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Abstract The availability of specialized medical equip-

ment plays a critical role in the delivery of healthcare

services. This becomes even more critical in developing

countries where few medical devices are available in public

hospitals, hence do not commensurate with demand, which

leads to their overutilization. This often results in frequent

failure of the medical devices and as a result, low avail-

ability. In turn, this leads to delayed treatment and conse-

quently, access to affordable and quality healthcare by the

disadvantaged in the society. This rather high unavail-

ability of critical medical equipment in public hospitals in

developing countries motivates this study, hence the

necessitating the need to implement optimal maintenance

strategies and operational protocols for maximizing

equipment availability. However, selecting such optimal

maintenance and operation strategies is not straightfor-

ward, and for this reason, a risk-based maintenance

approach is proposed. The proposed approach addresses

the aforementioned challenge through structured steps

through which maintenance practitioners identify and pri-

oritize prevalent failure modes. Based on the prioritized

failure modes, operation and maintenance protocols may be

derived. Moreover, the risk-based maintenance approach is

useful for among other decisions, root cause analysis. The

proposed risk-based maintenance approach consists of four

steps; (1) data collection and standardization process, (2)

modified failure mode and effect analysis step for priori-

tizing critical failure modes, (3) a root cause analysis step

for analyzing the causes of recurrent failure modes, and (4)

formulation of operation and maintenance strategies for

mitigating equipment failure risks. The proposed approach

is demonstrated in application in a case of large teaching

and referral hospital in Kenya.

Keywords Risk-based maintenance � Failure mode and

effect analysis � Maintenance and operational protocols �
Root cause analysis

1 Introduction

1.1 Background

Medical equipment plays an integral role in the delivery of

healthcare services and as a result, it is becoming

increasingly critical for delivery of efficient healthcare

services. For this reason, healthcare facilities are expending

considerable resources in procuring diagnostic and treat-

ment devices such as linear accelerators for cancer treat-

ment, magnetic resonance imaging (MRI), computerized

tomography (CT), Patient Monitors, among other medical

devices (uk and accessed on 8/10/2016). To ensure optimal

availability of such equipment, prudent asset management
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strategies are necessary, since outage of critical devices is

directly linked to quality of healthcare delivery, for

instance, delayed treatment leading to the need for repeti-

tive treatment. The poor healthcare delivery as a result of

equipment unavailability is associated with a rather high

cost of treatment, with negative consequences on the

quality of life for many households, especially in devel-

oping countries (Performance Audit Report of the Auditor-

General Specialized Healthcare Delivery at Kenyatta

National Hospital Waiting-time for Cancer, Renal and

Heart Patients. Office of the Auditor General November

2012). This is especially the case for household members in

need of specialized treatment, and who largely depend on

public funded hospitals for subsided treatment. For such

patients, delayed treatment owing to outage of specialized

equipment such as linear accelerators often worsen their

treatment outcomes. In extreme cases, the delayed treat-

ment increases the financial burden for patients often

forcing needy households to divert resources meant for

housing, or education towards treatment in costly privately

funded healthcare facilities.

Primarily, the high healthcare costs are a concern for

developing countries such as Kenya where despite con-

siderable progress in economic development, publicly

funded hospitals continue to grapple with healthcare

delivery challenges, especially related to access to quality

diagnostic and treatment services facilitated through criti-

cal medical devices previously discussed. Part of the

aforementioned challenges faced by publicly funded

healthcare facilities include few critical devices that are

often highly utilized owing to the high number of patients

seeking diagnostic and treatment services in such facilities.

The high utilization largely translated to high equipment

unavailability owing to frequent failures. Importantly, this

is often the case in the absence of appropriate operation and

maintenance strategies. Hence to ensure that critical med-

ical devices are safe, reliable and operating optimally at

required performance levels, it is important for healthcare

facilities to implement robust operation and maintenance

strategies (Ridgway 2009).

The above-mentioned strategies would ideally guide

healthcare practitioners tasked with operating and main-

taining critical medical devices develop, in a structured

way, appropriate operation protocols for ensuring prudent

use of such critical devices. The strategies also extend to

developing appropriate maintenance strategies specifying

aspects such as when to intervene prior to occurrence of

failure, or prudently repair the equipment such that the

operational lifetime of the critical device is enhanced.

Developing appropriate asset operation and maintenance

strategies is also expected to maximize equipment use, and

decrease the total cost of ownership. This in turn is

expected to translate in greater access to diagnostic and

treatment services offered at Kenya’s publicly funded

hospitals (Pun et al. 2002) (Mkalaf et al. 2013). Examples

of well-known maintenance strategies include the time or

use-based maintenance (TBM/UBM), condition-based

maintenance (CBM), and failure-based maintenance, where

the latter is performed for non-critical equipment failures.

Maintenance protocols are also a fundamental part of

maintenance strategies. On the other hand, prudent opera-

tion strategies include the development and use standard

operating protocols for critical medical devices. Operating

protocols, which refers to a set of written instructions are

intended to document routine operations which may be

performed on the critical devices, thus ensuring consis-

tency and attainment of desired performance, and prevent

inadvertent failure of the equipment owing to poor usage

(United States Environmental Protection Agency Guidance

for Preparing Standard Operating Procedures 2007).

Nonetheless, developing optimal or appropriate main-

tenance and operating strategies for critical medical devi-

ces is not straightforward. This is especially the case where

hospitals lack structured and systematic methodologies for

formulating such strategies (Taghipour et al. 2011).

Importantly, such systematic approaches ought to consider

aspects such assessing the criticality of the equipment,

where such as assessment ideally leverages on maintenance

and operational data for decision support. However, in

many instances, such data is often not well-structured and

thus, identifying, prioritizing and mitigating recurrent

critical failures is rather challenging. Often, when properly

structured, such data could be leveraged on for decision

support aspects such as strategy formulation, and root

cause analysis (Fouad et al. 2012). For hospitals in devel-

oping countries such as Kenya, adopting such structured

strategy, and decision support formulation approaches is

challenging, more so, with the absence of clearly structured

frameworks for assessing equipment failure risks. More-

over, this challenge is compounded with the lack of robust

frameworks for collecting, structuring, and analyzing

operation and maintenance data, which limits the extent to

which equipment operators and medical practitioners are

able to leverage on such data for decision support. As a

result, formulating operation and maintenance strategies is

ad hoc and often reactionary, with formulated strategies

seldom linked to empirical historical data collected from

critical medical devices.

In addition to the aforementioned reasons, there is a

tendency for over relying on information from original

equipment manufacturer, at the expense of recurrent

maintenance and operational related aspects experienced in

practice during usage and maintenance of medical devices

(Ridgway 2009; Khalaf et al. 2014). In this way, emergent

maintenance and operational problems are seldom adapted

into the strategies adopted for managing the medical
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devices. In turn, sub-optimal operation and maintenance

practices are often adopted, leading to recurrent failure and

unavailability of critical diagnostic and medical devices.

By extension, unavailability of such critical services leads

to poor delivery of healthcare services, especially to the

underprivileged persons in society who rely on public

funded hospitals for medical services. Hence, this study is

motivated by the need for developing a structured and

systematic methodology for formulating appropriate oper-

ation and maintenance strategies for medical devices. This

study primarily focuses on critical diagnostic and treatment

devices installed in public hospitals in resource-constrained

developing countries, where the case study of Kenya is

discussed.

1.2 Study aim and motivation for the research

This study is motivated by the need to develop a robust

methodology for developing robust maintenance and

operational strategies for medical device management in

Kenya. The proposed methodology leverages on a risk

assessment which guides practitioners in systematically

identifying, analyzing and prioritizing operation and

maintenance factors influencing equipment unavailability,

either due to poor usage, or poor maintenance practices.

The proposed methodology considers the unique problem

context of devices operated by public hospitals in Kenya,

which are characterized by high utilization, and absence of

decision support methodologies for formulating operation

and maintenance strategies. Moreover, operation and

decision support is constrained by absence of data which

could be leveraged on, for formulating robust operation and

maintenance protocols, which would mitigate risks of

failure of such critical medical devices.

The proposed methodology starts with a data standard-

ization step, which involves structuring operation and

maintenance data, from which, failures modes and com-

ponent failures are classified. The structuring

scheme adopts intuitive criteria practitioners are familiar

with, where the operation and maintenance failure modes

associated with diagnostic and treatment devices are clas-

sified according to the equipment serial number, equipment

type, model, type of component and subsystem the failure

originates from, spare parts requisition linked with the

failure, and whether in-house maintenance and external

maintenance support is considered.

In the next step, a modified Failure Mode and Effect

Analysis (FMEA) methodology is adopted where operation

and maintenance-related failure modes are systematically

identified, analyzed and consequently prioritized. For the

prioritized failure modes, Pareto and ‘5-Whys’ analysis is

performed for identifying the focal root causes of recurrent

equipment failure modes identified through the FMEA. On

the basis of the root causes, a structured approach is

adopted for formulating appropriate maintenance and

operational protocols for mitigating the recurrence of pri-

oritized failure modes. For formulating robust maintenance

strategy, a robust data collection and structuring approach

is proposed with a view of enhancing use of maintenance

and spare part data, which in turn, is expected to assist

practitioners align the developed maintenance strategy with

historical maintenance data acquired from medical devices.

The operation protocols are also expected to robustly guide

practitioners formulate standard operating practices, which

in turn is expected to ensure optimal use of critical medical

devices.

2 Review of related literature

Risk-based maintenance approaches, and in particular, the

Failure Mode and Effect Analysis has been applied for

prioritizing failure modes in diverse sectors such as man-

ufacturing, service, and healthcare. The FMEA embeds a

systematic approach which assists practitioners identifying

and understand factors contributing to equipment failures,

and the associated causes and effects of such potential

failure modes. For instance, Sutrisno and Lee (2011)

evaluated the use of FMEA for assessing the reliability of

operable equipment, where the authors mention the need

for enhancing the computation of the Risk Priority Number

(RPN), an important metric used for prioritizing operation

and maintenance related failure modes. Moreover, the

authors propose the need for addressing the subjectivity of

the RPN, and in addition, incorporate aspects such as

human error issues. Nonetheless, the approach proposed by

the authors focuses on service oriented aspects of operable

equipment, and ignores the need for incorporating opera-

tion and maintenance data for assessing and prioritizing

equipment failure modes. Similarly, Liu et al. (2013)

reviewed risk evaluation approaches addressing the limi-

tations of the RPN metric for prioritizing equipment fail-

ures in the FMEA approach. He suggests alternative

prioritization metrics based on methods such as multi-cri-

teria decision making, linear programming, and fuzzy

approaches. However, the proposed methods are often not

intuitive to decision makers and practitioners, for instance,

in many public hospitals in developing countries. Hence,

their use for robust decision support is questionable.

Jamshidi et al. (2014) proposed a fuzzy FMEA approach

for prioritizing failure modes of medical devices, where

their approach is based on assessing multiple risk factors

influencing optimal operation of the devices, such as device

utilization, or age. Based on the assessed risk factors, the

authors propose an approach for selecting appropriate

maintenance strategies based on the criticality scores of
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each device, where some of the selected strategies includes

corrective maintenance, time-based maintenance, condi-

tion-based maintenance, and predictive maintenance are

proposed. Although the study presents a numerical case,

the mitigation strategies only go as far as proposing

maintenance strategies, ignoring operation-related failure

modes, which invariable influences equipment availability.

Moreover, the proposed maintenance strategies are

delinked from outcomes of root cause analysis, hence its

use for decision support for assessing risks in critical

medical devices is questionable. This is in addition to

delinking their proposed approach to maintenance data that

is often collected from medical devices.

Rahimi et al. (2013) developed a FMEA approach

combining a fuzzy cost based method, Grey Relational

Analysis, and profitability theory. They apply their pro-

posed approach for minimizing equipment failures. For

mitigation strategies, they propose use of an optimization

modelling approach for bundling failure modes that need to

be repaired. However, apart from intuitiveness of the

approach, their proposed method relies primarily of expert

assessment of risks, and potential cost effects of the failure

modes. As such, practical metrics that may be used for

prioritizing equipment failure modes, such as, effect of lost

patient treatment time are ignored. Moreover, operational-

related factors influencing equipment downtime are

ignored.

Carmignani (2009) proposed an integrated cost-based

FMEA which allows equipment failure modes to be pri-

oritized based a profitability metric, the latter considering

corrective actions performed on the equipment when a

failure mode occurs. The author demonstrates the impor-

tant of the cost metric. However, for medical devices, cost

is often not the overriding metric for assessing risk, rather,

metrics such as patient lost treatment time and patient

safety are very important. Von Ahsen (2008) also devel-

oped an improved FMEA approach which considers an

economic perspective for prioritizing equipment failure

modes. Similarly, considering failure cost as the primary

prioritization metric may yield sub-optimal operation and

maintenance strategies, especially where metrics such as

patient safety, or lost treatment time are ignored. Rosen

et al. (2014) developed an FMEA approach for formulating

maintenance strategies for medical equipment in a resource

constrained environment characterized by aspects such as

lack of spare parts. The mitigation strategies proposed in

the paper are oriented to maintenance and logistical

aspects, hence ignores operational related aspects which

also lead to equipment unavailability. Moreover, their

methodology delinks the formulated maintenance strate-

gies to a structured root cause analysis process, an aspect

addressed in this study.

Liu et al. (2012) developed an improved FMEA

approach based on fuzzy logic and grey relational analysis,

where they used their approach for assessing user-related

risks for medical devices. Some of the anomalies identified

in the study includes ineffective use of operation protocols

for optimal use of medical devices. However, the afore-

mentioned study is limited only to prioritizing user-related

equipment failure modes, without proposing mitigation

strategies which integrates maintenance and operation

perspectives of the equipment. Moreover, their approach

may not be intuitive for decision making, especially con-

sidering practical aspects influencing operation and main-

tenance of medical devices in resource scarce environment

characterizing public hospitals in developing countries. Lin

et al. (2014) also proposed an improved FMEA method-

ology based on fuzzy linguistic theory, where their

approach is applied for prioritizing user-related risks

associated with medical devices. Although their study

focused on actual medical device failures, the study is

however, more general as it focuses on identifying user-

related equipment failures without orienting the mitigation

strategies to both operation and maintenance aspects.

Onofrio et al. (2015) evaluated the application of the

failure mode, effects and criticality analysis (FMCEA) for

assessing risks associated with use and maintenance of

medical devices in practice. From the study, the authors

observe that practitioners often follow strict standards

which guide the FMECA analysis. However, the authors

also note that the presence of these standards limits prac-

titioners on the nature of mitigation strategies which may

be developed from both operation and maintenance per-

spective. This study addresses this flaw, by proposing a

structured and systematic methodology for aligning oper-

ation and maintenance risks associated with medical

equipment, to appropriate mitigation strategies. Xiuxu

et al. (2010) similarly applies the FMEA methodology for

enhancing the risk management process of medical devices

throughout their life cycle. Although their approach focu-

ses on design, manufacturing, and operation-related, risks,

the authors primarily apply the Risk Priority Number

(RPN) for prioritizing equipment failure modes. The RPN

is largely a subjective metric which relies on expert elici-

tation, hence often yielding suboptimal operation and

maintenance strategies. Moreover, the study only proposes

general guidelines for identifying critical failure modes of

medical devices, but ignores important decision-making

facets such as the need for orienting the mitigation strate-

gies to a structured root cause analysis for recurrent failure

modes.

Rahimi et al. proposes (2016) a FMEA approach for

prioritizing failures of radiotherapy equipment. They pro-

pose a criticality assessment index, based on fuzzy RPN for

assessing the effects of equipment failure on safety of
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patients. However, their study only focuses on patient

safety, and ignores other operation and maintenance related

facets influencing robust management of critical medical

devices, i.e. operation and maintenance. Fechter et al.

(2004) applied the FMEA methodology for assessing fail-

ure risks of medical infusion pumps, where the authors

identify equipment failure modes, their potential effects,

and probable causes. The authors prioritize the failure

modes based on the RPN, from which, mitigating strategies

are proposed, e.g. enhanced infusion pump inspection, and

proper pump calibration. Apart from applying the RPN

metric, the study focuses largely on maintenance related

aspects of the equipment, and does not align the proposed

mitigation strategies to a structured root cause analysis

process.

From the above studies, several of the FMEA approa-

ches discussed above largely limited to prioritizing failure

modes, often at the expense of formulating mitigating

strategies. On the other hand, the proposed methods are

limited to specific operation of maintenance aspects of the

equipment, hence, seldom integrated both facets. This is

in addition to overlooking practical aspects such as

availability of data that is often recorded for critical

medical devices, which could aid in developing optimal

operation and maintenance strategies. The need for a

structured root cause analysis, and aligning the analysis to

formulated maintenance and operation protocols is also

overlooked. The paper addresses these flaws by proposing

an integrated approach for assessing failure risks of

medical devices, with a view of aligning operation and

maintenance strategies to the prioritized risks. The pro-

posed methodology furthermore applies a modified

FMEA, where failure modes for medical devices are

prioritized based on two metrics; maintenance cost, and

lost patient treatment time as a result of unavailability of

the medical device. The maintenance cost metric in this

regard, focuses on technical risks associated with equip-

ment failure, for instance, usage of spare parts, and cost of

repair. The lost patient treatment time, on the other hand,

focuses on patient safety risks where it is assumed and

delayed access to diagnostic and treatment services leads

to deterioration of the condition of the patient. A novelty

of the approach is where operation and maintenance

protocols are developed such that they align with the focal

root causes of equipment failure. For this reason, the

integrated approach incorporates a structured root cause

analysis process where a ‘5-whys’ analysis is performed.

A case study of three critical medical; dialysis equipment,

Cobalt 60 radiology equipment, and a patient ventilator,

are discussed in this study.

3 Methodology

3.1 Case study description

The study was conducted in a large referral hospital in

Kenya. The equipment availability was critical in this study

since, by virtue as the only public hospital offering spe-

cialized diagnostic and treatment services. For this reason,

the patient turnover was often high and unavailability of

critical medical devices directly impacted patient waiting

times, and by extension, the quality of healthcare extended

to patients. Three departments were considered in this

study, radiotherapy, renal and intensive care unit (ICU).

The radiotherapy department operates the Cobalt-60

radiotherapy equipment for treating cancer. The renal

department, on the other hand, operates dialysis machines

for treating kidney related diseases. Lastly, the ICU

department operates patient ventilators for critically ill

patients requiring support for breathing.

3.2 Phases in the methodology

Figure 1 summarizes the five main phases of the method-

ology, where the first step involves data collection, and

structuring to facilitate enable meaningful risk assessment.

The second main step involves analyzing operation and

maintenance related failure modes, their underlying causes,

and trends of recurrent failure modes. To facilitate this

step, two main types of analysis were performed; failure

frequency analysis, and failure mode prioritization where

an adapted FMEA is performed. In the fourth step, a root

cause analysis was performed with a view of identifying

the root causes of recurrent failure modes, both operation

and maintenance related. For the root cause analysis, a

systematic process was embedded in the analysis where the

Fig. 1 Methodology for risk based maintenance for critical care

equipment
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‘5 whys’ method was used to systematically identify the

focal root causes of failure. It is recognized that by elim-

inating such focal root causes, recurrent failure modes are

thus avoided, leading to enhanced equipment availability

(Mahto and Kumar 2008). The fifth step aligned the focal

root causes with operation and maintenance strategies,

where in this study, operation and maintenance protocols

were formulated. The steps of the methodology are dis-

cussed in the next sections.

3.3 Data collection

In this study, maintenance data detailing failure modes for

the three critical medical devices discussed in Sect. 3.1

were used for the risk assessment and protocol formulation

analysis. The data was initially unstructured form, and

recorded over a period of 3 years. In the unstructured form,

however, meaningful analysis was not feasible since

important parameters relevant for the risk assessment

exercise were not linked. Examples of such parameters

include, the time of failure, the type of failure mode, nature

of repair actions, spare parts usage, potential root causes of

failure, and commission time after completion of the repair

processes. As an example, the time of failure and time the

equipment is commissioned after repair is useful for

computing the device unavailability, and patient lost

treatment time. The aforementioned metrics are important

measures of technical and patient safety risks. Spare parts

information was also useful for computing the expected

cost of repair, an important indicator of technical risks.

3.4 Data structuring

In this step, apart from linking the parameters discussed in

Sect. 3.3 necessary for assessing failure risks, additional

information relevant for risk assessment were incorporated

in the analysis. These include information is depicted in

Table 1 columns 8–14 which includes, among other

information, the component the failure originated from,

potential root causes based on the repair activity, and

whether or not spare parts were required. The data structure

further enhanced the assessment of technical risks (asso-

ciated with repair costs), and patient safety risks (associ-

ated with patient lost time during equipment downtime).

3.5 Statistical analysis

As discussed, the statistical analysis entailed two main

steps; failure frequency analysis, and failure mode priori-

tization through an adapted FMEA approach.

3.5.1 Failure frequency analysis

The failure frequency analysis entailed tallying the occur-

rences of the failure modes for the three-critical equipment

analyzed in the study. The tallying focused on the failure

modes, the components the failure modes originated, and

finally, the sub-system of origin of the failure modes. After

tallying, the failure modes were ranked in order of recur-

rence or frequency of the failures. In addition, the fre-

quency of commonly performed maintenance actions was

also computed, where Pareto analysis was relied for the

frequency analysis. From the frequency analysis, compo-

nents, and sub-system contributing to the highest cumula-

tive occurrences of operation and maintenance failure

modes were visualized. The high frequency failure modes

formed the basis of the root cause analysis, and strategy

formulation processes.

3.5.2 Adapted failure mode and effect analysis

The adapted FMEA was used for prioritizing operation and

maintenance related failure modes based on their impact on

risk aspects such as lost patient treatment time resulting

from equipment unavailability. The patient lost time is

computed on the basis of the diagnostic or treatment time

lost when performing repair processes, or verifying the

performance of the equipment after repair to ensure opti-

mal operations. The adapted FMEA process considered in

this study consists of five main steps depicted in Fig. 2,

selecting the type of component, identifying failure modes

associated with the component, enumerating potential

causes of the component failure, computing the cumulative

down time associated with the device unavailability, and

computing the number of patients whose treatment is dif-

fered due to device outage.

The first three steps were of the modified FMEA process

is similar to the steps discussed previously, i.e. data col-

lection and structuring process. The additional phases of

the FMEA influences Steps 4 and 5 of the process in Fig. 2

where the cumulative downtime is calculated, the basis of

which, the impact of device unavailability on patient lost

treatment time is derived. The prioritized failure modes

derived from the FMEA were thereafter compared to the

results of the failure frequency analysis.

The patient lost treatment time is calculated as follows:

Cumulative downtime of the component failure

Average treatment time per patient
¼ Lost patient treatment time ð1Þ

From the FMEA, prioritized failure modes, component

failure, and sub-systems the failure originated, were sub-

jected to root cause analysis. Such failure modes were
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associated with significant negative impact on patient lost

treatment time.

3.6 Root cause analysis (RCA)

After prioritizing the critical equipment failures based on

their impact on lost patient treatment time, and based on

frequency of failure occurrences, a root cause analysis

process was performed with a view of identifying causal

factors responsible for the recurrent failures. To perform

the analysis, a structured approach was followed where

focal root causes were identified based on a ‘5 whys’

analysis approach. In this approach, decision makers are

required to query the sequential cause and effect relations

leading to the specific failure event of interest. The ‘5

whys’ technique was selected mainly due insufficient

maintenance data which would have motivated application

of quantitative RCA approaches such as data mining, or

multivariate analysis. A series of ‘5 whys’ questions are

often asked on the potential cause of failure, from which,

the focal root causes are systematically identified. In this

study, the RCA process involved gathering information

through interviewing biomedical engineers and device

users at the case study hospital. The RCA process followed

in this study is depicted in Fig. 3.

3.7 Development of maintenance and operational

protocols

In this step, mitigation strategies were formulated targeting

recurrent device failure modes identified from the fre-

quency analysis, prioritization and root cause analysis

steps. The mitigation strategies were formulated with a

view of identifying specific measures which would

minimize or eliminate unacceptable operation and techni-

cal risks associated with failure of the medical equipment.

Thus, from the results of the root cause analysis, operation

and maintenance protocols were formulated for mitigating

recurrent failures affecting the three critical devices ana-

lyzed in this study. For mitigating operational-related

failure modes, operation protocols were formulated, which

proposed prudent guidelines device users are required to

follow when operating the medical devices. The operation

protocols largely focused on recurrent human errors which

could potentially lead to device misuse, and hence

unavailability leading to lost patient treatment time. The

protocols proposed aspects such as procedures for pru-

dently operating the medical devices.

The maintenance protocols, on the other hand, were

formulated with a view of guiding the biomedical engi-

neers perform maintenance more effectively, where peri-

odic maintenance activities were suggested, i.e. weekly,

monthly, quarterly, and yearly. The maintenance protocols

also extended to formulating structures for collecting

maintenance data such that the data could provide main-

tenance decision support.

4 Results

Although this study was carried out for three types of

medical devices i.e. the Cobalt-60 radiotherapy machines,

dialysis and patient ventilator machines, for brevity, the

results of the Cobalt-60 radiotherapy equipment are dis-

cussed in-depth. The results derived following the pro-

posed methodology for the dialysis and patient ventilators

are briefly discussed.

4.1 Failure frequency analysis- Cobalt 60

radiotherapy machine

4.1.1 Analysis as per type of model

The case study hospital operates two Cobalt-60 models,

namely CM1 and CM2 whose failure information was

analyzed over a 3-year period. Figure 4 shows the failure

frequency analysis where it was found that model CM1

contributed 62.7% of the total Cobalt-60 equipment-related

failure modes experienced for the two models, while model

CM2 contributed the remaining proportion of 37.3%. For

this reason, CM1 was considered for a more detailed root

cause analysis discussed in Sect. 4.3 of this paper.

Apart from the Cobalt-60 equipment, the frequency

analysis was performed for the dialysis machines where

failure modes of four equipment models were assessed using

the proposed methodology. From the analysis, it was found

out that model DM2 contributed 61.4% of the total failures

Fig. 2 Adapted Failure Mode and Effect Analysis Process
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experienced for the dialysis equipment, followed by DM4

(26.1%), DM1 (6.9%), and finally DM3, with 5.3% of the

total failure modes. For this reason, models DM2 and DM4

were evaluated further, where root cause analysis was per-

formed owing to the high observed frequency of failures. For

the patient ventilators, five models were assessed, where the

PVM3 model accounted for 43.5% of the total patient ven-

tilator failures, followed by PVM2 (31.5%), PVM4 (15%),

and lastly, PVM1 and PVM5, each contributing 5% of the

total ventilator related failures. Hence, models PVM3 and

PVM2were considered for root cause analysis owing to their

high frequency of failure.

4.1.2 Pareto analysis as per the subsystem

Figure 5. illustrates the results of failure frequency analysis

for sub-systems of the Cobalt-60 device. The cumulative

failures of the couch subsystem, software sub-system,

gantry and control subsystems were 85% of the total sub-

system related failures. The couch subsystem positions

patients in the rest-position during treatment, where a

braking mechanism ensures that the patient is held sta-

tionery in the desired position. On the other hand, the

software subsystem actuated various commands entered by

the operator. The gantry subsystem consists of the radiation

source where beams for treating cancer are emitted. The

gantry also embeds the collimator which directs the radi-

ation source to the desired area of treatment.

Of the total Cobalt-60 sub-system related failures, in

particular, the couch subsystem contributed 40% of the

total equipment related failures, followed by the gantry

(23.6%), the software sub-system (12.4%), and the control

sub-system (8.5%) of the total Cobalt-60 equipment related

failure modes. From the frequency analysis, a detailed root

Fig. 3 Root cause analysis process
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causes analysis was performed for the couch subsystem

owing to the rather high frequency of subsystem failures

(discussed further in Sect. 4.3).

For dialysis machines, the subsystem failure frequency

analysis showed that the fluid path and control sub-systems

experienced a cumulative failure of 87.6% of the total sub-

system related failures for the dialysis equipment.

Decomposed as per the type of subsystem, the fluid path

contributed 69% of the total recorded failures, while the

control-related subsystem contributing the remaining pro-

portion of 18.6%. From this analysis, the fluid subsystem

was selected for a more detailed ‘5 whys’ analysis.

For the patient ventilators, the pneumatics and elec-

tronics subsystems had a cumulative failure frequency of

90.5%, with the pneumatic subsystem accounting for

71.4% of the recorded subsystem related failures, while the

electronics subsystem contributed to the remaining pro-

portion of 19.1%. For this reason, the pneumatics was

selected for a more detailed ‘5 whys’ analysis.

4.1.3 Pareto analysis as per component type for the Cobalt

60 radiotherapy machine

Figure 6 illustrates the Pareto analysis for the percentage

component failures of the two Cobalt-60 radiotherapy

machines from which, the brakes, collimator, and host PC

were highly ranked. To underscore the importance of the

components, their brief function is explained. The braking

system performs the function of maintaining the couch in

the desired position depending on the type of examination,

or cancer treatment offered to the patient. The collimator

performs the function of directing the radiation beams to

the desired location on the patient. The host PC acts as the

commands console for the equipment, while the hand

controller performs the function of actuating movements of

different parts of the Cobalt-60 equipment.

From the Pareto analysis, the brakes, collimator, host

PC, compressor, hand controller, emergency switch, and

power supply had a cumulative failure frequency of 82.5%

based on the data analyzed for the equipment over the

3 years. Of these, the braking components accounted for

36% of the total recorded component failures, followed by

the collimator (5%), host PC (12%), compressor (7.1%),

and hand controller (5.9%). Consequently, the brakes,

collimator and host PC were considered for a detailed ‘5

whys’ analysis discussed Sect. 4.3 of this paper.

For patient ventilators, the oxygen sensors accounted for

23.6% of the total component related failures for the

device, followed by the flow sensors (20.7%), and powers

supply (18%). These components were therefore selected

for a more detailed ‘5 whys’ analysis. For the dialysis

machines, the Bicart holder contributed to 14.9% of the

total device related component failures, followed by the

inlet/outlet connector (13.7%), and flow pump (11.7%).

Hence, components of the dialysis equipment with the

highest cumulative failures were selected for a detailed ‘5

whys’ analysis.
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4.1.4 Pareto analysis of the maintenance activities

Apart from analysing the failure frequencies of the medical

devices, it was neccesary to understand the type of main-

tenance activities implemented for the aforementioned

critical medical devices. Figure 7 illustrates the Pareto

analysis for the maintenance activities performed for the

devices over the 3-year period of analysis. From the Pareto

chart, the repair and replacement actions had a cumulative

percentage of 80.5% of total maintenance activities. Of

these, the repair policy contributed 67.5% of the total

activities, while the replacement policy contributed 13% of

the total maintenance activities. These actions were mainly

performed mostly when the equipment failed and thus they

imply a corrective maintenance approach. Also here a ‘5

whys’ analysis was performed in Sect. 4.3 with a view of

understanding the reasons informing reliance on the cor-

rective maintenance approach, rather than more proactive

maintenance approaches.

Analysing the dialysis machines, the Pareto analysis

showed that cumulatively, the repair and replacement

activities accounted for 89.4% of total maintenance activ-

ities, of which, the repair activity accounting for 69.5% of

the total activities, while the replacement activity accoun-

ted for 19.9%. Similarly, these activities can be considered

as part of a corrective maintenance approach and a ‘5

whys’ analysis was performed to investigate the reasons for

reliance on this type of approach. For the patient
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ventilators, the Pareto analysis indicated that replacement

and repair policy accounted for cumulative of 83.3% of the

total maintenace activities carried out. Of these, the

replacement policy accounted for 52.1% of the total

activities, while repair actions accounted for the remaining

proportion of 31.2%. For this reason, a more detailed ‘5

whys’ analysis was performed on the underlying reasons

for reliance on the corrective actions (Table 1).

4.2 Adapted failure mode and effect analysis

The adapted FMEA was used to determine the effects of

the equipment failures on the patient treatment times where

the results of the Cobalt-60 devices are discussed in detail.

As earlier indicated, the braking system were associated

with the highest percentage failure frequency, and from

Table 2 below, were also associated with a high number of

patient lost treatment time of 219 patients over the 3-year

period. This was followed by the collimator, the host PC,

the power supply, compressor, emergency stop and finally

the hand control failures respectively. The number of

patients not treated during the equipment downtimes is

calculated using Eq. 1 earlier described, where for the

braking system, the failure frequency was 56 over the

period of analysis. Respectively, the 56 failures contributed

to a total downtime of 3285 min, given an average

downtime of 59 min for each failure. Thus, considering a

treatment time of 15 min per patient, a total of 219 patients

were not treated as a result of the device failures.

The FMEA was carried out for all the components

where the results of the adapted FMEA correlated to those

of the failure frequency analysis previously discussed. This

is because, in both instances, the brakes, the collimator, the

host PC, the hand controller were ranked highly based on

the cumulative percentage failure. For the dialysis machi-

nes, the pump failures accounted for the highest number of

deferred patient treatment, with 236 patients not accessing

treatment due to failure of the pump. For the patient ven-

tilators, the oxygen sensor accounted for the highest

number of patient lost treatment time, with 53 patients not

accessing treatment due to the breakdown of this

component.

4.3 5-WHY’s analysis Cobalt 60 radiotherapy

machine

4.3.1 5-WHY’s analysis for the CM1 cobalt 60 model

A ‘5 whys’ analysis for the CM1 Cobalt-60 model was

performed based on the failure frequency analysis which

showed that it contributed to a high number of failures for

the two models operated by the case study hospital. A

further failure frequency analysis also indicated that the

couch mechanism failure contributed a higher proportion

of total failures of the Cobalt-60 equipment. Performing the

‘‘5 whys’ analysis, high utilization of the equipment was

evaluated as one of the main reasons for the high fre-

quency, coupled with few opportunities for maintenance.

The high utilization was as a result of high demand for

radiology services at the hospital; In addition, the ‘5 whys’

analysis indicated a general lack of spares parts for the

CM1 model type, with the model obsolete as it was more

than 20 years old. Hence, critical spare parts were no

longer manufactured and as a result, the hospital relied on

modified spare parts to keep the equipment operational.

This, in the opinion of the decision makers contributed to

the high failure rate.

4.3.2 5-WHY’s analysis as per the subsystem

From the analysis, failure of the couch mechanism was

highlighted as an important problem and the ‘5 whys’

analysis was carried performed as shown in Fig. 5. From

the analysis shown in Table 3, the high utilization and need

for frequent adjustment of the patient position was

observed as contributing to high failure due to wear of the

positioning mechanism.

Further analysis indicated that the couch had not been

replaced despite the aging of the equipment (20 years of

age). Hence, coupled to technical obsolescence, the posi-

tioning system experienced frequent failures modes as per

the results of the root cause analysis. Moreover, spare parts

for the positioning system were difficult to procure,

necessitating minimal repair actions which invariably also

necessitated constant repairs. Owing the unavailability of

critical spare parts for the positioning system, the hospital

resulted to using modified components, which necessitated

technical modifications that contributed to device outages

owing to mismatches for the specification of the modified

versus the original components.

4.3.3 ‘5 whys’ analysis for critical device components

For the braking system, which were analyzed as con-

tributing to highest number failures in the cobalt system,

the root cause analysis indicated an underlying root cause

of high utilization with few opportunities for repair.

Moreover, the mechanical movements of the braking

mechanism while positioning the patient implied wear of

moving parts of the mechanism. On further analysis, it was

found out that due to obsolesce, hence lack of spares, the

repair process relied on modified components whose reli-

ability was questionable as depicted in Table 3. A ‘5 whys’

analysis of the collimator indicated that the component

failed due to high utilization, and moving parts of the

mechanism when positioning and concentrating the
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treatment beam to desired treatment area. Further analysis

indicated that rather than replacing the component peri-

odically as recommended by the equipment manufacturer,

modified parts were used coupled with minimal repair

actions. The results of this analysis are indicated in

Table 3.

Finally, for the host PC (computer), the root cause

analysis indicated instability in electricity as one of the

main contributors to equipment outage. Often, the manu-

facturer of the equipment usually recommends the need for

installing uninterrupted power supply systems (UPS),

however, this was not the case for the case study hospital.

Additional results of the root cause analysis are shown in

Table 3.

4.3.4 5 Why analysis for the maintenance activity

For the maintenance activities, the root cause analysis

considered both the operational and maintenance perspec-

tives as indicated in Table 3. From the summary, the high

utilization of the radiotherapy machines was viewed as an

important root cause, which is expected given the high

demand for radiotherapy services at the referral hospital.

The high utilization implied early on-set of operational

Table 2 FMEA analyses for Cobalt radiotherapy machine

Component Component

failure mode

Component causes of

failure

Frequency Average

down time

(minutes)

Cumulative

down time

(minutes)

Effect to patient treatment time

(average 15 min’ treatment time per

patient)

Brakes Table error Broken limit switch 56 59 3285 219 patient’s treatment time lost

Brakes failure Brakes not latching

Collimator No collimator

lights

Faulty power cord reel 23 107 2350 157 patient’s treatment time lost

Collimator

error

Faulty control knob

Faulty bulb

Host PC Table error Software hanging 19 93 1765 118 patients treatment time lost

System error

Printer not

working

System not

exposing

Power

supply

System not

coming on

Fuses blown in power

cabinet

8 199 1590 106 patient’s treatment time lost

Compressor

error

Faulty power supply on

gantry

Gantry

transducer

error

Gantry moving

in

anticlockwise

Compressor Compressor

error

Leakage in the

compressor

10 139 1390 93 patient’s treatment time lost

No air supply Water accumulated

Faulty compressor

cylinder

Emergency

stop

button

System not

coming on

Emergency switch

activated the gantry

defective.

8 141 1125 75 patient’s treatment time lost

Emergency switch

activated

Hand

control

Hand control

error

Faulty hand control 8 103 825 55 patient’s treatment time lost

System error
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failures, more so coupled with few opportunities for

maintenance. On average, the Cobalt 60 radiotherapy

machine should serve on average, 30–40 patients, but

owing to the fact the hospital operated two devices, the

equipment served on average, 100 patients each day. Sec-

ondly, the root cause analysis indicated absence of struc-

tured approaches for performing inspection on the system

before and during operations of the devices. The inspection

is critical since it informs the biomedical engineers of

deviations in operation of the system. Absence of the

inspection checks implied on-set of early failures which

were avoidable were the checks to be performed.

Considering the maintenance perspective of the equip-

ment, the root cause analysis indicated a tendency towards

applying a reactive approach to maintenance of the

devices. Importantly, the reactive approach was performed

when the system was out service. Moreover, the analysis

indicated that preventive maintenance was performed

every 6 months as per the recommendation of the Original

Equipment Manufacturer, not taking into consideration the

high utilization of the equipment. Ideally, the high uti-

lization should necessitate more frequent maintenance

interventions, which was not the case. Further analysis also

indicated that maintenance data analysis was not carried

out because a structured maintenance data collection and

analysis procedure was not in place. Such data would have

assisted the biomedical engineers formulate more effective

maintenance strategies. In absence of such a system, for-

mulating effective maintenance activities is not straight-

forward. From the results of the root cause analysis, the

Table 3 5 WHY’s analysis for the radiotherapy

5 Whys analysis for cobalt radiotheraphy equipment

Model Subsystem Components Maintenance activity

Brakes Collimator Host PC Operation

perspective

Maintenance
perspective

Problem

description

CM1 model is

frequently

failing

Couch

subsystem

had a high

frequency of

failure

Leading in

component in

frequency of

failure

Second leading

component in

frequency of

failure

Third leading

component in

frequency of

failure

Repair and

Replacement

policy being

high

Repair and

Replacement

policy being

high

WHY 1 High

Utilization

and few

maintenance

opportunities

Couch

frequently in

contact with

operator and

patient

leading to

wear and

tear

Component in

Couch

subsystem and

holds couch in

desired Patient

position during

treatment

Constantly used

in all

examinations

to position and

control the

treatment

beam to

patients

Frequent power

interruption

during

equipment

operation

No system

checks and

tests that are

carried out

before system

operation

Preventive

maintenance not

carried

frequently

despite high

equipment

utilization

WHY 2 Only public

hospital with

radiotherapy

equipment

No spares

available

Wear and tear is

high

Wear and tear is

high

Mains power

not stable

No structured

way of

carrying out

the checks

and tests

Preventive carried

out every six

months as per

manufacturer

recommendation

WHY 3 No spares

available

System is

obsolete

No replacement

of brakes only

repairs are

done

No replacement

of collimator

parts only

repairs are

done

System is not

installed with

uninterrupted

power supply

(UPS)

Absence of

operator

strategies for

the

department

No maintenance

data analysis

carried out by

biomedical

engineering

department

WHY 4 System is

obsolete

System is

obsolete

System is

obsolete

Lack of structured

maintenance

data collection

and analysis

procedure

WHY 5 Absence of

maintenance

strategies for the

department
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need for more effective operation and maintenance strategy

was considered important for mitigating the root causes of

failure.

4.4 Maintenance and operational protocols

From the root cause analysis, it was obvious that there was

a need to develop appropriate mitigation strategies with a

view of preventing recurrence of focal device failure

modes. Hence, in this research, operation and maintenance

protocols were developed for the three critical devices;

Cobalt 60 radiotherapy, dialysis machines and patient

ventilators machines.

4.4.1 Operator protocols for Cobalt-60 radiotherapy

equipment

Since device operators are always in contact with the

equipment, they are more often the first persons to note

device malfunctions, or onset of early defects. From the

risk assessment and root cause analysis process, the brak-

ing system, collimator and host PC components were

analyzed as the most critical. Hence, there is the need to

develop structured operator protocol for assessing whether

the system is functioning correctly, and within the required

parameters. The operator protocols will ideally guide the

device users, and hence, enhance equipment availability

through prudent device usage.

Table 4 illustrates the proposed operator protocols

which were developed for mitigating against recurrent

equipment failures. The proposed protocols indicate daily

tasks and checks should be performed for effectively

operating the Cobalt-60 equipment. As an example, in

order to prevent failure of the braking system, regular

cleaning of the mechanism is necessary to avoid dust

accumulating which may result in reduced functionality.

Moreover, inspecting the proper functioning of the braking

system before positioning the patient of the couch and

gantry subsystems could indicate onset of malfunctions, for

instance, presence of abnormal noise during movement of

the couch/gantry movements. Additional operation proto-

cols that would assist in prudently operating the equipment

includes recording defects in structured log sheets, since

such records would enhance prompt maintenance

interventions.

4.4.2 Maintenance protocols for Cobalt-60 equipment

The maintenance protocol for the Cobalt-60 device is

divided into three parts. The first part proposes weekly

activities which the biomedical engineers are required to

perform on the equipment. The second part of the protocol

proposes monthly activities, which the biomedical engi-

neers should observe when maintaining the equipment.

From the protocols, preventive maintenance is proposed

after every 3 months instead of 6 months as is the case

during the study. The more frequent maintenance is

necessitated by the high utilization of the equipment, where

often, an average of 100 patients are attended to, instead of

the recommended number of 30 to 40 patient each day per

unit. The high utilization thus necessitates more frequent

Table 4 Operator protocols for the Cobalt-60 radiology equipment

No Failure mode No Daily tasks

1 Hand controller 1.1 Clean dust on the system

1.2 Check for proper function of the hand controller

1.3 Check for any defect in the hand controller

1.4 Record any defects in the log sheet and inform the biomedical team if immediate corrective action is required

1.5 Ensure that the hand controller is stored in its parking place

2 Brakes 2.1 Clean dust on the system

2.2 Operate the patient couch and gantry and see if brakes are working

2.3 Check for presence of noise during various couch and gantry movements

2.4 Record any defect in the log sheet and inform biomedical team

3. Host PC 3.1 Clean dust on the system

3.2 Check if the PC booting up procedure is okay and there is no presence of errors

3.3 Check if the PC is accepting various commands that inputted

3.4 Check for damages in all PC accessories such Mouse, keyboard and display

4. Compressor 4.1 Drain the compressor every day before operating the equipment

4.2 Check if their damages in the compressor
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maintenance interventions to mitigate frequent equipment

breakdown.

Table 5 shows the proposed maintenance protocols for

Cobalt-60 machine. Operation and maintenance protocols

were also developed for the dialysis machine and patient

ventilators, however, for brevity, the protocols are not

illustrated in this paper.

4.4.3 Importance of the developed protocols

The high utilization of the medical equipment is unavoid-

able because of the few available equipment. Hence, to

ensure availability of the equipment, one of the mitigation

strategies identified in this study, and discussed in the

previous section is developing operation and maintenance

protocols targeting important focal root causes of equip-

ment failure earlier identified following our proposed

methodology. The operator protocols are modelled such

that they guide operators prudently operate the equipment,

thus reduce operation related failures. The maintenance

protocols were expected to guide biomedical engineers

optimally maintain the equipment efficiently by increasing

opportunities for maintenance, i.e. daily, weekly and

monthly basis. The enhanced interventions are expected to

assist the engineers identify early onset of failures, hence

intervene more promptly prior to equipment outage.

Operation and maintenance policies are also expected to

contribute to enhanced availability of the critical medical

devices, and optimize repair costs.

5 Summary and conclusion

This paper demonstrates a methodology for developing

strategies for mitigating operation and maintenance fail-

ures. The strategies are linked to focal root causes of

Table 5 Maintenance protocols for the Cobalt-60 device

No Root cause No Weekly tasks monthly tasks Preventive maintenance after

3 months

1 Hand controller 1.1

1.2

1.3

1.4

1.5

Check for loose or frayed connection

Check all motions (unit & table)

variable and full speed motions

Test enable switch operation

Test emergency stop button

Check for loose or frayed connection

Check all motions (unit & table)

variable and full speed motions

Test enables switch operation

Inspect mountings and couplings

Test emergency stop button

Carry out a preventive

maintenance on the system

2. Patient

Table (couch)

2.1

2.2

2.3

Check the operation of free float

clutches (brakes)

Check tabletop rotation and lock

Check the operation of free float

clutches

(brakes)

Check tabletop rotation and lock

Clean and lubricate lateral/longitudinal

bearings and rails

Carry out a preventive

maintenance on the system

3 Host PC 3.1

3.2

3.3

3.4

Check for correct functioning of the

Host PC

Check any damage in the operator

console

Check for correct functioning of the

Host PC.

Check any damage in the operator

console.

Carry out system performance and

inspection

Inspect the error log for more errors

Carry out a preventive

maintenance on the system

4 Compressor 4.1

4.2

4.3

4.4

4.5

4.6

Drain air tank.

Inspect hoses, fittings and check valves

for leaks

Drain air tank.

Inspect hoses, fittings and check valves

for leaks

Service air filter/moisture trap on

compressor.

Check the compressor On limit

Check the compressor Off limit

Pump up time

Carry out a preventive

maintenance on the system

5 Collimator 5.1

5.2

Examine Upper hinges Examine upper hinges

Clean and lubricate lead screws.

Carry out a preventive

maintenance on the system
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recurrent equipment failure, and which are expected to

guide practitioners better manage the operation and main-

tenance aspects of critical medical devices. By formulating

such strategies, better outcomes are expected for critical

diagnostic and treatment devices, hence better healthcare

delivery to patients in need of such services. The proposed

approach embeds a data collection and structuring frame-

work which assists the decision makers analyze and pri-

oritize equipment failures. Based on the prioritization

process, a systematic and structured root cause analysis is

suggested for assessing the focal root causes of equipment

failure, for which, mitigation strategies are proposed. This

approach differs from existing studies in literature where

risk assessment is often performed with the view of pri-

oritizing equipment failure, at the expense of analyzing the

focal root causes, and formulating mitigation strategies.

Moreover, the proposed approach is novel in the sense that

both technical and patient safety related risk metrics are

analyzed, i.e. repair interventions and deferred patient

treatment (lost patient treatment time). Furthermore, the

study focuses on operation and maintenance data collected

from the equipment.

From the study, important areas of research which could

enhance management of critical medical devices are

identified. This includes the need for a robust data collec-

tion and analysis structure for operation and technical

information generated from the equipment. Such data

would invariably enhance risk assessment, and yield more

robust root causes and mitigation strategies. However,

several limitations are also apparent, more specifically,

related to the need for evaluating the effectiveness of the

strategies proposed in this study. This requires actual

implementation of the strategies and evaluating their out-

comes on operation and maintenance outcomes. This

aspect is evaluated in future work.
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