fuzzy TOPSIS was proposed by Chen [76] from a
modification to the diffuse medium of the technique de-
veloped by Hwang and Yoon [77]. Fuzzy TOPSIS has
been successfully applied in many real cases [61], such
as to support outsourcing of logistics services [78], to
choose locations for shopping malls in Turkey [79], or
the relief gate for a dam in Greece [80], to assess health
vulnerability caused by climate and air pollution in
South Korea [81], to choose the best equipment
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maintenance service supplier [82], to assess the perform-
ance of human resources in technology and science in
Asian countries [83], to carry out safety risk assessment
procedures in sustainable engineering projects [84], to
measure environmental conflicts in mining in Vietnam
[85], to facilitate the selection of services in the cloud
[86], etc.
The advantages of using fuzzy TOPSIS include the fol-

lowing ([61, 78]):

� It is an easy technique to understand.

� It is a realistic compensatory model which can
include or exclude alternatives based on hard cut-
offs.

� It is easy to include more criteria or functionality,
with no need to start from scratch.

� The mathematical notions behind fuzzy TOPSIS are
simple.

In a decision problem with criteria (C1,C2,…,Cn) and
alternatives (A1,A2,…,Am), the best alternative in fuzzy
TOPSIS is that which has the shortest distance to a

Table 2 Definition of different types of fuzzy set [71]

Acronym Name Definition

FS Fuzzy Set A FS (or type-1 fuzzy set) A on X is a mapping A : X→ [0, 1], with A(x) the membership degree of the
element x of the fuzzy set A. It can also be defined as A = {(x, μA(x)) | x ∈ X} where μA(x) : X→ [0, 1].

T2FS Type-2 Fuzzy Set Is a FS for which the membership degrees are expressed as FS on [0, 1].

TnFS Type-n Fuzzy Set Is a FS whose membership values are type-(n-1) fuzzy sets.

AIFS Atanassov Intuitionistic Fuzzy Set An AIFS A on X is a mapping A : X→ D([0, 1]) = {(x, y) ∈ [0, 1]2 | x + y≤ 1}. A(x) = (μA(x), νA(x)) for all x ∈ X.
μA(x) is the membership degree of the element x to A and νA(x) is the non-membership degree. Both
values should satisfy the constraint 0≤ μA(x) + νA(x)≤ 1.

BVFSL Bipolar-Valued Fuzzy Set of Lee A BVFSL on X is a mapping A : X→ [−1, 1]. A bipolar scale is considered, with negative values held to
be opposite to positive ones.

BVFSZ Bipolar-Valued Fuzzy Set of
Zhang

A BVFSZ on X is a mapping A : X→ [0, 1] × [−1, 0]. A(x) = (ρ+(x), ρ−(x)) where ρ+: X→ [0, 1], ρ− : X→ [−1,
0] and ρ+(x) + ρ−(x) ∈ [−1, 1]. BVFSZ involves two poles on two different scales. BVFSL is a particular
case of BVFSZ

CFS Complex Fuzzy Set A on the universe X is a mapping A : X→ D where D = {reis | r, s ∈ [0, 1] and i = √ − 1}. That is, the
membership function of a CFS A takes its values from the unit disk on the complex plane. Therefore,
FS is a particular case of CFS.

FRS Fuzzy Rough Set In a universe X, and if R is a fuzzy similarity relation on X, let A ∈ FS(X). A fuzzy rough set on X is a pair
(R ↓ A, R ↑ A) ∈ FS(X) × FS(X) where:
• R ↓ A : X→ [0, 1] is given by R ↓ A(x) = infu ∈ X max (1 − R(u, x), A(u)).
• R ↑ A : X→ [0, 1] is given by R ↑ A(x) = supu ∈ X min (R(u, x), A(u)).

FSS Fuzzy Soft Set A pair (F, A) is a FSS over X, where F is a mapping given by F : A→ FS(X), where FS(X) denotes the set
of all fuzzy subsets of X and A is a set of parameters.

GS Grey Set Defined in the same way as IVFS

HFS Hesitant Fuzzy Set This is a function that when applied to X returns a subset of [0, 1].

THFS Typical Hesitant Fuzzy Set This is a HFS where the membership degree of each of the elements is given by a finite and non-
empty subset of [0, 1].

IT2FS Interval Type-2 Fuzzy Set When all μA(x, u) = 1, then A is an IT2FS corresponding to A(x) = {(u, 1)| u ∈ Jx ⊆ [0, 1]} for every x ∈ X.

IVAIFS Interval-Valued Atanassov
Intuitionistic Fuzzy Set

If A on X is a mapping A : X→LLð½0; 1�Þ ¼ fð½μ; μ�; ½ν; ν; g�Þj½μ; μ�; ½ν; ν; �∈Lð½0; 1�Þ such that μþ ν≤1g.
Where L([0, 1]) denotes the set of all closed subintervals of the unit interval.

IVFS Interval-Valued Fuzzy Set If L([0, 1]) is the set of all closed subintervals of [0, 1], i.e., Lð½0; 1�Þ ¼ f½x ; x�jðx ; xÞ∈½0; 1�2 and x≤xg. An
IVFS A on X is a mapping A : X→ L([0, 1]).

mPVFS m-Polar-Valued Fuzzy Set If m ≥ 2. An mPVFS on X is a mapping A : X→ {1,…,m} × [0, 1]

NS Neutrosophic Set A NS A on X is a mapping A : X→ [0, 1]2.

PFS Pythagorean Fuzzy Set A PFS A on X is a mapping A : X→ {(x, y) ∈ [0, 1]2 | x2 + y2≤ 1}.

SVFS Set-Valued Fuzzy Set This is a FS for which membership degrees are expressed as subsets on [0, 1]. It can also be defined as
A on X as a mapping A : X→ 2[0, 1]\{∅}, where 2[0, 1] is the power set of [0, 1], that is, the set of all
subsets of [0, 1].

SS Shadow Set Given A ∈ FS(X), a shadow set B induced by A is an IVFS on X such that the membership degree of an
element x ∈ X is either [0, 0], [1, 1] or [0, 1];

VS Vague Set Introduced by Gau and Buehrer in 1993. In 1994, it was shown to be the same as AIFS.
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fuzzy positive ideal solution (FPIS) and is at the greatest
distance from a fuzzy negative ideal solution (FNIS). The
FPIS is calculated using the best performance values for
each criterion and the FNIS looks at the worst perform-
ance values.
In fuzzy TOPSIS the criteria must be monotonic, so it

should satisfy one of these two conditions [61]:

a) As the value of the variable increases, so do those
of other variables (similar to the benefit type
criterion).

b) As the value of the variable increases, the other
variables decrease (similar to cost type criterion).

In fuzzy TOPSIS the decision makers use linguistic
variables to obtain the weightings of the criteria and the
ratings of the alternatives. If there is a decision group
made up of k individuals, the fuzzy weight and rating of
the kth decision maker with respect to the ith alternative
in the jth criterion are respectively:

~wk
j ¼ wk

j1;w
k
j2;w

k
j3

� �
ð8Þ

~xkij ¼ akij; b
k
ij; c

k
ij

� �
ð9Þ

Where i = 1, 2, …, m and j = 1, 2, …, n.
The aggregate fuzzy weights ~wij of each criterion given

by k decision makers are calculated using Eq. (10).

~wj ¼ 1
K
� ~w1

j⊕~w2
j⊕…⊕~wk

j

� �
ð10Þ

While Eq. (11) is used to calculate the aggregate rat-
ings of the alternatives [87].

~xij ¼ 1
K
� ~x1ij⊕~x2ij⊕…⊕~xkij
� �

ð11Þ

Equation (12) shows a fuzzy multicriteria group
decision-making problem which can be expressed in
matrix format [76].

D ¼

~x11 ~x12 … ~x1n
~x21 ~x22 … ~x21
: : : :
: : : :
: : : :

~xm1 ~xm2 … ~xmn

2
6666664

3
7777775

~W ¼ ~w1; ~w2;…; ~wnð Þ ð12Þ
Where ~wj and ~xij are linguistic variables which can be

described by triangular fuzzy numbers.
The weightings of the criteria can be calculated by

assigning directly the linguistic variables shown in
Table 3. The ratings of the alternatives are found using
the linguistic variables of Table 4 [76].

The linear scale transformation is used to transform
the various criterion scales into a comparable scale. And
thus we obtain the normalised fuzzy decision matrix R
[88].

~R ¼ ~rij
� �

mxn i ¼ 1; 2;…;m; j ¼ 1; 2;…; n: ð13Þ

where

~rij ¼ ð lijuþj ;
mij

uþj
;
uij
uþj
Þand uþj ¼ maxiuij in the case of bene-

fit type criteria.

~rij ¼ ð l
−
j

uij
;
l−j
mij

;
l−j
lij
Þand l−j ¼ maxilij in the case of cost

type criteria.
Next, the weighted normalised decision matrix, ~V is

calculated, by multiplying the weightings of the criteria
~wj , by the elements ~rij of the normalised fuzzy decision
matrix.

~V ¼ ~vij
� �

mxn donde ~vij ¼ ~xij � ~wj ð14Þ

The distances dþ
i and d−

i of each weighted alternative
from the FPIS and FNIS are calculated using Eqs. (15)
and (16).

dþ
i ¼

Xn
j¼1

dν ~νij; ν
þ
ij

� �
15ð Þ

d−
i ¼

Xn
j¼1

dν ~νij; ν
−
ij

� �
16ð Þ

Table 3 Linguistic variables for the weights [76]

Linguistic variables for the weights Fuzzy number

Very Low (VL) (0, 0, 0.1)

Low (L) (0, 0.1, 0.3)

Medium Low (ML) (0.1, 0.3, 0.5)

Medium (M) (0.3, 0.5, 0.7)

Medium High (MH) (0.5, 0.7, 0.9)

High (H) (0.7, 0.9, 1.0)

Very High (VH) (0.9, 1.0, 1.0)

Table 4 Linguistic variables for the ratings [76]

Linguistic variables for the ratings Fuzzy number

Very Poor (VP) (0, 0, 1)

Poor (P) (0, 1, 3)

Medium Poor (MP) (1, 3, 5)

Fair (F) (3, 5, 7)

Medium Good (MG) (5, 7, 9)

Good (G) (7, 9, 10)

Very Good (VG) (9, 10, 10)
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where dνð~a; ~bÞ is the distance measured between the

fuzzy numbers ~a and ~b. This distance is calculated from
Eq. (17) [88].

dν ~a; ~b
� � ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
3

la−lbð Þ2 þ ma−mbð Þ2 þ ua−ubð Þ2� �r
ð17Þ

Finally, the closeness coefficient, CCi, is calculated for
each alternative i using Eq. (18). This parameter allows
the degree of fuzzy satisfaction to be evaluated for each
Healthcare Organisation.

CCi ¼ d−
i

d−
i þ dþ

i

ð18Þ

Model for optimisation of maintenance in systems
for preparation of cytotoxic drugs
The preparation systems for cytotoxic drugs analysed in
this study are from a state-run hospital opened in 2005.
The built area is 100,000 m2 making it one of the largest
in Spain. It has 540 beds, 12 operating theatres, 24 inten-
sive care beds, 4 paediatric intensive care units, 24 neo-
natal posts, 16 reanimation points, a dialysis unit, a
major surgery out-patient unit with 23 stations, a
haemodynamic and pacemaker insertion unit, a digital
image treatment area, laboratories, a pharmacy, sterilisa-
tion unit, blood bank, 119 doctors’ surgeries, heliport,
etc. It has a direct catchment area of 42 population cen-
tres, and offers health services directly to 174,550 inhabi-
tants, and another 370,000 may be referred there from
other hospitals. It is a reference in the region for eating
disorders, nuclear medicine and its blood bank.
The multicriteria model requires information about

the mean availability of the alternatives considered.
Firstly, there is a description of the study with continu-
ous time Markov chains carried out on the preparation
systems for cytotoxic drugs at the hospital. Then, there
is a description of the multicriteria model developed by
fuzzy TOPSIS.

Markov chains for the preparation systems for cytostatic
drugs
The pharmacy is part of the care support services at the
hospital, making medicines and cytostatics, and main-
taining a general stock. The pharmacy includes systems
for preparing cytotoxic drugs, and for storage and con-
servation of the vertical and horizontal kardex and the
climate systems for pharmacotechnics and the electricity
supply systems.
System 1 is used to prepare personalised medicines for

oncological and other treatments, while System 2 pre-
pares nutrients for the daily supply of tube-fed patients.

These systems are considered important to the hos-
pital, as their working directly affects patients, care staff
responsible for making medicines, the environment, and
non-care staff carrying out maintenance, cleaning, refuse
collection, etc.
Markov chains are widely used in research, as they

allow systems to be modelled and their reliability, main-
tainability, availability and safety parameters to be esti-
mated. This paper applies standard CEI IEC 61165 [89].
A continuous time Markov chain is constructed from

a discrete set of exhaustive and mutual exclusive states
where changes of state occur randomly.
The mathematical modelling of a system by Markov

chains begins with a graph which defines the states of
the system, and transition between states is caused by a
fault or a repair. Faults can cause stoppage of the system
(catastrophic breakdown) or a wearing process; in the
latter case the worn states may be considered non-
catastrophic faults. The complete mathematical process
is described in [90–92], where the final system of equa-
tions to be solved is shown in Eq. (19) [93].

p0; p1;…; pn−1; pnð Þ�

d00 d01 ⋯ d0n−1 1
d10 d10 … d1n−1 1
⋮ ⋮ ⋱ ⋮ ⋮
di0 dij 1
⋮ ⋮ ⋯ ⋮ ⋮

dn0 dn1 ⋯ dnn−1 1

0
BBBBBB@

1
CCCCCCA

¼ 0; 0;…; 0; 1ð Þ
ð19Þ

where p = (p0, p1,…, pk,…, pm) is the vector of probabil-
ities in the stationary state, and the elements dij of the
matrix are the derivatives of the transition probabilities
pij(t) from state i to state j. Equation (19) may be
expressed in matrix form, as shown in Eq. (20).

p�A ¼ 1 ð20Þ
Thus, the vector p of probabilities in the stationary

state can be expressed as in Eq. (21).

p ¼ B�A−1 ð21Þ
Solving Eq. (21) gives the mean availability Dm of the

system analysed. Thus, if the system has n − 1 stable op-
erating states, the mean availability is calculated from
Eq. (22), where pi are the coefficients obtained by solving
the previous system of equations.

Dm ¼ p0 þ p1 þ…þ pn−1 ð22Þ
Over the life cycle of the systems analysed, the failure

and repair rates are constant, and so the exponential dis-
tribution of failures and repairs was used. The data used
were obtained from the hospital’s Computerised Main-
tenance Management System. The system of Eqs. (21)
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was solved using a recursive approach with©Matlab
software.
System 1 comprises a hood for preparing cytostatic

drugs vertically or by ascending flow. System 2 is used
for parenteral feeding and is of the horizontal or lateral
ascending flow type. Each system performs different
functions which cannot be interchanged. Each system
has three section:

1.- filter section.
2.- gas extraction section.
3.- control section with operating alarms.

There is a quarterly preventive check-up, and a more
thorough annual check during which the filters and
changed and checked, as recommended by the manufac-
turer. While the preventive maintenance is being carried
out, the system is not considered to have failed, as this is
programmed work.
A fault at each level means that the system enters a

state of breakdown. Each state is observed by the oper-
ator who is physically present.
The equivalent failure rate of the systems is calculated

from Eq. (23). The equivalent repair rate μi for the sys-
tems is calculated using Eq. (24). λj and μj are the failure
and repair rates of each of the constituent sections of a
system.

λi ¼
Xk
j¼1

λ j ð23Þ

μi ¼
λiXk

j¼1

λ j

μ j

ð24Þ

For System 1, λ11 and μ11 are defined as the failure
and repair rates of the filter section. λ12 and μ12 are the
failure and repair rates of the gas extraction section.
λ13and μ13 are the failure and repair rates of the control
section with operating alarms.
For System 2, λ21 and μ21 are defined as the failure

and repair rates of the filter section. λ22 and μ22 are the
failure and repair rates of the gas extraction block.
λ23and μ23 are the failure and repair rates of the control
section with operating alarms.
Let λ1 and μ1 be the equivalent failure and repair rates

of System 1, and λ2 and μ2 the equivalent failure and re-
pair rates of System 2.
Particularising for Systems 1 and 2, Eqs. (23) and (24)

give:

λ1 ¼ λ11 þ λ12 þ λ13 ð25Þ

μ1 ¼
λ1

λ11
μ11

þ λ12
μ12

þ λ13
μ13

ð26Þ

λ2 ¼ λ21 þ λ22 þ λ23 ð27Þ

μ2 ¼
λ2

λ21
μ21

þ λ22
μ22

þ λ23
μ23

ð28Þ

The alternatives considered for optimising the func-
tioning of both these critical pharmaceutical manufac-
turing systems are the combination of corrective,
preventive and predictive maintenance, together with a
series of spare parts:

� Corrective and preventive maintenance (CPM).
Corrective maintenance is carried out at two levels:
the first level is performed by care staff before every
use, and the second level by the servicing
department of the manufacturer of the system. To
this should be added a quarterly preventive check-
up, and an annual check-up, also arranged with the
manufacturer.

� Corrective and preventive maintenance plus a spare
hood (CPM +C). This alternative is defined as being
the same as the previous one, but it also considers
the availability of a reserve hood, which is included
in the plan for corrective and preventive
maintenance. The workload of the hoods is shared
out, distributing time of use such that each works
the same number of annual hours, in each system. It
is considered in this case that the failure rate is
proportionately lower.

� Corrective and preventive maintenance plus the
availability of two spare hoods (CPM + 2C). This
alternative is defined as being the same as the
previous one, but it also considers the availability of
two reserve hoods, which are included in the plan
for corrective and preventive maintenance. The
workload of the three hoods is shared out
proportionally over the year in each system. The
failure rate is proportionately lower.

� Corrective, preventive and predictive maintenance
(CPPM). This alternative involves the use of a single
hood, and corrective maintenance applied by the
care staff before each use, and by the technicians of
the manufacturer’s servicing department. It also
includes a quarterly preventive check-up and an an-
nual one also arranged with the manufacturer’s tech-
nical service. To this is added an annual predictive
check-up, which monitors hot areas via thermo-
graphic analysis, which is outsourced.
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The values found for these failure and repair rates in
each section, from the record of the time they have been
working in the hospital are shown in Table 5. These
values are similar for both systems.
Applying Eqs. (25), (26), (27) and (28) to each opti-

misation alternative gives the equivalent failure rate λ1 =
λ2 = 0.000209, and the equivalent repair rate μ1 = μ2 =
0.028797.
The Markov graph considering a single hood is shown

in Fig. 1. In this graph, the nodes represent states. A link
from State 0 to State 1 describes the probability of a
transition from 0 to 1, in this case λ1. The link from
State 1 to State 0 is the probability of a transition be-
tween these states, in this case the repair rate μ1.
Equation (29) shows the transition matrix correspond-

ing to the Markov graph in Fig. 1.

−λ1 λ1 1
μ1 −λ1−μ1 1
0 μ1 1

0
@

1
A ð29Þ

Since the subsystem is only operational in State 0,
mean availability is Dm(CPM) = p0.
The probability that an element is working is the avail-

ability D(t). According to Creus [94], the general expres-
sion for availability is shown in Eq. (30).

D tð Þ ¼ μ
λþ μ

þ λ
λþ μ

e− λþμð Þt ð30Þ

Considering infinite time and applying a limit to Eq.
(30) give an equation for the mean availability Dm.

Dm ¼ lim
t→∞

D tð Þ ¼ μ
λþ μ

ð31Þ

Mean availability when System 1 is functioning nor-
mally is thus D1mðCPMÞ ¼ μ1

λ1þμ1
. Substituting Eqs. (25)

and (26) into the previous equation gives that the mean
availability in the case of a single hood in System 1 is as
shown in Eq. (32). Where k is the number of sections
that make up Systems 1 or 2.

D1m CPMð Þ ¼ 1

1þ
Xk
j¼1

λ j

μ j

¼ 1

1þ λ11
μ11

þ λ12
μ12

þ λ13
μ13

¼ 0:9928 ð32Þ

Likewise, for System 2, the Markov graph is a s shown
in Fig. 2, and the corresponding transition matrix is
shown in Eq. (33).

−λ2 λ2 1
μ2 −λ2−μ2 1
0 μ2 1

0
@

1
A ð33Þ

The mean availability of System 2, D2m(CPM) is similar
to that found for System 1 from Eq. (31), taking into ac-
count particular details for its failure and repair rates.
Figure 3 shows the Markov graph for System 1 for the

alternative with two hoods.
The transition matrix corresponding to the Markov

graph in Fig. 3 is shown in Eq. (34).

−2λ1 2λ1 1
μ1 −λ1−μ1 1
0 μ1 1

0
@

1
A ð34Þ

Solving the system of equations in Eq. (21) gives the
values of vector p. Bearing in mind that System 1 is op-
erative in States 0 and 1, the mean availability of System
1 is D1m(CPM +C) = p10 + p11 = 0.9999.
Figure 4 shows the Markov graph for System 2 for the

alternative with two hoods.
The transition matrix corresponding to the Markov

graph in Fig. 4 is shown in Eq. (35).

−2λ2 2λ2 1
μ2 −λ2−μ2 1
0 μ2 1

0
@

1
A ð35Þ

The results obtained on solving the system of equa-
tions in Eq. (21) are similar to those for System 1, as
once again System 2 is operative only in States 0 and 1,
and the mean availability of System 2 D2m(CPM + C) =
p20 + p21 = 0.9999.
Figure 5 shows the Markov graph corresponding to

System 1 for the alternative with three hoods.
The transition matrix corresponding to the Markov

graph in Fig. 5 is shown in Eq. (36).

Table 5 Failure and repair rates for the systems

Failure rate for
the filter section
(breakdowns/
hour)

Failure rate for the
gas extraction section
(breakdowns/hour)

Failure rate for the control
section with operating
alarms (breakdowns/hour)

Repair rate for
the filter section
(repairs/hour)

Repair rate for the
gas extraction
section (repairs/
hour)

Repair rate for the
control section with
operating alarms
(repairs/hour)

λ11 = 0.000114 λ12 = 0.000057 λ13 = 0.000038 μ11 = 0.0417 μ12 = 0.021 μ13 = 0.021
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−3λ1 3λ1 0 1
μ1 −2λ1−μ1 2λ1 1
0 μ1 −λ1−μ1 1
0 0 μ1 1
0 0 0 1

0
BBBB@

1
CCCCA ð36Þ

Solving the system of equations in Eq. (21) gives values for
the probability vector p= (p0, p1,…, pm− 1, pm) in the steady
state, where the mean availability of System 1, D1m(CPM+2C)

bearing in mind that the subsystem is operative in States 0, 1
and 2, is D1m(CPM+2C) = p30 + p31 + p32 = 1.
A similar value for mean availability is found for System

2. This is because it has a similar Markov graph, and simi-
lar equivalent failure and repair rates, to System 1.
The Markov graph for a single hood, applying correct-

ive, preventive and predictive maintenance (CPPM) is
shown in Fig. 6. Predictive maintenance would avoid

problems in the filter section, and so there could only be
failures in the gas extraction section and the control sec-
tion with working alarms. The equivalent failure rate of
the systems is λ1 = λ2 = 0.000095, and the equivalent re-
pair rate for both systems is μ1 = μ2 = 0.0210.
The mean availability of System 1, D1m(MCPP) bearing

in mind that the system is operative only in State 1, is
D1m(CPPM) = p40 = 0.9954. A similar mean availability is
found for System 2.

Multicriteria model for choice of maintenance policies in
preparation systems for cytotoxic drugs
Below is the model, designed with fuzzy TOPSIS, applied
to preparation systems for cytotoxic drugs.
The multicriteria model was built with the help of a

decision group made up of those in charge of different

Fig. 1 Markov graph for System 1 for the initial installation state. State 0: normal working. State 1: failure of the hood. Failure of the system

Fig. 2 Markov graph for System 2 for the initial installation state. State 0: normal working. State 1: failure of the hood. Failure of the system
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areas of the hospital, such as electro-medicine, facilities
maintenance, patient admissions, environment, care staff
and health and safety. The decision group was coordi-
nated by the head of Technical Services at the hospital,
who is therefore in charge of maintenance, safety and
environment at the hospital; he is also greatly experi-
enced in the application of multicriteria techniques. This
decision group agreed the decision criteria and their

descriptors by consensus. The contributions of the deci-
sion group to the model are summarised in Fig. 7.
In order to choose the decision criteria and descrip-

tors, the decision group analysed the literature on the
subject.
To avoid ambiguity in the interpretation of the criteria

at later stages of the decision process, a descriptor was
associated to each criterion or subcriterion to make an

Fig. 3 Markov graph for System 1 when there are two hoods. State 0: normal working. State 1: failure of one hood. State 2: failure of the second
hood. Failure of the system

Fig. 4 Markov graph for System 2 with two hoods. State 0: normal working. State 1: failure of one hood. State 2: failure of the second hood.
Failure of the system
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operational description. A descriptor is an ordered set of
plausible performance levels within a criterion, to de-
scribe objectively the impacts of alternatives with respect
to that criterion. Scale levels were defined for each
descriptor.
The decision group established the following decision

criteria and subcriteria:

� Costs. This includes both direct and indirect costs
involved with each alternative. The subcriteria of
this criterion are investment costs and system
maintenance.
– Investment costs (IC). The mean investment cost

per hood, including installation, is €25,000, to be

paid off over 10 years. The scale levels of the
descriptor Investment cost do not include the
cost of annual debt repayment on existing devices
already in the system, only those corresponding
to the alternatives under consideration. The scale
levels of this descriptor, from highest to lowest
performance level, are:
– € 0.
– € 2000.
– € 4000
– € 6000.

– Maintenance costs (MC). The descriptor
Maintenance costs includes the annual
maintenance of all the section that make up the

Fig. 5 Markov graph for System 1 for three hoods. State 0: normal working. State 1: failure of the first hood. State 2: failure of the second hood.
State 3: failure of the third hood. Failure of the system

Fig. 6 Markov graph for System 1 for the initial installation state. State 0: normal working. State 1: failure of the hood. Failure of the system
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system. The scale levels of this descriptor, from
highest to lowest performance level, are:
– € 2000.
– € 4000.
– € 6000.
– € 8000.

� Quality of health care (QH). This measures the
impact on care, as a function of mean availability of
each alternative. The descriptor associated with this
criterion takes into account the time during which
the system is operative, via mean availability. This
accounts for the existence of stops, breaks in service,
or deprogramming, which have consequences for
patient care. It should be noted that this criterion
only considers the effect of the systems analysed on
the quality of care offered by the hospital. Therefore,
only technical parameters, such as the mean
availability of the systems, are considered. Other
things that may affect the quality of care, but which
are not related to technical matters in the systems,
such as for example those related to the non-
availability of care staff to operate the systems, were

not analysed. The scale levels of the descriptor, from
highest to lowest performance level, are:
– Mean availability of the system is greater than

0.9990. There are no stoppages or reduction in
the healthcare services offered.

– Mean availability of the system lies between
0.9981 and 0.9990. There is a small stoppage,
with no need to interrupt the process.

– Mean availability of the system lies between 0.9971
and 0.9980. There is a stoppage which requires the
attendance of maintenance staff, although the
process is not interrupted, the basic functions are
maintained and supervised by healthcare staff, until
automatic function can be restarted.

– Mean availability of the system lies between
0.9961 and 0.9970. there is a stoppage, and the
service provided by the subsystem must be
reduced to below the normal operating level.

– Mean availability of the system is less than
0.9960. There is a stoppage in the subsystem, and
the service offered by the subsystem must be
reduced to a level considered critical.

Fig. 7 Contributions of the decision group to the model
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� Impact on hospital management. This criterion
measures the impact on the scope of care in the
hospital and on the organisation of possible
alternatives. It includes the criteria Working
environment in the organisation and Impact on
scope of health care.
– Working environment in the organisation (WO).

This criterion assesses the existence of differences
between care services in the hospital, which may
be caused by lack of attention by management to
the way resources are assigned. This affects the
level of satisfaction of the staff in each care
service, but it can also affect the general
atmosphere of the hospital. The effect on the
regional standing of the hospital was also
analysed, as it is reflected in the sense of pride of
the workers in the different areas of the hospital.
The scale levels of the descriptor Existence of
dissatisfaction in areas of health care and effect
on hospital standing, from highest to lowest
performance level, are:
– There is no dissatisfaction due to differences

in investment of resources in a given area of
health care. The hospital increases its standing
in the region, and so the staff as a whole feel
pride in belonging to it.

– There are some areas of care where there may
be dissatisfaction, on perceiving a reduction in
updating and renewal of technology, due to
investment of resources in other services or
areas. The hospital increases its standing in
the region, and so the staff who do not feel
aggrieved feel pride in belonging to it.

– There is no dissatisfaction due to differences
in investment of resources in a given area of
health care. The hospital neither gains nor
loses standing in the region.

– There are some areas of care where there may be
dissatisfaction, on perceiving a reduction in
updating and renewal of technology, due to
investment of resources in other services or areas,
but the standing of the hospital is not affected.

– This implies a reduction in resources which
do exist in other services: space, facilities,
equipment or even staff, which leads to a poor
working environment in the rest of the
hospital.

– Impact on health care (IH). This assesses the
effect on regional health cover, if the service is
classed as a reference in the regional health
service, and the ability to attend to other areas
assigned to the hospital. The scale levels of this
descriptor, from highest to lowest performance
level, are:

– It increases health cover in the Regional
Health Service. The service provided is classed
as a reference within the regional health
system, and is able to attend to other areas of
the system.

– It increases health cover in its own catchment
area. The service provided increases in the
area covered by the hospital, reducing referrals
to other areas.

– It increases health cover at certain times in the
catchment area of the hospital. It provides
care support, in specific cases, to other areas
in the system.

– There is no extra impact on health cover. It
does not provide care support outside its own
catchment area, but neither does it require
cover from other areas.

– It requires cover from other hospitals in the
regional/national health service. It does not
provide any care support outside its
catchment area.

� Maintenance planning optimisation (MP). The
descriptor associated with this criterion brings
together a number of aspects; on the one hand
certainty in diagnosing faults or breakdowns in
equipment for preparing cytotoxic drugs, and on the
other, how far in advance corrective maintenance
activities can be programmed, to take into account
the impact on provision of care services and
optimisation of programming and costs of the
maintenance service. The scale levels of this
descriptor, from highest to lowest performance level,
are:
– The maintenance technician has reliable

diagnostic tools for faults and breakdown, with
sufficient advance warning of the failure to
programme corrective maintenance without
affecting the care service provided. Moreover,
corrective actions can be programmed together
with those of other hospital systems, which
optimises Maintenance Service programming,
and maintenance costs.

– The maintenance technician has reliable
diagnostic tools for faults and breakdown, with
sufficient advance warning of the failure to
programme corrective maintenance without
affecting the care service provided. It is not
possible to programme maintenance activity
together with that of other systems.

– The maintenance technician has reliable
diagnostic tools for faults and breakdown, but
with insufficient warning of the failure, requiring
corrective maintenance to be carried out
immediately. This may lead to programming
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problems for the Maintenance Service, as it will
mean cancelling actions programmed in the short
term, which will increase the cost of
maintenance, and might affect, to some degree,
the operating state of other systems. It is not
possible to programme maintenance activity
together with that of other systems.

– The maintenance technician does not have
reliable diagnostic tools for all the faults and
breakdown analysed, and needs those in more
senior positions to take a decision. The advance
warning is so short that immediate corrective
maintenance action must be undertaken, which
may affect the provision of care (by causing the
cancellation of programmed services for several
hours). This also leads to programming problems
for the Maintenance Service, as it means
cancelling actions programmed in the short term,
which will increase the cost of maintenance, and
might affect the operating state of other medical
devices. The cost of maintenance is increased. It
is not possible to programme maintenance
activity together with that of other systems.

– The maintenance technician does not have
reliable diagnostic tools for the faults and
breakdown analysed, and needs those in more
senior positions to take a decision. There is not
enough time to carry out the corrective action
before the device stops. This affects the provision
of care (by causing the cancellation of
programmed services for several days). This also
leads to programming problems for the
Maintenance Service, as it means cancelling
actions programmed in the short term, which
can affect the operating state of other medical
devices. Maintenance costs are increased. It is not
possible to programme maintenance activity
together with that of other systems.

The linguistic variables for the weights defined in
Table 2 are used to establish the fuzzy weights of the cri-
teria. The results for the fuzzy weightings obtained by
the decision group are shown in Table 5. Qualitative
judgement intervals were used; for example, in the cost
criteria MC and IC, the judgements are low or medium
low (L-ML). The resulting fuzzy numbers used cover the
range of weights set out in Table 2, corresponding to the
linguistically-defined judgement intervals (the results
can be seen in the final column of Table 5).
Next, the decision group evaluates each alternative via

the linguistically-defined variables from Table 3, obtain-
ing the results of Table 6. It can be seen that for the cri-
terion MC and the alternative CPM + 2C, the decision
group considered that the valuation was between fair (3,

5, 7) and medium good (5, 7, 9), and was finally associ-
ated with this alternative (3, 6, 9), choosing from the
lowest value on the interval to the highest, and the mean
as the modal value of the triangular fuzzy number. The
case of the criterion IC and the alternative CPM + C is
similar. For the criterion MP and the alternatives CPM +
C and CPM+ 2C the decision group considered that the
valuation was between medium good (5, 7, 9) and good
(7, 9, 10), and so the final value assigned by the group
was (5, 7.5 and 10). The valuation given for the criterion
WO and the alternatives CPM +C, CPM + 2C and
CPPM was similar.
The linguistic assessments in Tables 6 and 7 were con-

verted into triangular fuzzy numbers, in order to con-
struct the fuzzy normalised decision matrix in Table 8.
This yields the fuzzy weighted normalised decision
matrix shown in Table 9.

Results
The distances dþ

i and d−
i of each weighted alternative

from the FPIS and FNIS are calculated using Eqs. (14)
and (15), giving the results shown in Table 10. The CC
are set out in Table 10. The ranking of alternatives is ob-
tained from the value of CC, in decreasing order. The
best alternative is therefore closest to FPIS = [(1,1,1)
(0,0,0) (0,0,0) (1,1,1) (1,1,1) (1,1,1)] and farthest from
FNIS = [(0,0,0) (1,1,1) (1,1,1) (0,0,0) (0,0,0) (0,0,0)]. The
values (0,0,0) in FPIS arise because the criteria related to
costs must be minimised; likewise, in FNIS these values
should be (1,1,1).
The best result is obtained for Corrective and Prevent-

ive Maintenance plus two spare hoods, (CPM + 2C),
followed by Corrective, Preventive and Predictive Main-
tenance (CPPM), Corrective and Predictive Maintenance
plus one spare hood (CPM +C), and finally Corrective
and Preventive Maintenance (CPM).
A sensitivity analysis was carried out in order to test

the robustness of the model. In this way, the influence of
the weight of the criteria on the ranking of alternatives
can be analysed. In order to assess the influence of the
weight of the criteria on the ranking of alternatives, the
aggregated fuzzy weights given by the decision group
were modified, increasing and decreasing the weight of

Table 6 Fuzzy weights

Criteria/subcriteria Linguistic ratings Fuzzy number weights

QH ML (0.1 0.3 0.5)

MC L-ML (0.0 0.3 0.5)

IC L-ML (0.0 0.3 0.5)

MP L (0.0 0.1 0.3)

IH L (0.0 0.1 0.3)

WO VL (0.0 0.0 0.1)
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each criterion by 10 and 20%. The rankings of the alter-
natives were evaluated for each of these cases, and the
influence of changes in criteria weights on alternatives
can be quantified. Figure 8 shows the results obtained by
modifying the weights of the decision group.
From the sensitivity analysis, we can see that no modi-

fication in the ranking of alternatives is produced by the
increase and decrease of the weights provided by the
group. Therefore, the model is robust.

Discussion
The alternative currently applied in the hospital is Cor-
rective and preventive Maintenance (MCP) which means
an availability of 0.9928, which can lead to a decrease in
services provided to in-patients, as it is sometimes ne-
cessary to ask other hospitals for help in preparing medi-
cation. This can involve a delay in delivering medication,
which can affect the recovery time of patients, and po-
tentially their lives. The multicriteria model here de-
scribed uses MCP + 2C, which gives an availability of 1;
that is, the system is always available. The quality of ser-
vice is therefore very high, and it can offer services to all
the users of the hospital, and also offer cover in the

preparation of cytotoxic medicines to other hospitals in
the catchment area.
The hospital held that the change of alternative had a

value 1 (the highest possible) and also believed that the
changes necessary to begin to apply this alternative
could be carried out in 1 month. The Maintenance de-
partment at the hospital did not have to perform any
extra actions over and above those they were already
charged with.
The change in costs is €5000 in investment costs, and

€2400 annually in increased maintenance costs. How-
ever, the improvement in provision of services and qual-
ity of care more than make up for the increase in costs.
Unfortunately, just after the end of the study there was

a sharp decrease in the hospital budget and changes in
the direction of the Technical Services (which includes
the maintenance service) that have forced a delay in the
implementation of the selected alternative. This was
followed by the COVID-19 pandemic, which has made it
impossible to make changes in maintenance activities
due to oversaturation of the service. This is because the
devices are at their maximum level of use, causing more
failures and faults. However, it is expected that the

Table 7 Ratings of the decision group for each of the alternatives

Criteria/subcriteria Alternatives Linguistic ratings Fuzzy number ratings

CPM VP (0, 0, 1)

QH CPM + C VG (9, 10, 10)

(maximise) CPM + 2C VG (9, 10, 10)

CPPM G (7, 9, 10)

CPM VG (9, 10, 10)

MC CPM + C MG (5, 7, 9)

(minimise) CPM + 2C F-MG (3, 6, 9)

CPPM VP (0, 0, 1)

CPM VG (9, 10, 10)

IC CPM + C F-MG (3, 6, 9)

(minimise) CPM + 2C P (0, 1, 3)

CPPM VG (9, 10, 10)

CPM F (3, 5, 7)

MP CPM + C MG-G (5, 7.5, 10)

(maximise) CPM + 2C MG-G (5, 7.5, 10)

CPPM VG (9, 10, 10)

CPM MP (1, 3, 5)

IH CPM + C F (3, 5, 7)

(maximise) CPM + 2C G-VG (7, 8.5, 10)

CPPM MP (1, 3, 5)

CPM F (3, 5, 7)

WO CPM + C MG-G (5, 7.5, 10)

(maximise) CPM + 2C MG-G (5, 7.5, 10)

CPPM MG-G (5, 7.5, 10)
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selected alternative will be implemented as soon as pos-
sible. In addition, it is expected to be able to control,
through quantitative indicators, the improvements
brought about by the maintenance change introduced,
such as a real change in availability, an increase in the
number of patients seen per period and a reduction in
the waiting time in obtaining treatment for illness or ser-
vice assistance, as well as a survey on the level of satis-
faction of the staff who work with preparation systems
for cytostatics.
Intended future lines of research include new alterna-

tives such as Reliability Centred Maintenance or Total
Productive Maintenance, as and when the hospital con-
siders its use. It is also useful to review from time to
time the judgements of the decision group, as changes in
the internal and external environment of the hospital
(an increase in maintenance costs, outsourcing of activ-
ities, new technologies in medicine production, eco-
nomic recession, etc.) could change the valuations. The
problem can also be analysed using other multicriteria
techniques, such as, for example, fuzzy PROMETHEE,
fuzzy VIKOR or the fuzzy Best-Worst method, and the
results compared. Furthermore, once the alternative

proposed by this study is introduced, all the real advan-
tages that accrue, as compared to the alternative previ-
ously in place, can be analysed.

Conclusions
Despite its importance for the patient, care and non-care
staff, and the environment, there are no precedents in
the literature analysing choices of maintenance policy as
applied to systems that prepare cytotoxic drugs. The
maintenance of these systems can affect availability of
treatment, and thus its effectiveness and the patient’s re-
covery. It can also cause serious risks to health care staff
and the environment should any part of it fail.

Table 8 Fuzzy normalised decision matrix

Criteria/subcriteria Alternatives Ratings

CPM (0.000, 0.000, 0.100)

QH CPM + C (0.900, 1.000, 1.000)

(maximise) CPM + 2C (0.900, 1.000, 1.000)

CPPM (0.700, 0.900, 1.000)

CPM (0.900, 1.000, 1.000)

MC CPM + C (0.500, 0.700, 0.900)

(minimise) CPM + 2C (0.300, 0.600, 0.900)

CPPM (0.000, 0.000, 0.100)

CPM (0.900, 1.000, 1.000)

IC CPM + C (0.300, 0.600, 0.900)

(minimise) CPM + 2C (0.000, 0.100, 0.300)

CPPM (0.900, 1.000, 1.000)

CPM (0.300, 0.500, 0.700)

MP CPM + C (0.500, 0.750, 1.000)

(maximise) CPM + 2C (0.500, 0.750, 1.000)

CPPM (0.900, 1.000, 1.000)

CPM (0.100, 0.300, 0.500)

IH CPM + C (0.300, 0.500, 0.700)

(maximise) CPM + 2C (0.700, 0.850, 1.000)

CPPM (0.100, 0.300, 0.500)

CPM (0.300, 0.500, 0.700)

WO CPM+ C (0.500, 0.750, 1.000)

(maximise) CPM + 2C (0.500, 0.750, 1.000)

CPPM (0.500, 0.750, 1.000)

Table 9 The fuzzy weighted normalised decision matrix

Criteria/subcriteria Alternatives Ratings

CPM (0.000, 0.000, 0.050)

QH CPM + C (0.090, 0.300, 0.500)

(maximise) CPM + 2C (0.090, 0.300, 0.500)

CPPM (0.070, 0.270, 0.500)

CPM (0.000, 0.300, 0.500)

MC CPM + C (0.000, 0.210, 0.450)

(minimise) CPM + 2C (0.000, 0.180, 0.450)

CPPM (0.000, 0.000, 0.050)

CPM (0.000, 0.300, 0.500)

IC CPM + C (0.000, 0.180, 0.450)

(minimise) CPM + 2C (0.000, 0.030, 0.150)

CPPM (0.000, 0.300, 0.500)

CPM (0.000, 0.050, 0.210)

MP CPM + C (0.000, 0.075, 0.300)

(maximise) CPM + 2C (0.000, 0.075, 0.300)

CPPM (0.000, 0.100, 0.300)

CPM (0.000, 0.030, 0.150)

IH CPM + C (0.000, 0.050, 0.210)

(maximise) CPM + 2C (0.000, 0.085, 0.300)

CPPM (0.000, 0.030, 0.150)

CPM (0.000, 0.000, 0.070)

WO CPM + C (0.000, 0.000, 0.100)

(maximise) CPM + 2C (0.000, 0.000, 0.100)

CPPM (0.000, 0.000, 0.100)

Table 10 The distance measurement and closeness coefficient
of each alternative

Alternatives dþi d−i CC Ranking

CPM 4.494 1.805 0.287 4th

CPM + C 4.059 2.314 0.363 3rd

CPM + 2C 3.824 2.511 0.396 1st

CPPM 3.892 2.404 0.382 2nd
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This paper sets out, for the first time, a model that
contributes to the optimum choice of the combination
of maintenance policies and other improvement actions,
such as an increase in spare parts or systems, in systems
for the personalise preparation of cytotoxic drugs. The
model uses fuzzy TOPSIS and a decision group compris-
ing the heads of a number of care and non-care sections,
chaired by the assistant manager of Technical Services
of the Hospital, who is in charge of maintenance, safety
and the environment.
The model, unlike most contributions in the literature,

is aimed at actual practice in organisations, and con-
siders as alternatives a combination of different mainten-
ance policies. Also, the alternatives take into account
outsourcing of specific maintenance policies or activities,
a common practice in many healthcare organisations,
and not usually considered in the literature.
The model includes criteria related to the impact on

hospital management, such as the effect of one alterna-
tive over another on the workplace environment or on
care cover. These matters have not been addressed in
any previous research, and may serve as a standard for
other organisations wishing to use the model for the
same purpose.
The model can also be easily applied to other national

and international healthcare organisations. This means
forming a multi-disciplinary team made up of technical
personnel and those responsible for healthcare services,
to provide the weightings of the criteria specific to the
hospital. These weightings may vary, especially in the
case of cost criteria, depending on the public or private
nature of the healthcare organisation and the existing
budget in each centre. They may even change over time.
This may be due, for example, to a greater concern of
government policies towards improving the quality of
care, providing the centres with higher budgets and
making the cost criteria less relevant in the model devel-
oped. It would also be necessary to have the average
availability of each system that prepares cytotoxic drugs,
to be able to evaluate the existing level with respect to
the Quality of care (QH) criterion. However, this param-
eter is usually available in all Hospital Technical Services
through a Computerised Maintenance Management Sys-
tem (CMMS). This study includes the criterion Impact
on healthcare coverage (HI), which assesses the influ-
ence on regional healthcare coverage, whether the ser-
vice is classified as a reference in the health system of
the region and the capacity to care for other areas influ-
ence different from that assigned in the hospital.

Fig. 8 Sensitivity analysis results modifying the weights provided by
the group: A Quality of Health care (QH); B Maintenance Costs(MC);
C Investment Costs (IC). D Maintenance planning optimisation (MP);
E Impact on care cover (IH); F Workplace Environment (WO)
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However, other countries may not take into account the
influence that a hospital has on an entire region, espe-
cially in countries where there is no full public health
coverage, as in the case of Spain. However, this criterion
could slightly modify its definition in these countries,
considering the probability that clients from other areas
outside the centre’s coverage radius will move to that
healthcare organisation. In addition, for its application
to other national and international healthcare organisa-
tions, the combination of maintenance policies that are
being applied at that time and those that could be ap-
plied in the future must be considered as alternatives. In
this model, four alternatives are considered: Corrective
and preventive maintenance (CPM), Corrective and pre-
ventive maintenance plus a reserve hood (CPM +C),
Corrective and preventive maintenance plus the installa-
tion of two reserve hoods (CPM + 2C) and Corrective,
preventive and predictive maintenance (CPPM). None-
theless, a hospital might not consider it feasible to have
a predictive maintenance policy due to the technological
requirements and highly specialised training it requires,
so it might consider other alternatives instead. However,
this would not involve a great effort for the maintenance
service, since it would be immediately possible to deter-
mine the current alternative that they are applying and
the alternatives that would mean different levels of im-
provement for the hospital.
The results obtained from the model recommend

changing the alternative that is currently in use, Correct-
ive and Preventive Maintenance, to Corrective and Pre-
ventive Maintenance plus two spare hoods, which would
achieve significant improvement in quality of care, and
would lower the risks for patients, care and non-care
staff, and the environment.

Abbreviations
WHO: World Health Organization; ISO: International Standard Organization;
CM: Corrective Maintenance; PM: Preventive Maintenance; CBM: Condition
Based Maintenance; PdM: Predictive Maintenance; OM: Opportunistic
Maintenance; TPM: Total Productive Maintenance; RCM: Reliability Centred
Maintenance; TOPSIS: Technique for Order of Preference by Similarity to Ideal
Solution; MCDM: Multi-Criteria Decision Making; HTA: Health Technology
Assessment; AHP: Analytic Hierarchy Process; SAW: Simple Additive
Weighting; ELECTRE: ELimination Et Choix Traduisant la REalité;
PROMETHEE: Preference Ranking Organization METHod for Enrichment of
Evaluations; MACBETH: Measuring attractiveness through a categorical-based
evaluation technique; VIKOR: VIekriterijumsko KOmpromisno Rangiranje;
MILP: Mixed Integer Linear Programming; SWARA: Stepwise Weight
Assessment Ratio Analysis; WASPAS: Weighted Additive Sum Product
Assessment; FAD: Fuzzy Axiomatic Design; ARAS: Additive Ratio Assessment;
FS: Fuzzy Set; T2FS: Type-2 Fuzzy Set; TnFS: Type-n Fuzzy Set; AIFS: Atanassov
Intuitionistic Fuzzy Set; BVFSL: Bipolar-Valued Fuzzy Set of Lee;
BVFSZ: Bipolar-Valued Fuzzy Set of Zhang; CFS: Complex Fuzzy Set;
FRS: Fuzzy Rough Set; FSS: Fuzzy Soft Set; GS: Grey Set; HFS: Hesitant Fuzzy
Set; THFS: Typical Hesitant Fuzzy Set; IT2FS: Interval Type-2 Fuzzy Set; IVAI
FS: Interval-Valued Atanassov Intuitionistic Fuzzy Set; IVFS: Interval-Valued
Fuzzy Set; mPVFS: m-Polar-Valued Fuzzy Set; NS: Neutrosophic Set;
PFS: Pythagorean Fuzzy Set; SVFS: Set-Valued Fuzzy Set; SS: Shadow Set;
VS: Vague Set; TFN: Triangular Fuzzy Number; FPIS: Fuzzy Positive Ideal
Solution; FNIS: Fuzzy Negative Ideal Solution; CC: Closeness Coefficient;

CPM: Corrective and Preventive Maintenance; CPM + C: Corrective and
Preventive Maintenance plus a spare hood; CPM + 2C: Corrective and
Preventive Maintenance plus the availability of two spare hoods;
CPPM: Corrective, Preventive and Predictive Maintenance; IC: Investment
Costs; MC: Maintenance Costs; QH: Quality of Health care; WO: Working
environment in the Organisation; IH: Impact on Health care;
MP: Maintenance Planning optimisation; CMMS: Computerised Maintenance
Management System

Acknowledgements
We would like to thank the Hospital by their collaboration in this study.

Authors’ contributions
Conceptualisation, MCC; methodology, MCC and AG; formal analysis MCC
and AG; data curation, MCC; writing—original draft preparation, MCC;
writing—review and editing, MCC; funding acquisition, M.C.C. All authors
have read and approved the manuscript.

Funding
This research was funded by the University of Castilla-La Mancha and Euro-
pean Union through the European Regional Development Fund to the Pre-
dictive Analysis Laboratory (PREDILAB) group (2021-GRIN-31210).

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Technical School of Industrial Engineers, University of Castilla-la Mancha,
Ciudad Real, Spain. 2CEG-IST, Instituto Superior Técnico, Universidade de
Lisboa, Lisbon, Portugal. 3SERMAS, Madrid, Spain.

Received: 8 May 2020 Accepted: 28 September 2021

References
1. Lucas MA, Connor TH. Hazardous drugs: the silent stalker of healthcare

workers? Training, education are key to preventing exposures. Synergist.
2015;2015:22–6 Available online: http://synergist.aiha.org/hazardous-drugs
(Accessed 20 Dec 2018).

2. Nguyen TV, Theiss JC, Matney TS. Exposure of pharmacy personnel to
mutagenic antineoplastic drugs. Cancer Res. 1982;42(11):4792–6.

3. WHO. Global cancer rates could increase by 50% to 15 million by 2020.
Available online: https://www.who.int/news/item/03-04-2003-global-cancer-
rates-could-increase-by-50-to-15-million-by-2020#:~:text=Cancer%20rates%2
0could%20further%20increaseof%20the%20disease%20to%20date.
(Accessed 31 Aug 2021).

4. European Agency for Health and Safety at Work (EU-OSHA). Current and
emerging issues in the healthcare sector, including home and community
care European Risk Observatory Report, 2014. Available online: https://osha.
europa.eu/en/publications/reports/current-and-emerging-occupational-sa
fety-and-health-osh-issues-in-the-healthcare-sector-including-home-and-
community-care/view (Accessed 30 Aug 2021).

5. European Union. Preventing occupational exposure to cytotoxic and other
hazardous drugs. European policy recommendations. Available online:
https://www.europeanbiosafetynetwork.eu/wp-content/uploads/2016/05/
Exposure-to-Cytotoxic-Drugs_Recommendation_DINA4_10-03-16.pdf
(Accessed 30 Aug 2021).

6. ASHP. Drug Distribution and Control: Preparation and Handling–Guidelines.
American Society of Hospital Pharmacists (ASHP), 2018.

Carnero and Gómez BMC Health Services Research         (2021) 21:1188 Page 23 of 25

http://synergist.aiha.org/hazardous-drugs
https://www.who.int/news/item/03-04-2003-global-cancer-rates-could-increase-by-50-to-15-million-by-2020#:~:text=Cancer%20rates%20could%20further%20increaseof%20the%20disease%20to%20date
https://www.who.int/news/item/03-04-2003-global-cancer-rates-could-increase-by-50-to-15-million-by-2020#:~:text=Cancer%20rates%20could%20further%20increaseof%20the%20disease%20to%20date
https://www.who.int/news/item/03-04-2003-global-cancer-rates-could-increase-by-50-to-15-million-by-2020#:~:text=Cancer%20rates%20could%20further%20increaseof%20the%20disease%20to%20date
https://osha.europa.eu/en/publications/reports/current-and-emerging-occupational-safety-and-health-osh-issues-in-the-healthcare-sector-including-home-and-community-care/view
https://osha.europa.eu/en/publications/reports/current-and-emerging-occupational-safety-and-health-osh-issues-in-the-healthcare-sector-including-home-and-community-care/view
https://osha.europa.eu/en/publications/reports/current-and-emerging-occupational-safety-and-health-osh-issues-in-the-healthcare-sector-including-home-and-community-care/view
https://osha.europa.eu/en/publications/reports/current-and-emerging-occupational-safety-and-health-osh-issues-in-the-healthcare-sector-including-home-and-community-care/view
https://www.europeanbiosafetynetwork.eu/wp-content/uploads/2016/05/Exposure-to-Cytotoxic-Drugs_Recommendation_DINA4_10-03-16.pdf
https://www.europeanbiosafetynetwork.eu/wp-content/uploads/2016/05/Exposure-to-Cytotoxic-Drugs_Recommendation_DINA4_10-03-16.pdf


7. HSE. Control of Substances Hazardous to Health, Health and Safety
Executive, United Kingdom, 2013.

8. Cajaraville G, Tamés MJ. Guía de manejo de medicamentos citostáticos
Instituto Oncológico San Sebastián, España; 2018.

9. Bernabeu-Martínez MA, Ramos M, Santos JM, Álvarez LM, Wanden-Berghe C,
Sanz-Valero J. Guidelines for safe handling of hazardous drugs: A systematic
review. PLoS ONE. 2018;13(5):e0197172. https://doi.org/10.1371/journal.pone.
0197172.

10. Sessink PJM, Sewell G, Vandenbroucke J. Preventing occupational exposure
to cytotoxic and other hazardous drugs European Policy Recommendations;
2016.

11. Santillo M, Field A, Henderson J, Hogan A, Thoms E, Manomano N, et al.
Guidance on Handling Cytotoxics in Clinical Areas in NHS hospitals in UK,
July 2018, NHS Pharmaceutical Quality Assurance Committee; 2018.

12. Health and Safety Executive (HSE) Safe handling of cytotoxic drugs in the
workplace, Available online: http://www.hse.gov.uk/healthservices/safe-use-
cytotoxic-drugs.htm (Accessed 18 July 2019).

13. ISO 55000:2014. Asset management - Overview, principles and terminology.
International Standard Organization, 2014.

14. Carnero MC. In: Wang J, editor. MCDA techniques in maintenance policy
selection, encyclopedia of business analytics and optimization, volume III,
chapter 138. Hershey: IGI Gobal; 2014. p. 406–15.

15. Zaeri MS, Shahrabi J, Pariazar M, Morabbi A. A combined multivariate
technique and multi criteria decision making to maintenance strategy
selection, 2007 IEEE international conference on industrial engineering and
engineering management, Singapore; 2007. p. 621–5.

16. Ge Y, Xiao M, Zhang ZYL, Hu Z, Feng D. An integrated logarithmic fuzzy
preference programming based methodology for optimum maintenance
strategies selection. Appl Soft Comput. 2017;60:591–601. https://doi.org/10.1
016/j.asoc.2017.07.021.

17. Kelly A. Strategic maintenance planning. Oxford: Butterworth-Heinemann;
2006.

18. Nakajima S. TPM: introduction to total productive maintenance. Cambridge:
Productivity Press Inc.; 1988.

19. Martorell S, Sánchez A, Muñoz A, Pitarch JL, Serradell V, Roldan J. The use of
maintenance indicators to evaluate the effects of maintenance programs on
NPP performance and safety. Reliab Eng Syst Saf. 1999;65(2):85–94. https://
doi.org/10.1016/S0951-8320(98)00088-X.

20. Sun CC, Lin GTR. Using fuzzy TOPSIS method for evaluating the competitive
advantages of shopping websites. Expert Syst Appl. 2009;36(9):11764–71.
https://doi.org/10.1016/j.eswa.2009.04.017.

21. Basahel A, Taylan O. Using fuzzy AHP and fuzzy TOPSIS approaches for
assessing safety conditions at worksites in construction industry. Int J of
Safety and Security Eng. 2016;6(4):728–45. https://doi.org/10.2495/SAFE-V6-
N4-728-745.

22. Samaie F, Meyar-Naimi H, Javadi S, Feshki-Farahani H. Comparison of
sustainability models in development of electric vehicles in Tehran using
fuzzy TOPSIS method. Sustainable Cities Society. 2020;53:101912. https://doi.
org/10.1016/j.scs.2019.101912.

23. Bertolini M, Bevilacqua M. A combined goal programming-AHP approach to
maintenance selection problema. Reliab Eng Syst Saf. 2006;91(7):839–48.
https://doi.org/10.1016/j.ress.2005.08.006.

24. Ghosh D, Roy S. A decision-making framework for process plant
maintenance. Eur J Industrial Eng. 2010;4(1):78–98. https://doi.org/10.1504/
EJIE.2010.029571.

25. Rani P, Mishra AR, Mardani A, Cavallaro F, Alrasheedi M, Alrashidi A. A novel
approach to extended fuzzy TOPSIS based on new divergence measures for
renewable energy sources selection. J Clean Prod. 2020;257:120352. https://
doi.org/10.1016/j.jclepro.2020.120352.

26. Carnero MC, Gómez A. Maintenance strategy selection in electric power
distribution systems. Energy. 2017;129:255–72. https://doi.org/10.1016/j.
energy.2017.04.100.

27. Jamshidi A, Abbasgholizadeh S, Ait-kadi RD, Ruiz A. In: Guan Y, Liao H,
editors. Medical devices Inspection and Maintenance; A Literature Review
Proceedings of the 2014 Industrial and systems engineering research
conference; 2014. p. 3895–904.

28. Wang L, Chu J, Wu J. Selection of optimum maintenance strategies based
on a fuzzy analytic hierarchy process. Int J Prod Econ. 2007;107(1):151–63.
https://doi.org/10.1016/j.ijpe.2006.08.005.

29. Scarf PA. On the application of mathematical models in maintenance. Eur J
Oper Res. 1997;99(3):493–506. https://doi.org/10.1016/S0377-2217(96)00316-5.

30. Cavalcante CA, Lopes VRS. Multi-criteria model to support the definition of
opportunistic maintenance policy: a study in a cogeneration system. Energy.
2015;80:32–40. https://doi.org/10.1016/j.energy.2014.11.039.

31. Almeida AT, Bohoris AT. Decision theory in maintenance decision making. J
Qual Maint Eng. 1995;1(1):39–45. https://doi.org/10.1108/13552519510083138.

32. Martorell S, Villanueva JF, Nebot YCS, Sánchez A, Pitarch JL, Serradell V.
RAMS +C informed decision-making with application to multi-objective
optimization of technical specifications and maintenance using genetic
algorithms. Reliab Eng Syst Saf. 2005;87(1):65–75. https://doi.org/10.1016/j.
ress.2004.04.009.

33. Thokala P, Devlin N, Marsh K, Baltussen R, Boysen M, Kalo Z, et al. Multiple
criteria decision analysis for health care decision making-an introduction:
report 1 of the ISPOR MCDA emerging good practices task force. Value
Health. 2016;19(1):1–13. https://doi.org/10.1016/j.jval.2015.12.003.

34. Broekhuizen H, Groothuis-Oudshoorn CGM, van Til JA, Hummel JM,
IJzerman MJ. A review and classification of approaches for dealing with
uncertainty in multi-criteria decision analysis for healthcare decisions.
PharmacoEconomics. 2015;33(5):445–55. https://doi.org/10.1007/s40273-014-
0251-x.

35. Adunlin G, Diaby V, Xiao H. Application of multicriteria decision analysis in
health care: a systematic review and bibliometric analysis. Health Expect.
2014;18(6):1894–905. https://doi.org/10.1111/hex.12287.

36. Marsh K, Lanitis T, Neasham D, Orfanos P, Caro J. Assessing the value of
health care interventions using multi-criteria decision analysis: a review of
the literature. PharmacoEconomics. 2014;32(4):345–65. https://doi.org/10.1
007/s40273-014-0135-0.

37. Schmidt K, Aumann I, Hollander I, Damm K, von der Schulenburg JMG.
Applying the Analytic Hierarchy Process in healthcare research: A systematic
literature review and evaluation of reporting. BMC Med Inform Decis Mak.
2015;15(1):112. https://doi.org/10.1186/s12911-015-0234-7.

38. Frazão TDC, Deyse GG, Cabral ELS, Souza RP. Multicriteria decision analysis
(MCDA) in health care: a systematic review of the main characteristics and
methodological steps. BMC Med Inform Decis Mak. 2018;18(1):90. https://
doi.org/10.1186/s12911-018-0663-1.

39. Velasquez M, Hester PT. An analysis of multi-criteria decision making
methods. Int J Operation Res. 2013;10(2):56–66.

40. Kraujalienė L. Comparative analysis of multicriteria decision-making
methods evaluating the efficiency of technology transfer. Business Manag
Educ. 2019;17(0):72–93. https://doi.org/10.3846/bme.2019.11014.

41. Yoon KP, Hwang CL. Multiple attribute decision making: an introduction,
vol. 104. London: Sage publications; 1995. https://doi.org/10.4135/9781412
985161.

42. García-Cascales MS, Lamata MT. On rank reversal and TOPSIS method. Math
Comput Model. 2012;56(5–6):123–32. https://doi.org/10.1016/j.mcm.2011.12.022.

43. Feng CM, Wang RT. Performance evaluation for airlines including the
consideration of financial ratios. J Air Transport Manag. 2000;6(3):133–42.
https://doi.org/10.1016/S0969-6997(00)00003-X.

44. Salih MM, Zaidan BB, Zaidan AA, Ahmed MA. Survey on fuzzy TOPSIS state-
of-the-art between 2007 and 2017. Comput Oper Res. 2019;104:207–27.
https://doi.org/10.1016/j.cor.2018.12.019.

45. Wu Z, Abdul-Nour G. Comparison of multi-criteria group decision-making
methods for urban sewer network plan selection. CivilEng. 2020;1(1):26–48.
https://doi.org/10.3390/civileng1010003.

46. Broniewicz E, Ogrodnik K. A comparative evaluation of multi-criteria analysis
methods for sustainable transport. Energies. 2021;14(16):5100. https://doi.
org/10.3390/en14165100.

47. Bevilacqua M, Braglia M. The analytic hierarchy process applied to
maintenance strategy selection. Reliab Eng Syst Saf. 2000;70(1):71–83.
https://doi.org/10.1016/S0951-8320(00)00047-8.

48. Ratnayake RMC, Markeset T. Technical integrity management: measuring
HSE awareness using AHP in selecting a maintenance strategy. J Qual Maint
Eng. 2010;16(1):44–63. https://doi.org/10.1108/13552511011030327.

49. Zhaoyang T, Jianfeng L, Zongzhi W, Weifeng ZJH. An evaluation of
maintenance strategy using risk based inspection. Saf Sci. 2011;49(6):852–60.
https://doi.org/10.1016/j.ssci.2011.01.015.

50. Vishnu CR, Regikumar V. Reliability based maintenance strategy selection in
process plants: a case study. Proc Technol. 2016;25:1080–7. https://doi.org/1
0.1016/j.protcy.2016.08.211.

51. Emblemsvag J, Tonning L. Decision support in selecting maintenance
organization. J Qual Maint Eng. 2003;9(1):11–24. https://doi.org/10.1108/13
552510310466765.

Carnero and Gómez BMC Health Services Research         (2021) 21:1188 Page 24 of 25

https://doi.org/10.1371/journal.pone.0197172
https://doi.org/10.1371/journal.pone.0197172
http://www.hse.gov.uk/healthservices/safe-use-cytotoxic-drugs.htm
http://www.hse.gov.uk/healthservices/safe-use-cytotoxic-drugs.htm
https://doi.org/10.1016/j.asoc.2017.07.021
https://doi.org/10.1016/j.asoc.2017.07.021
https://doi.org/10.1016/S0951-8320(98)00088-X
https://doi.org/10.1016/S0951-8320(98)00088-X
https://doi.org/10.1016/j.eswa.2009.04.017
https://doi.org/10.2495/SAFE-V6-N4-728-745
https://doi.org/10.2495/SAFE-V6-N4-728-745
https://doi.org/10.1016/j.scs.2019.101912
https://doi.org/10.1016/j.scs.2019.101912
https://doi.org/10.1016/j.ress.2005.08.006
https://doi.org/10.1504/EJIE.2010.029571
https://doi.org/10.1504/EJIE.2010.029571
https://doi.org/10.1016/j.jclepro.2020.120352
https://doi.org/10.1016/j.jclepro.2020.120352
https://doi.org/10.1016/j.energy.2017.04.100
https://doi.org/10.1016/j.energy.2017.04.100
https://doi.org/10.1016/j.ijpe.2006.08.005
https://doi.org/10.1016/S0377-2217(96)00316-5
https://doi.org/10.1016/j.energy.2014.11.039
https://doi.org/10.1108/13552519510083138
https://doi.org/10.1016/j.ress.2004.04.009
https://doi.org/10.1016/j.ress.2004.04.009
https://doi.org/10.1016/j.jval.2015.12.003
https://doi.org/10.1007/s40273-014-0251-x
https://doi.org/10.1007/s40273-014-0251-x
https://doi.org/10.1111/hex.12287
https://doi.org/10.1007/s40273-014-0135-0
https://doi.org/10.1007/s40273-014-0135-0
https://doi.org/10.1186/s12911-015-0234-7
https://doi.org/10.1186/s12911-018-0663-1
https://doi.org/10.1186/s12911-018-0663-1
https://doi.org/10.3846/bme.2019.11014
https://doi.org/10.4135/9781412985161
https://doi.org/10.4135/9781412985161
https://doi.org/10.1016/j.mcm.2011.12.022
https://doi.org/10.1016/S0969-6997(00)00003-X
https://doi.org/10.1016/j.cor.2018.12.019
https://doi.org/10.3390/civileng1010003
https://doi.org/10.3390/en14165100
https://doi.org/10.3390/en14165100
https://doi.org/10.1016/S0951-8320(00)00047-8
https://doi.org/10.1108/13552511011030327
https://doi.org/10.1016/j.ssci.2011.01.015
https://doi.org/10.1016/j.protcy.2016.08.211
https://doi.org/10.1016/j.protcy.2016.08.211
https://doi.org/10.1108/13552510310466765
https://doi.org/10.1108/13552510310466765


52. Bertolini M, Bevilacqua MA. Combined goal programming-AHP approach to
maintenance selection problem. Reliab Eng Syst Saf. 2006;91(7):839–48.
https://doi.org/10.1016/j.ress.2005.08.006.

53. Shyjith K, Ilangkumaran M, Kumanan S. Multi-criteria decision-making
approach to evaluate optimum maintenance strategy in textile industry. J
Qual Maint Eng. 2008;14(4):375–86. https://doi.org/10.1108/1355251081
0909975.

54. Ilangkumaran M, Kumanan S. Selection of maintenance policy for textile
industry using hybrid multi-criteria decision making approach. J Manuf
Technol Manag. 2009;20(7):1009–22. https://doi.org/10.1108/1741038091
0984258.

55. Ahmadi A, Gupta S, Karim R, Kumar U. Selection of maintenance strategy for
aircraft systems using multi-criteria decision making methodologies. Int J
Reliab Qual Saf Eng. 2010;17(3):223–43. https://doi.org/10.1142/S021853931
0003779.

56. Zaim S, Turkyílmaz A, Acar MF, Al-Turki U, Demirel OF. Maintenance strategy
selection using AHP and ANP algorithms: a case study. J Qual Maint Eng.
2012;18(1):16–29. https://doi.org/10.1108/13552511211226166.

57. Muinde PM, Muchiri PN, Ikua BW. Maintenance strategy selection using
analytic hierarchy process: a case study. J Sustainable Res Eng. 2014;1(4):21–
9.

58. Shahin A, Pourjavad E, Shirouyehzad H. Selecting optimum maintenance
strategy by analytic network process with a case study in the mining
industry. Int J Product Qual Manag. 2012;10(4):464–83. https://doi.org/10.1
504/IJPQM.2012.049634.

59. Kirubakaran B, Ilangkumaran M. Selection of optimum maintenance strategy
based on FAHP integrated with GRA–TOPSIS. Ann Oper Res. 2016;245(1):
285–313. https://doi.org/10.1007/s10479-014-1775-3.

60. Hemmati N, Galankashi MR, Imani DM, Farughi H. Maintenance policy
selection: a fuzzy-ANP approach. J Manuf Technol Manag. 2018;29(7):1253–
68. https://doi.org/10.1108/JMTM-06-2017-0109.

61. Asuquo MP, Wang J, Zhang L, Phylip-Jones G. Application of a multiple
attribute group decision making (MAGDM) model for selecting appropriate
maintenance strategy for marine and offshore machinery operations. Ocean
Eng. 2019;179:246–60. https://doi.org/10.1016/j.oceaneng.2019.02.065.

62. Taghipour S, Banjevic D, Jardine AKS. Prioritization of medical equipment for
maintenance decisions. J Oper Res Soc. 2011;62(9):1666–87. https://doi.org/1
0.1057/jors.2010.106.

63. Houria B, Besbes M, Elaoud B, Masmoudi M, Masmoudi F. Maintenance
strategy selection for medical equipments using multiple fuzzy multicriteria
decision making approach. In: 45th International Conference on Computers
& Industrial Engineering 2015 (CIE45), 28-30 October, Metz, France, Vol 1.
Computers & Industrial Engineering; 2015. p 905-912.

64. Jamshidi A, Rahimi SA, Ait-kadi D, Ruiz A. A comprehensive fuzzy risk-based
maintenance framework for prioritization of medical devices. Appl Soft
Comput. 2015;32:322–34. https://doi.org/10.1016/j.asoc.2015.03.054.

65. Mahfoud H, El Barkany A, El Biyaali A. A hybrid decision-making model for
maintenance prioritization in health care systems. Am J Appl Sci. 2016;13(4):
439.450.

66. Carnero MC, Gómez A. A multicriteria decision making approach applied to
improving maintenance policies in healthcare organizations. BMC Med
Inform Dec Mak. 2016. https://doi.org/10.1186/s12911-016-0282-7.

67. Houria B, Masmoudi Z, Al Hanbali M, Masmoudi AF. Quantitative techniques
for medical equipment maintenance management. Eur J Ind Eng. 2017;
10(6):703–23. https://doi.org/10.1504/EJIE.2016.081017.

68. Ighravwe DE, Oke SA. A multi-criteria decision-making framework for
selecting a suitable maintenance strategy for public buildings using
sustainability criteria. J Building Eng. 2019;24:100753. https://doi.org/10.1016/
j.jobe.2019.100753.

69. Zadeh LA. Fuzzy sets. Inf Control. 1965;8(3):338–53. https://doi.org/10.1016/
S0019-9958(65)90241-X.

70. Yeh CH, Deng H. An algorithm for fuzzy multi-criteria decision making. In:
1997 IEEE International Conference on Intelligent Processing Systems (Cat.
No.97TH8335). Vol. 2. 1997. p 1564-1568. https://doi.org/10.1109/ICIPS.1997.
669295.

71. Bustince H, Barrenechea E, Pagola M, Fernandez J, Xu Z, Bedregal B, et al. A
historical account of types of fuzzy sets and their relationships. IEEE Trans
Fuzzy Syst. 2016;24(1):179–94. https://doi.org/10.1109/TFUZZ.2015.2451692.

72. Garg H. Analysis of an industrial system under uncertain environment by
using different types of fuzzy numbers. Int J Syst Assur Eng Manag. 2018;
9(2):525–38. https://doi.org/10.1007/s13198-018-0699-8.

73. Rashidi K, Cullinane K. A comparison of fuzzy DEA and fuzzy TOPSIS in
sustainable supplier selection: implications for sourcing strategy. Expert Syst
Appl. 2019;121:266–81. https://doi.org/10.1016/j.eswa.2018.12.025.

74. Chen CT. Extensions of the TOPSIS for group decision-making under fuzzy
environment. Fuzzy Sets Syst. 2000;114(1):1–9. https://doi.org/10.1016/S01
65-0114(97)00377-1.

75. Kaufmann A, Gupta MM. Fuzzy mathematical models in engineering and
management science. Amsterdam: North Holland; 1988.

76. Chen CT. Extension of the TOPSIS for group decision –making under fuzzy
environment. Fuzzy Sets Syst. 2000;114(1):1–9. https://doi.org/10.1016/S01
65-0114(97)00377-1.

77. Hwang CL, Yoon K. Multiple Attribute Decision Making: Methods and
Applications. New York: A State-of-the-Art Survey; Springer; 1981.

78. Bottani E, Rizzi A. A fuzzy TOPSIS methodology to support outsourcing of
logistics services. Supply Chain Manag. 2006;11(4):294–308. https://doi.org/1
0.1108/13598540610671743.

79. Erdin C, Akbaş HE. A comparative analysis of fuzzy TOPSIS and geographic
information systems (GIS) for the location selection of shopping malls: a
case study from Turkey. Sustainability-Basel. 2019;11(14):3837. https://doi.
org/10.3390/su11143837.

80. Balioti V, Tzimopoulos C, Evangelides C. Multi-Criteria Decision Making
Using TOPSIS Method Under Fuzzy Environment. Application in Spillway
Selection. Lefkada Island: 3rd EWaS International Conference on Insights on
the Water-Energy-Food Nexus; 2018.

81. Bae HJ, Kang JE, Lim YR. Assessing the health vulnerability caused by
climate and air pollution in Korea using the fuzzy TOPSIS. Sustainability-
Basel. 2019;11(10):2894. https://doi.org/10.3390/su11102894.

82. Tong L, Pu Z, Ma J. Maintenance supplier evaluation and selection for safe
and sustainable production in the chemical industry: a case study.
Sustainability. 2019;11(6):1533. https://doi.org/10.3390/su11061533.

83. Chou YC, Yen HY, Dang VT, Sun CC. Assessing the human resource in
science and Technology for Asian Countries: application of fuzzy AHP and
fuzzy TOPSIS. Symmetry. 2019;11(2):251. https://doi.org/10.3390/sym110202
51.

84. Koulinas G, Demesouka O, Marhavilas P, Vavatsikos A, Koulouriotis D. Risk
assessment using fuzzy TOPSIS and PRAT for sustainable engineering
projects. Sustainability-Basel. 2019;11(3):615. https://doi.org/10.3390/su1103
0615.

85. Dao MT, Nguyen AT, Nguyen TK, Pham HT, Nguyen DT, Tran QT, et al. A
hybrid approach using fuzzy AHP-TOPSIS assessing environmental conflicts
in the titan mining industry along central coast Vietnam. Appl Sci. 2019;
9(14):2930. https://doi.org/10.3390/app9142930.

86. Bangui H, Rakrak S, Raghay S, Buhnova B. Moving towards smart cities: a
selection of middleware for fog-to-cloud services. Appl Sci. 2018;8(11):2220.
https://doi.org/10.3390/app8112220.

87. Ouma YO, Opudo J, Nyambenya S. Comparison of fuzzy AHP and fuzzy
TOPSIS for road pavement maintenance prioritization: methodological
exposition and case study. Adv Civil Eng. 2015;140189:1–17. https://doi.
org/10.1155/2015/140189.

88. Rodrigues F, Osiro L, Ribeiro LC. A comparison between fuzzy AHP and
fuzzy TOPSIS methods to supplier selection. Appl Soft Comput. 2014;21:
194–209. https://doi.org/10.1016/j.asoc.2014.03.014.

89. CEI IEC 61165:2006. Application of Markov techniques, International
Electrotechnical Commission, 2006 (IEC: Switzerland).

90. Kaufman A. Methods and models of operations research: Prentice-Hall; 1963.
91. Hillier F, Lieberman G. Introduction to operations research. New York:

McGraw-Hill Science; 2002.
92. Taha HA. Investigación de operaciones. México: Prentice-Hall; 2004.
93. Rojo H, Miranda M. Investigación Operativa. Cadenas de Markov: Facultad

de Ingeniería, Universidad de Buenos Aires; 2009.
94. Creus A. Fiabilidad y Seguridad. 2nd ed. Barcelona: Marcombo S.A; 2005.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Carnero and Gómez BMC Health Services Research         (2021) 21:1188 Page 25 of 25

https://doi.org/10.1016/j.ress.2005.08.006
https://doi.org/10.1108/13552510810909975
https://doi.org/10.1108/13552510810909975
https://doi.org/10.1108/17410380910984258
https://doi.org/10.1108/17410380910984258
https://doi.org/10.1142/S0218539310003779
https://doi.org/10.1142/S0218539310003779
https://doi.org/10.1108/13552511211226166
https://doi.org/10.1504/IJPQM.2012.049634
https://doi.org/10.1504/IJPQM.2012.049634
https://doi.org/10.1007/s10479-014-1775-3
https://doi.org/10.1108/JMTM-06-2017-0109
https://doi.org/10.1016/j.oceaneng.2019.02.065
https://doi.org/10.1057/jors.2010.106
https://doi.org/10.1057/jors.2010.106
https://doi.org/10.1016/j.asoc.2015.03.054
https://doi.org/10.1186/s12911-016-0282-7
https://doi.org/10.1504/EJIE.2016.081017
https://doi.org/10.1016/j.jobe.2019.100753
https://doi.org/10.1016/j.jobe.2019.100753
https://doi.org/10.1016/S0019-9958(65)90241-X
https://doi.org/10.1016/S0019-9958(65)90241-X
https://doi.org/10.1109/ICIPS.1997.669295
https://doi.org/10.1109/ICIPS.1997.669295
https://doi.org/10.1109/TFUZZ.2015.2451692
https://doi.org/10.1007/s13198-018-0699-8
https://doi.org/10.1016/j.eswa.2018.12.025
https://doi.org/10.1016/S0165-0114(97)00377-1
https://doi.org/10.1016/S0165-0114(97)00377-1
https://doi.org/10.1016/S0165-0114(97)00377-1
https://doi.org/10.1016/S0165-0114(97)00377-1
https://doi.org/10.1108/13598540610671743
https://doi.org/10.1108/13598540610671743
https://doi.org/10.3390/su11143837
https://doi.org/10.3390/su11143837
https://doi.org/10.3390/su11102894
https://doi.org/10.3390/su11061533
https://doi.org/10.3390/sym11020251
https://doi.org/10.3390/sym11020251
https://doi.org/10.3390/su11030615
https://doi.org/10.3390/su11030615
https://doi.org/10.3390/app9142930
https://doi.org/10.3390/app8112220
https://doi.org/10.1155/2015/140189
https://doi.org/10.1155/2015/140189
https://doi.org/10.1016/j.asoc.2014.03.014

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Background
	Methods
	Model for optimisation of maintenance in systems for preparation of cytotoxic drugs
	Markov chains for the preparation systems for cytostatic drugs
	Multicriteria model for choice of maintenance policies in preparation systems for cytotoxic drugs

	Results
	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

