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Abstract

Introduction: Medical imaging equipment such as ultrasound, X-@gmputed Tomography and Magnetic
Resonance Imaging systems are essential in modmspithl operation. They have the capacity to premot
public health under the condition that they opevdtd high reliability and safety requirements.

Aim: The aforementioned prerequisites necessitate fizieaf maintenance planning that could keep these
devices in good condition at the minimum cost. Tdre economic resources in Greece due to the iendwave
made this task rather difficult.

Methodology: A risk-based decision support model is introduaedhis study towards the debate whether to
maintain or not a medical imaging device. Sevemhmeters and metrics have been utilized as inptita
decision algorithm in order to produce optimum dixi regarding the need to maintain a certain @evitiese
include availability, key performance indicatorsskr and economic factors. These metrics are capable
capturing all the information that is significant ffach medical imaging device.

Results: A case study has been made in this study thatedilan x-ray imaging C-arm towards efficient
decision making regarding maintenance that emplalethe metrics of the last two years where thar@-
imaging device is without a preventive maintenarmetract with the manufacturer.

Conclusions: The decision model introduced in this study coutdadb value for the hospital management and
provide important information regarding the coratitiof each medical imaging device and possibleréutu
failures.
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Introduction devices have not been renewed, thus leaving
them without regular maintenance. The majority
of public hospital administrations have adopted
a crisis management procedure in cases of
é)peration break-down that mostly encounter the
Current damage. In particular, no preventive
maintenance tasks are performed on a medical
device. The only scheduled maintenance on each
imaging device is corrective maintenance after it
has suffered a failure, without considering

A contemporary public hospital constitutes a
place where state-of-the-art medical technology
equipment is utilized from highly trained

personnel so as to promote healthcare servic
performance. In particular, medical imaging
equipment such as ultrasound (US),
mammography, C-arm, Computed Tomography
(CT) and Magnetic Resonance Imaging (MRI)

systems play a key-role in daily hospital . .
o);geration ?Br)c/)nzino 31/992) A fully ¥unctiorr)1al additional parameters such as failure rate and
) ' equipment down-time that could provide

and effective imaging device promotes the. . X )
hospital’s performance and subsequently public'mpgr;[.ant ;nformhatlgn . regaCrdlng thetl ret?ll
health. Moreover, their operation is under high ccjggislicl)%nm(;d:%(: theer\::gié e(;:]:r(?tqiietr; )r/{e Ieect
reliability and safety requirements due to the the devi ydl ; gem f bot gt' |
complicated technology involved and possible € device, regardiess ol any signs of potentia
direct and indirect hazardous consequences téa”ur? and o wait until the point at which
patients in case of failures. unctional failure occurs.
In this context, a maintenance strategy whereby
the maintenance processes are planned based on
necessitate a great amount of management effomelur?. rl_sks, _effects,_ an_d calculgted COSts of a
towards efficient planning and control in order speC|f|q 'maging qlewce In a public hospltal'can
be an ideal solution despite the aforementioned

to avoid issues regarding functionalty, roblems. However, conflictin interests
performance, safety and operational costs. Thes ' : ’ 9 -
etween hospital management and political

devices must be kept in good condition and mus trateqi bined with Al d ds 1
be able to face the tough competition strategies combined with social demands tor
environment and complex health care system apetter health an_d the interests of the suppliers
the minimum cost. Maintenance activities c:jedate a compllca}ted proplem that cannot be
generally consist of inspection, cleaning, a .ressed W'Fh simple gglplellnes towards an
optimum solution. The decision to perform risk-

adjustment, alignment, and/or replacement Ofbased maintenance can be difficult and tricky for
sub-components that wear-out (Computerized. "~ . . : . . y
an imaging medical device. It is considered as a

maintenance management system 201.1). financial and technical analysis method that

However, the majority of these devices suffersfocuses on establishing the relative worth of
from deterioration with age combined with maintenance. It defines opportunities for the
excessive use and may experience a failure aglimination of maintenance decisions of low
any time instant. On failure, the system may bevalue and the introduction of decisions which
replaced or repaired. Despite the complexity andhave the capacity to address high risk areas
high cost of medical devices, most hospitals doregarding the equipment's availability and
not utilize a proper management strategy whichreliability combined with the financial loss

in turn lead to an increment at failure rate andprevention. Risk-based maintenance was
finally to their rapid obsolescence. The originally developed as a means of reviewing
economic crisis in Greece has resulted into rareexisting maintenance programs, and in this
economic resources for the public healthcaremode it can perform adequately as a continuous
sector and at the same time an increased use dfhprovement tool.

public health care services. As a result the
management of a public hospital is continuously
faced with the reduction of government funding
combined with increment of demand. Most
maintenance contracts in medical imaging

The complexity and high concentration of the
aforementioned medical imaging devices

The majority of the medical imaging devices
utilized in the Greek public hospitals considered
as mid-life devices. The decision in minor low
potential cost failures on new devices and major
failures, in particularly aged devices, is
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considered as rather easy to make. The majomanaging performance of medical devices.
dilemma of a manager is “when to perform a Within the same context, (Chryssanthou et al.,
preventive maintenance based on risk metric2012) proposed a decision model whether to
and over time to decide how much preventive orreplace or maintain a Hospital Information

repairing costs of the imaging equipment is System employing multiple technical, financial

considered justified before start planning aand organizational criteria. To the best of our
replacement strategy?” There are often a numbeknowledge no reports have been published so
of technical issues involved, which the engineersfor  regarding  automatic  decision-based

often are competent to address, and provide anaintenance strategy in medical imaging

range of possible technically feasible solutions.devices.

But how the financial impacts of these solutlonsThe paper is organized as follows: in the

a;?tigj;?fs?: tg]rrr?stdsfr t:]% %r(gls\:/eit;te?:oii(r:rI\Si::%nMaterial and Methodology section at first the
P y b erformance indices followed by the decision

' ? : A
and futu_re_ risk costs? For that reason, the neeﬁmdel introduced in this study are presented. In
of a decision support model that can incorporate

all the aforementioned comments be means o{he Results section the case study that employed
o . o . an x-ray imaging C-arm towards efficient
quantified risk metrics is considered to be of

value in modern hospital management and ca decision making regarding maintenance s
) 'erm nosp inag . rbresented. In the Discussion — Conclusion
result in a significant reduction of operational

costs sectiqn the methods and results of the proposed

’ decision model are discussed. Finally, at the
Background Future Work section the questions the results of
the study raised and future steps that could be

Very few studies have addressed the o
more promising are showed.

maintenance policy in medical devices
throughout the past years. A medical equipmentMaterial & Methodology
management program to prioritize medical
devices based on their criticality proposed by
(Taghipour, Banjevic & Jardine 2010). Different
critical score values indicate different

maintenance strategy. A fuzzy inference modelequiloment leads to choices based on the

e e e e oo A gApETences of hiroperlrs r on he budge
expenditure in a hospital structure and toconfungenc_les. This means that in some cases the
increase patient and medical staff satisfactiondevIce maintenance can be conS|dered_often as
(Mummolo et al., 2007) premature, unnecessary or even unswtabl_e or

" ' too late due to a lack of appropriate planning.
A new medical equipment maintenance andOn the contrary, when information is available
replacement score employing technical, from an adequate monitoring of devices, the
conditional and safety rules has also beentendency is to concentrate only on equipment
introduced in order to decide the possibility of which is broken without carrying out a
maintenance or obsolescence (Taylor & Jacksorcomprehensive evaluation of the state of
2005). Under the same framework (Dreiss,devices.

2008) proposed a medical device replacemen'fa\n accurate process of equibment state
plan that utilized technical, financial and P quip

performance criteria. Also, an empirical gpprals_al IS required. In _case _Of an
algorithm model is introduced in order to rank increasing failure rate of medical devices the

medical devices towards replacement, safetyincrement Of_ both break-down maintenance
testing, preventive or repair maintenancecosts and risk of unfavorable events are
(Robson et al., 2005). Finally, (Chien, Huang & expected, whereas if devices are maintained

Chong 2010) implemented an efficient too early an increase of maintenance costs
information system that could promote the

The methodology for risk-based maintenance of
medical imaging devices depends on the
information that the hospital structure has. A
lack of information on the real condition of
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will occur. The decision risk-based support

model risk presented in the study addresses Figure 1: Mathematical Equations

ASC = Maintenance Cost + (X — ray Tube Cost - Probability of Failure) 1)

Y(start of dowtime — start of uptime) (2)
number of failures

MTBF =

_pannual Urilization Hours, (3)
AFR=1-¢ MTEBF /
RC = Cost - Praobability of Fallure (4)
Gross Annual Revenue (5)
MCOLE = - DownTime

Annual utilization hours
V = MCLR 4+ RC — ASC (6)
Flity=1- e @)

the trade-offs in medical device costs andActual Service cost ASC): Regarding the
reliability for annual budgeting and imaging device, it is considered as the sum of
maintenance scheduling. the annual maintenance contract and the possible
_ replacement of the x-ray tube which at most
The proposed model considers severalcases is not included in the maintenance
parameters in order to produce optimum contracts.The average life-cycle of an x-ray tube
deq|3|o'n regardmg thg nged to |.mmed|atelyCan reach up to 5 years, depending on the
maintain a medical imaging device. These ygjjization hours (scan-seconds). The factor
parameters include availability (up-time vs. propapility of failure represents the likelihood or
down time per year), key performance 'nd'catorsprobability of an event with unwanted

(usage frequency rate, maintenance ratio, failuréonsequences occurring such as tube failure
rate and probability of failure), risk factors (\vondro, 2002).

(Reliability, condition) and economic factors _ , ,
(opportunity cost, Risk cost and maintenanceMéan time between failures (MTBF)is the
cost). All these data are quantified with certain Predicted elapsed time between inherent failures
metrics that are capable of capturing all the©Of @ system during operation. MTBF can be
information that is significant for each medical c@lculated as the arithmetic mean time between
imaging device. The main performance factorsfailures c_)f a system (Blanchard_ 1992)._For each
or variables that may affect the final decision Observation, the “"down time" is the
whether to perform maintenance or not in instantaneous time it went down, which is after
medical imaging devices are described as(i-€- greater than) the moment it went up, the "up

follows and are presented in Figure 1 (Ebelingtime”. The difference (*down time"” minus "up
& Charles 1997): time") is the amount of time it was operating

between these two events (Figure 2).
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The certain metric integrates planned andperform maintenance on the device". In case of
unplanned downtime parameters which arepositive value from the objective function the
essential regarding availability and reliability of total losses are considered bigger than the actual
the equipment. cost which implies that repairing the device in
certain time table it would be better than

Annualized failure rate (AFR): the certain : e
metric gives the estimated probability that a!oerform the maintenance when it fails. Instead,

device or component will fail during a full year Isnm(;?lse? ?rfarr]]e?r?;“i:ec):talcl;‘ergr(r)]r;n\i/nth(laifclaozsnfjs tﬁ;e
of use. It is a relation between the mean time 9

between failure (MTBF) and the hours that the deqsmn s not .to pgrform preventive
medical imaging device is run per year (Evans’mamtenance for the time being.

Hastings & Peacock 2011). The relationship Results

between AFR and MTBF is:

The exponential term is used to characterize th
reliability of a certain device. Reliability is the
ability of a system or component to perform its
required functions under stated conditions for a
specified period of time. Consequently AFR
represents the opposite of reliability (i.e.,
Probability of Failure).

Risk-based maintenance: a case study

v sample application is provided to represent
the type of input requirements and to illustrate
the types of output and analysis provided by this
proposed model. The device employed was a
Siemens C-arm utilized for monitoring and
assisting stent placement in patients with
stenosis. Two types of data namely condition
Risk Cost (RC) This is the financial risk and event data were provided. Condition data
involved in letting the components function until indicates the state and health condition of the
their complete useful life is utilized (Samuelson part whereas event data depicts cases and taken
& Marks 2003),Mean Cost of Lost Revenue actions.

(MCLR): It is considered as the potential total
cost of a device failure (Samuelson & Marks
2003) and the objective function was formulated While medical imaging device operate,
for this decision problem and given in (6), where condition parameters, which are directly related
(MCLR) is average cost of lost revenue, (RC) iswith c-arm imaging device are recorded and
the financial risk cost, (ASC) is the actual employed for this study. The data provided for
service cost, and (V) is the decision output: the years 2011 and 2012. The imaging device
has been without maintenance contract (no
scheduled maintenance strategy) throughout the
past two years, and any malfunction was treated
afterwards with corrective maintenance. The
equipment has been purchased in 2009 and it is
in its third year under operation. All surgical

: procedures take place three days per week for
MCLR+RC  as in (6). Then, the Actual approximately 12 hours each day. The annual
Service cost (ASC) was subtracted from the totalytjlization hours werg1900 . The two year

losses in order to compare which is bigger, thesegment that this research has studied had
total losses or the cost of a regular maintenance-3300  tjlization hours. Regarding the
contract combined with the probability of x-ray propapility of failure of the x-ray tube it can be
tube failure. hierarchically defined for each year of operation

If the objective function (V) yields a positive (Table 1). The failure distribution has an
value, it will be represented by number one andexponential density that the tube will fail
the decision will be "perform Preventive betweern=t;andt=t;.

maintenance on the device". Otherwise, if theSince the imaging system is utilized only three

value of V is negative, it will be represented by times a week the average x-ray tube life cycle
number zero, and the decision will be "do not

Condition Data

The value of V gives an indication of the
decision, whether to perform the preventive
maintenance on medical imaging device or not.
In order to reach the final decision, at first the
total losses if the component continues running
until failure occur were evaluated (i.e.,
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will increase. For the purposes of this studly, failure including the non-operational days). The
was set to 0.3. MTFB was approximately 355 operational hours
S(~-30 operational days). The annual gross

approximately 35.000 Euros (All parts and labor revlenuecls calculateg based on the Diagnostic
included except the x-ray tube which costs Relates Groups (DRGs).

approximately 50.000 Euros). The decision criteria employed in the proposed
risk-based decision model had the following
values (in Euros):

Event data shows taken actions related to failure
of the C-arm. We do not have direct information
about the part failure and the actual cost for each
part. However, the machine failure time is Subsequently from equation 6 the objective
known. The failure incidents for 2011 were 3 function outcome is approximately: -2.7 x*10
and for 2012 were 4. The corrective The negative sign of the objective function
maintenance cost for 2011 and 2012 were 8.80Qndicate the decision not to perform for the time
and 12.600 Euros respectively. The downtimebeing any maintenance.

was approximately 400 hours (three days per

Also the maintenance contract before 2011 wa

Event data

MCLR~8000,RC~12000 and ASC~40000

up time (after repair) down time (unplanned)
Up 1 )
A d A

A
v

between failures

A . A
» »

failure failure

Down

Figure 2: Schematic representation of the temporal sequesiveebn downtime and runtime
of a device.
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Table 1 Correspondence between C-arm x-ray tube year ahtipe and probability of

failure
operation
Probability 0 25 45 59 69 77
of failure (warranty)
(%)
Discussion — Conclusions What are the assumptions? Medical imaging

devices fall on the high risk devices where even
the slightest deviation from the manufacturer
guidelines would lead to loss of quality that

Imaging medical equipment has become an
important component of modern health services.

In addition to the traditional operation d deteri ient health. The

management, the patient safety, operationC?l(J:I f gtenorfat_:e patura]nt | deat . d etlmpgrtancEz
performance in cost/efficient analysis, and riskg € |dn|ng a dalbu:ce shou € eviaent and mus
evaluation and control are the important issues € understood before attempting to interpret any
for using medical equipment in hospital. But metric such as the MTBF value. Assumptions

. . . were required to simplify the process of
management or maintenance is particularly weak 9 plity P

in the Greek public sector due tothe rare Sctel T o P o e an exact
economic resources. A decision support 9

framework of medical imaging equipment numbgr. However, all assumptions  were
maintenance management system has beehea“St'C'
proposed in the paper for assisting a hospitalThe approach presented optimized the total cost
early to confront the potential risk and lack of of maintenance and gave an accurate indication
resources. The significance of risk-basedabout the economic of repairing or not a certain
maintenance in fields like medical imaging has device under thorough risk-based maintenance
not been addressed in the modern literaturestrategy. The decision model provided the public
Unfortunately, there are numerous factors to behospital an alternative regarding the cost-
considered, while deciding on whether a effective distribution of economic resources.
particular device should be repaired or not whenThe lack of maintenance cost could benefit the
an opportunity arises. hospital with some additional profits that could
employ in the future so as to replace the x-ray
tube under a close inspection policy regarding
the reliability of the device.

All data collected from the public hospital are
difficult to be precise. Especially regarding risk
cost and reliability of the device. Depending on
the type of product, manufacturers may haveFuture work

numerous definitions of failure. Manufacturers Much work needs to be done in this area with

;Eg?tﬂ? ere ﬁtrjag;i%rllvig ggggré:rl]ltrrglo \(/jv?]iscgf ;arilérne more parameters involved, and numerous other
purp P ; Yrelevant factors needs to be incorporated for a

other benefits, drives out product defeCtS‘comprehensive study. This was just a

Therefore, additional questions are needed to . . :
accurately define a fa?lure. What is a failure? preliminary research done to integrate the area

of risk-based maintenance in medical imaging

www.internationaljournalofcaringsciences.org



International Journal of Caring Sciences Januay-April 2014 Vol 7 Issue 1 31

devices. The debate whether to maintain aComputerized maintenance management system.
medical imaging device or not and with what  (2011). WHO Medical device technical series,
criteria, will be more pertinent than ever due to World Health Organization, Geneva, Switzerland.

the funding problems raised by the economicDreiss, A. (2008). When Does Medical Equipment
crisis. Need to Be Replaced?, Journal of Clinical

Engineering, 33(2):78-81.
Various more sophisticated algorithms can begpeling, E & Charles, E. (1997). An Introduction to
implemented such as neural networks that can Reliability and Maintainability Engineering,
predict the decision to maintain or not as long  McGraw-Hill Companies, Boston.
more data are available (i.e. certain parts withEvans, M, Hastings, N & Peacock, B. (2011).
bigger failure rate) so as to train the model for  Statistical Distributions, Wiley, New York.
optimizing the results. In addition, ranking could Mondro, MJ. (2002). Approximation of Mean Time
be attributed on the outcome of the objective between Failures When a System has Periodic
function so as to produce an efficient scheduled Maintenance’, IEEE Transactions on Reliability,
maintenance plan that could be updated in 51:2,166-167.
certain interval towards the more cost-effective Mummolo, G, Ranieri, L, Bevilacqua, V, Galli, P,

solution. Menolascina, F & Padovano, G. (2007). A Fuzzy
Approach for Medical Equipment Replacement
References Planning. Third International Conference on

o . . Maintenance and Facility Management.
Blanchard, BS. (1992). Logistics Engineering and Robson, J, Yeo, P, Riches, M, Carlisle, T & Kiti,

Management, Prentice-Hall, Inc., New Jersey. (2005). Risk Management and Biomedical
Bronzino, JD. (1992). Management of Medical  Devices. Proceedings of the 2005 I|EEE

Technology — A primer for Clinical Engineers, Engineering in Medicine and Biology.

Butterworth — Heinemann, Oxford, UK. Samuelson, W & Marks, S. (2003). Managerial

Chien, C, Huang, Y & Chong, F. (2010). A Economics, Wiley, New York.

framework of medical equipment management taghinour, S, Banjevic, D & Jardine, A. (2010).
system for in-house clinical ~engineering Prioritization of medical equipment for
department, Conference Proceedings Engineering  maintenance decisions. Journal of the Operational
in Medicine and Biology Society. Research Society, 1-22.

Chryssanthou, A, Iraklis, V, Sarivougioukas, CJ & Taylor, K & Jackson, S. (2005). A Medical

Apostolakis, I. (2012).  Hospital Information Equipment Replacement Score System. Journal of
Systems Replacement and Healthcare Quality.  jinical Engineering, 30, 1: 37-41.
International Journal of Reliable and Quality E- T

Healthcare, 1: 3, 1-12.

www.internationaljournalofcaringsciences.org



