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Abstract: Cardiac Catheterization Laboratories (Cath Labs) are pressured to be efficient in 

economic and operational terms. Regularly, in an attempt to improve the efficiency in these units, 

managers make decisions without any objective foundation. 

This thesis develops a new approach, called MultiSim, that aims to support laboratory 

management in the implementation of efficiency improvement measures. MultiSim proposes, 

through a sociotechnical approach, combining Discrete Event Simulation (DES) with Multicriteria 
Decision Analysis (MCDA) in an integrated format. 

The methodology framework starts with the structuring of efficiency challenge in the Cath Lab 

workflow. Then, based on the principles of multicriteria analysis, a set of criteria to appraise the 

efficiency in the Cath Lab workflow is defined. In a decision conference, improvements in these 

criteria are assessed by the Cath Lab team, which also helps create a sense of common purpose 

among the team members. The simulation model is then built to evaluate the operational impact 

of alternative measures in a quick and costless way. To conclude, within viable measures, 

MultiSim prioritizes those that best incorporate the perspective of efficiency of Cath Lab workflow 
key players who especially valued improvements in ‘Agility between procedures’ and ‘Efficiency 

of admission process’, in that order of preference. The first requires a proper allocation of 

responsibilities among team members and the second, a better pre exam assessment and hiring 

of a full-time administrative assistant. 

MultiSim has achieved its main objective: align a multidisciplinary team towards a common goal 

and advise on future efficiency improvement measures.  

 
Keywords: Improve Efficiency; Cath Lab; Decision Support Model; Multicriteria decision analysis; 
Discrete Event Simulation; MultiSim. 

 

1. Introduction 

For any organization, service quality and 

excellence come as a priority, even more in 

healthcare sector where the main focus is 

the provision of health. Moreover, healthcare 
managers are daily pressured to improve 

quality and decrease costs hence, they are 

forced to look for further efficiency gains [1]. 

These gains usually imply organizational 

changes, which must be prioritized in a 

rational and transparent way. However, 

coherent decisions are often received with 
resistance and the implementation of new 

managerial changes becomes a challenge. 
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The current study is integrated in a project 

from SIEMENS Healthineers (SH) 

Enterprise Services (ES) team and 

addresses the aim of Hospital do Espírito 

Santo de Évora (HESE) to improve the 

efficiency in its Cardiac Catheterization 
Laboratory (shortly referred to as Cath Lab) 

workflow. Cath Labs are, per se, complex 

systems characterized by unpredictable 

stressful days and high complexity cases [2].  

The framework lies on a sociotechnical 

approach in order to mitigate the barriers to 

the implementation of managerial changes 

and suggests the use of simulation, an 
effective tool to replicate and explore 

possible changes in healthcare sector, 

combined with Multicriteria Decision 

Analysis (MCDA), which allows evaluation 

and prioritization of improvement measures, 

in an integrated format. These two 

techniques constitute the core of the 
technical component of the approach, which 

will be strongly allied with a social 

component, which involves stakeholders 

and collaborators in the analysis of 

processes and in the evaluation of 

managerial changes. Therefore, MultiSim 

approach not only measures the 

performance of the system against 
alternative improvement measures, but also 

evaluates at what extent these 

improvements add value to the efficiency in 

the Cath Lab, again, considering final users’ 

points of view. 

2. Literature Review 

To enhance patient's clinical pathway one 
needs to identify and eliminate any 

operational inefficiencies that are 

compromising it [3]. But, the healthcare 

managers current lack of vision and 

willingness to redesign processes [4] 

becomes a challenge, which literature 

overcomes with sociotechnical approaches. 

MCDA and simulation are often used to 

support decision making in healthcare 

context, as these techniques are based on 
sociotechnical approaches. 

2.1 MCDA models in healthcare systems  

The sociotechnical framework used by 

MCDA improves communication within the 

organization, develops shared 

understanding of the problem and generates 

a sense of common purpose [5]. This 

technique guarantees the integration of 

the concerns and values of the people who 

best know the system and are directly 
related to management decision, while 

priority setting managerial actions. Among 

all MCDA approaches, value measurement 

is the most used one since it is based on the 

Multi-Attribute Utility Theory and hence, in 

accordance with a number of rational axioms 

that describe transparent choices [6]. 

MACBETH, is one of these approaches, 
which makes use of qualitative judgements 

about differences in attractiveness of one 

action over another, to help an individual or 

a group quantify the relative preferability 

between these [7]. For the application of 

MACBETH there is a software, M-

MACBETH [8], that supports the multicriteria 
evaluation process.  

2.2 Simulation Models in healthcare 
systems 

Correspondingly to MCDA, healthcare 

simulation is also an active area of research 

and practice [9] as it enables managers of 

healthcare organizations to evaluate the 

efficiency of current practices, identify 

needed resources and, through a ‘what-if’ 
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analysis, predict the impact of managerial 

changes and therefore, determine optimal 

system configuration [10].  

Discrete Event Simulation (DES) seems to 

be the best type of simulation to use in the 

Cath Lab since: time-to-event is best 
described stochastically rather than with 

fixed time intervals; individual pathways 

through the model are influenced by multiple 

characteristics of the entity; one wants to 

study the effect of different managerial 

actions [11].  

Regarding the computer package for DES, 

Simul8 is considered one of the favorites 
among engineers as it allows to build 

accurate, flexible, and robust simulations in 

a quick and costless way [12].  

2.3 Combining DES with MCDA 

Combining DES with MCDA allows to, not 

only obtain the performance of the system 

against different alternative measures (with 

simulation), but also to convert each 

performance into value scores (through 

MCDA) to support determine the 

configuration that best fits the key concerns 
of the Cath Lab. Furthermore, evaluating the 

Cath Lab considering more than only the 

operational aspects, turns decision making 

more inclusive and trustful [13]. 

3. Methodological Framework 

MultiSim framework can be divided in three 

distinct phases, all of them composed by a 

technical and a social component, as 
illustrated in figure 1.

 
Figure 1 MultiSim components set within a sociotechnical structure.

3.1 Phase 1: Structuring the efficiency 
challenge in Cath Lab workflow 

This phase aims to gather relevant 

information for further steps of MultiSim. Its 

technical component comprises the 

definition of the scope and the context of the 

HESE and the Cath Lab. Following this, on-

site data collection and mapping of the 

patients' clinical pathway in the Cath Lab 

allows to gather important information on the 

main steps and procedures applied during 

care process, resources associated to them 

and critical points that most influence the 

efficiency of the pathway [11]. The third step 

of Phase 1 is the definition of a criteria set to 

evaluate the efficiency in the Cath Lab, 
which starts with the identification and 

selection of indicators considered important 

to analyze the performance of the Cath Lab. 
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The link between indicators and efficiency 

evaluation criteria is then studied and 

discussed, with indicators representing the 

performance of the lab and criteria the value 

added to its efficiency. Once a valid set of 

criteria is obtained, these are 
operationalized through descriptors of 

performance, that often take the form of 

indicators.  

Allied with the technical component is the 

social component, with both occurring 

simultaneously. Social component starts by 

identifying the short-term objectives of the 

Cath Lab in initial meetings with 
stakeholders. These are useful to 

understand which policies are already being 

implemented and the restrictions to the 

implementation of others. Following the 

initial meetings, individual interviews with a 

small group of collaborators permit them to 

mobilize their intimate knowledge of what is 
being done and what could be done [5], and 

understand the main challenges to 

efficiency. These interviews also contribute 

to the conceptualization of the simulation 

model. 

3.2 Phase 2: Implementing the MultiSim 
methods 

Phase 2 consists of implementing 

multicriteria evaluation and simulation in an 

integrated format. The technical part of this 
phase starts with multicriteria evaluation, 

based on the MACBETH approach, of 

improvements in the considered criteria. 

Since MACBETH is an additive method, one 

must ensure preference independence 

between criteria, this is, the evaluation of the 

performance of a criterion should not 

depend of the performance of other criteria. 
Once this is ensured, further, in Phase 3, 

value scores are assigned to the 

consequences of an improvement on all the 

evaluation criteria and multiplied by the 

respective criteria weight. The obtained 

products are summed across all the criteria 

as follows [5]: 

𝑉(𝑝) = 	'𝑤)𝑣)(𝑝)	
+

),-

𝑤𝑖𝑡ℎ	'𝑤) = 1	; 𝑤) > 0	;
+

),-

	5
𝑣)6𝐺𝑂𝑂𝐷): = 100
𝑣)(𝑁𝐸𝑈𝑇𝑅𝐴𝐿)) = 0 

This is, considering a set of n criteria, 𝑤) 

represents the relative attractiveness 

(weigh) of criterion j and vj is a cardinal 

criterion-function that quantifies the local 

attractiveness of the option in the criteria j. 

On its turn, 𝑉(𝑝) measures the overall 

attractiveness of an improvement measure, 

p, that belongs to the set under 

consideration. 

Therefore, the application of MACBETH 

helps on the construction of: i) a value tree 
that gives a visual overview of the concerns, 

criteria and indicators in an hierarchically 

organized way [14]; ii) value scales that 

allow to quantify the attractiveness of the 

performance levels that constitute each 

criterion. For the criteria with quantitative 

levels of performance value functions are 

also built; iii) and a weighting scale, which 
gives information about the relative 

attractiveness of the evaluation criteria and 

their contribution (weight) to the Cath Lab 

efficiency. 

The next step of the technical part is the 

building of a simulation model of the Cath 

Lab workflow to watch the impact of 
managerial changes. It starts with the 

conceptual model, which should explain the 

response of the system to problems 

addressed [15] and can be seen as a draft of 

the computational model. On its turn, the 

computational model is designed on a 

computer using Simul8. The simulation 
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model must be validated objectively in order 

to ensure the results accuracy with the real 

system.  

This phase ends with the designing of 

alternative improvement measures, focusing 

on the objectives of the lab [16] and the 
results from multicriteria evaluation priority 

setting. 

Regarding the social component of Phase 2, 

the multicriteria evaluation is performed on-

the-spot in a decision conference, which is 

an organized work session that gathers 

different points of view. The evaluation is 

made through a simple and intuitive protocol 
of questions about differences in 

attractiveness between different 

improvements, that aims to collect 

judgements about these differences, using 

MACBETH scale, which has seven 

categories of qualitative difference of 

attractiveness: null, very weak, weak, 
moderate, strong, very strong and extreme. 

With the support of the evaluation software, 

M-MACBETH, value and weighting scales 

are obtained. The present study proposes 

Mentimeter, to collect the individual 

judgements, which are then discussed by 

the group until collective judgements, 

agreed by all the participants, are obtained 
[17]. Still in the social component of Phase 

2, throughout the development of the 

simulation model and once it is completed, 

interactive meetings with a small group of 

professionals help create engagement and, 

to guarantee the success and acceptance of 

the changes [16].  

3.3 Phase 3: Testing and validation of 
MultiSim 

Phase 3 is the conclusion phase, where 
results are obtained and MultiSim approach 

is recognized by Cath Lab stakeholders as a 

valid model to help them achieve their short-

term objectives. 

The technical component starts with the 

simulation of the alternative improvement 

measures previous defined, in order to 
obtain the operational performance of the 

system in different configurations. After that, 

the MACBETH method is applied to the DES 

results and returns the degree to which one 

improvement measure is preferred over 

another [18]. 

The social component is focused on the 

validation of MultiSim and starts with an 
evaluation questionnaire sent to all decision 

conference participants to obtain feedback 

about the results and evaluate the benefit, 

applicability and validity of MultiSim. Then, 

and to finalize validation, in a workshop with 

the main stakeholders all results obtained 

should be synthetized, presented and 
discussed. From here, if management sees 

MultiSim as helpful, may then take steps in 

order to institutionalize the process and use 

it for future organization restructuring 

projects [5]. 

4. Implementing the MultiSim 
Methodology 

The methodological framework previously 

presented was then implemented. 

4.1 Structuring the efficiency challenge 
in Cath Lab workflow 

The structuring of the efficiency challenge 

started with two rounds of interviews. In the 

first round, the group, composed by 
managers of the Cath Lab, referred that a 

main goal for the institution is for HESE to 

become a reference cardiology center in 

Alentejo, under a value-based healthcare 
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model. In the second round, exploratory 

interviews with workflow key players, led to 

four key concerns: defective pre exam 

assessment, bad external referral, 

accumulated administrative tasks and, lack 

of human resources.   
From mapping of patients’ clinal pathway, 

one could highlight four main moments: 

admission, preparation, procedure, which 

can be an angiography, angioplasty or both 

and, recovery. The study of patient’s clinical 

pathway helped identify performance 

indicators that were sources of operational 

inefficiencies related with medical service 

delivery, logistics or administrative services 

[19]. These were organized and summarized 

in evaluation criteria, according to the main 

objectives and concerns of the Cath Lab, 
keeping clear that, while KPIs appraise the 

performance of the Cath Lab, criteria 

evaluate its workflow efficiency. Table 1 lists 

the indicators identified and selected and, 

the link between these and the decision 

criteria.
Table 1 List of the four evaluation criteria and, respective definition and descriptors of performance. Each 

descriptor of performance has the ‘GOOD’ and ‘NEUTRAL’ levels identified. KPIs linked to the criteria are 

also listed. 

Criterion Definition Descriptor of performance KPIs associated 
1. Efficiency 
of admission 
process 

Improve the time it takes from 
check-in to the 
beginning of the procedure, 
considering any extra time 
needed for patient preparation. 

1. Have an administrative fully 
dedicated to UDAIC (calls and 
check-in) and a nurse doing 
pre exam assessment GOOD 
2. Have an administrative fully 
dedicated to UDAIC (calls and 
check-in) and no nurse doing 
pre exam assessment (patient 
assessment right before the 
exam) 
3. No administrative fully 
dedicated to UDAIC but a 
nurse doing pre exam 
assessment  
4. No administrative fully 
dedicated to UDAIC and no 
nurse doing pre exam 
assessment (patient 
assessment right before the 
exam) NEUTRAL 

Time for patient 
check-in 
Extra time for 
patient 
preparation 
Door-to-needle 
time 
(outpatients) 

2. Compliance 
with 
schedules 

Improve the punctuality of the 
Laboratory in the first procedure 
of the day, considering that it 
should start at 8:30 am (0 minutes 
delay). 
 

1. 0 minutes GOOD 
2. 10 minutes 
3. 20 minutes 
4. 30 minutes  
5. 40 minutes NEUTRAL 

On-time lab start 
Delays due to 
emergency 
cases 

3. Agility 
between 
procedures 

Improve the efficiency captured 
by turnaround times, which 
corresponds to the average 
duration between the conclusion 
of a procedure (hemostasis) and 
the beginning of the next 
scheduled one. 

1. 10 minutes 
2. 20 minutes GOOD 
3. 30 minutes 
4. 40 minutes NEUTRAL 
5. 50 minutes 

Turnaround time 

4. Human 
resources 
training 

Improve the capacity of the 
available human resources by 
promoting weekly training 
courses. 

1. 120 minutes 
2. 90 minutes GOOD 
3. 60 minutes 
4. 30 minutes  
5. 0 minutes NEUTRAL 

Time spent on 
training courses, 
research and 
meetings 
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Once the criteria were validated by 

stakeholders, the next step consisted of 

operationalize them by defining descriptors 

of performance, also described in table 1. 

For each criterion two reference levels were 

defined, the “GOOD”, set as a goal level of 
performance for the lab and, the “NEUTRAL” 

level, set as the status quo. 

4.2 Implementing the MultiSim methods 

Starting with multicriteria evaluation, the 

decision conference started with a brief 

explanation of the project and objectives and 

then the set of evaluation criteria and 

descriptors of performance were presented 

and explained. To build the value scales, 

each criterion had a group of questions, all 
structured the same way, to fil the cells 

regarding the comparison between each 

performance level and the least attractive 

one and, between each consecutive pair of 

performance levels. Participants first gave 

individual answers using Mentimeter and 

then, in group, a collective MACBETH 

judgement was defined. Once the criteria 
judgement matrices were filled with adjusted 

and validated collective judgements, value 

scales were built, which allowed to quantify 

the attractiveness within each criterion.  

The next part of the decision conference 

intended to build a weighing scale, obtained 

from questions about the overall 
attractiveness. This is, with all the 

descriptors in the ‘NEUTRAL’ level, 

participants were asked to rank the 

improvements to the ‘GOOD’ level by  

attractiveness, again with the support of 

Mentimeter. The next and final step 

consisted of qualitatively judging the 

differences of attractiveness between these 

same levels again, first independently and 

then in group, according to MACBETH 

scale. Once the matrix was filled with 

consistent judgements, criteria weights were 
quantified through the building of a 

MACBETH weighting scale that was 

adjusted and validated by participants, 

giving rise to the final scale depicted in table 

2.  
Table 2 Normalized weights obtained for each of 

the criteria using M-MACBETH. 

Criterion  Normalized 
Weight 

#1 Agility between procedures 36 
#2 Efficiency of admission 
process 

29 

#3 Compliance with schedules 19 

#4 Human resources training 16 

 

 ‘Agility between procedures’ was number 

one, followed by ‘Efficiency of admission 

process’. Mentimeter proved to be a useful 

tool to support the building of collective 
judgements. 

The next stage was development of the 

simulation model, which started with the 

elaboration of the conceptual model and 

respective validation, followed by the 

development of the computational model 

and its validation.  

The conceptual model described in detail 
patient’s clinical pathway in the Cath Lab, 

depicted in figure 2, according to their 

provenance (inpatients, outpatients or 

primary patients) and, contemplated all 

important values and assumptions for the 

building of the computational model.
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Figure 2 Flowchart of patients’ clinical pathway in the Cath Lab. Patients have different starting points 

depending on their provenance

Once the conceptual model was confirmed, 

with the help of Simul8, a computational 

model representing the actual configuration 

of the Cath Lab was built. In the simulation 

layout, one could emphasize six main 
processes: i) Outpatient Admission; ii) 

Inpatient Admission; iii) Preparation; iv) 

Primary Patient Admission; v) Procedure; vi) 

and Recovery. 

To test whether the model was able to create 

realistic starting conditions, one-month 

warm-up period was used. Moreover, 95% 

confidence intervals were also used, 
regarding the average number of patients 

that enters the lab, per month, to conclude if 

the real values were within the intervals 

returned by the model. The model was 

confirmed to be valid in both tests. 

While the simulation model was being 

developed, several groupwork sessions and 
virtual meetings took place to ensure the 

model was built in accordance with the 

existing system plus, in situations for which 

there was little or no information in the 

database, it allowed elicitation and 

discussion of appropriate values. Once the 

computational model was concluded, 

stakeholders had space and were invited to 

give feedback and to propose changes.  

Regarding input parameters, some inputs 

are common to all alternatives, such as 

places in prep/recovery room, number of 
angiographs, change clothes boxes and the 

planned demand. Still, the simulation model 

also contemplates a number of variables 

that include percentage of rescheduled 

outpatients, percentage of patients that need 

blood tests, nurse availability, administrative 

assistant availability, average turnaround 

time and weekly time spent on training. 
These variables are what changes when 

testing alternative improvement measures. 

Three complete improvement actions were 

elaborated, table 3, with the stakeholders. 
Table 3 Input parameters for Improvements 1, 2 

and 3. 

Improvement 1 2 3 
Rescheduled outpatients (%) 20 10 15 
Blood Tests (%) 25 15 20 
Nurse Availability (%) 90 80 90 
Administrative Assistant 
Availability (%) 

20 20 20 

Average Turnaround Time 
(min) 

25 17 20 

Weekly Training (min) 0 60 60 
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5. Results and validation of 
MultiSim 

This section presents the results from 

applying MultiSim and its confirmation as an 

effective tool to support healthcare Decision 

Makers (DMs) prioritize changes. 

5.1 Results of different managerial 
actions using MultiSim 

From the simulation of the improvement 

measures, one obtained their impact in the 

efficiency KPIs. Improvement 2 and 3 

presented better values than Improvement 1 
though, it would never be possible for DMs 

to make a grounded and coherent decision 

between these two only looking at the 

indicator’s measurements. MultiSim 

supports this decision with the final step of 

the framework, which consisted of assigning 

scores to criteria in each of the three 

considered improvement measures, using 
the performance measurements obtained 

from the simulation, listed in table 4. 
Table 4 Table of performances of the 

improvement measures in the evaluation criteria. 

 
The performances were converted into 

scores with the support of M-MACBETH so 

that, from the sum of the scores of an 

improvement in each criterion, considering 

the weight of the latter, resulted an overall 

punctuation for that improvement. 

Improvement 2 obtained the best overall 

punctuation, meaning that this managerial 

change adds more value to efficiency in the 

Cath Lab than Improvement 3 and should be 

the first to be implemented. 

5.2 Evaluation questionnaire and 
validation of MultiSim 

All stakeholders and key players were 
invited to fill an evaluation questionnaire 

concerning the using of MultiSim. The 

questionnaire confirmed the applicability of 

MultiSim in healthcare sector, as a valid 

approach to prioritize improvement changes. 

Participants also agreed with the added 

value of knowing in advance the operational 

impact of the changes and praised the 
capacity of the model to promote interaction 

between team members. Therefore, at this 

point, MultiSim has either its social and 

technical components approved, objectively 

and subjectively. 

6. Discussion and conclusion 

The MultiSim approach was applied to 

HESEs’ Cath Lab in order to improve 

efficiency in its workflow though, it can be 

adapted to other Cath Labs aiding DMs in 

improvement and prioritization of changes 

according to their short-term goals. MultiSim 
is based on a sociotechnical approach which 

allowed efficiency improvement to begin 

right with the implementation of the model 

and, helped create a sense of common 

purpose among the team and to mitigate 

barriers to implementation of changes. 

The integrated format of the approach 
allowed to study in advance the impact of 

managerial changes in the performance of 

the Cath Lab and to, between different viable 

options, advise on the ones that better fitted 

the concerns of the Cath Lab. These 

included improvements in the agility 

Improvement 1 2 3 
Efficiency of 
Admission Process 

Admin. Both Admin. 

Compliance with 
Schedules (min) 

27  29 21 

Agility Between 
Procedures (min) 

25 18 22 

Human Resources 
Training (min) 

0 60 60 
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between procedures, supported by a proper 

allocation of responsibilities among team 

members [19], and enhancement of the 

efficiency of the admission process through 

a better pre exam assessment and hiring of 

a full-time administrative assistant. 
MultiSim has achieved its main objective: 

align a multidisciplinary team towards a 

common goal and advise DMs on future 

efficiency improvement measures. 

As future work, there is a need to develop a 

unique software capable of perform 

simulation and multicriteria evaluation. 

Further research is also needed on the 
evaluation criteria to turn the model more 

overarching. The simulation model can also 

be improved and built with deeper detail. 
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