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PROCESS IMPROVEMENT IN HEALTH CARE UNITS: A CASE STUDY IN A 

NUCLEAR MEDICINE UNIT 

Adriana Azevedo (Instituto Superior Técnico, Technical University of Lisbon, Portugal) 

Abstract: Private health care units are facing strong and challenging pressures to become more efficient and 
deliver high quality services in such a competitive, complex and technological health care market. In this study, a 
discrete event simulation model was developed in the context of the larger private Nuclear Medicine unit in 
Portugal, Atomedical, with the objective of aiding the organization to deal with complex issues at the operational 
level, such as resource utilization and scheduling. Model development included several steps such as 
conceptualization of the patients pathway for the exams provided in the clinic (including the resources utilized 
at each step), the choice of which exams to model separately, the computer implementation through the 
SIMUL8 simulation software, the calibration of the model, using historical data and information from the staff, 
and the validation of the model implemented, comparing some outputs with current data available in the clinic. 
After model’s validation, two different scenarios were tested: the first scenario comprised the rise of 10% in 
demand and an extra check-in point at the reception, and the second one an alternative appointment schedule. 
The analysis of results showed that the demand considered for some exams, such as myocardial perfusion study, 
is not in consonance with the appointment scheduling, resulting in waiting times for the exam too large. An 
extra check-in point does not seem to be sufficient to really improve waiting time at the reception with the 
current resources. The alternative appointment schedule proved to reduce the waiting time for the exam 
myocardial perfusion study and enhance resources utilization, but also deteriorate some quality indicators, such 
as waiting times in the unit.       

Keywords: Discrete event simulation (DES), operations management, Nuclear Medicine, scheduling, resource 

utilization. 

 

I – Introduction 

In the health care sector, which is highly competitive, 
complex and technological, there is a strong pressure 
to provide high quality services at reduced costs. 
Since health care units are complex systems, it is 
often difficult to predict the effects that certain 
decisions and/or changes can cause. In this context, 
the decision support tools can help the managers to 
structure and solve complex decision problems, 
explore the implications of different options and 
make the best use of the available resources [1] [2].  

The aim of the present work was to develop a 
management support tool, namely a discrete event 
simulation (DES) model, to assist in the decision 
making at operational level of a private Nuclear 
Medicine unit, Atomedical. The objective, after the 
development of the model, is to analyze different 
operational scenarios that could contribute to 
improving the efficiency of processes and service 
quality, resulting in minimizing the costs and 
waiting lists and maximizing patient satisfaction, 
the number of patients examined, resource 
utilization and revenues. 

The first step in the development of this work was 
to contextualize the activity of the unit, followed by 
the characterization and conceptualization of its 

operation through the observation of processes and 
flow diagrams. From this information, a discrete 
event simulation model was developed and 
implemented in the simulation software SIMUL8. 
After the calibration and validation of the model, 
two alternative scenarios were simulated. 

II – Case study: Atomedical 

Atomedical is a private Nuclear Medicine practice, 
localized in Lisbon. The unit, which is the largest in 
the area operating in Portugal, has always 
performed more than thirty thousand exams a year, 
mostly diagnostic ones, in the past five years. In 
2009, the practice performed about fifty different 
types of exams, but there is one exam, the 
myocardial perfusion study, that was responsible for 
73% of the total income and together with the 
exams whole-body bone scintigraphy and thyroid 
scintigraphy for 89% of the total income.  

Nuclear Medicine is an imaging technique which 
requires the use of radiopharmaceuticals (RF) that 
are distributed throughout the body or a target 
organ and then the radiation emitted can be 
detected in a gamma camera. The procedure 
associated to a Nuclear Medicine exam involves 
several steps that differ from exam to exam and 
strict time windows related to RF decay. The 
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essential resources to carry out a Nuclear Medicine 
exam can be divided in three major categories: 
equipment, RF and human resources. 

A – Resources   

The essential equipment for a Nuclear Medicine 
exam is the gamma camera and all the computer 
support to control it and acquire and process 
images. The main objective is to maximize the use 
of this equipment, since it could cost millions of 
euros [3]. At Atomedical there are four gamma 
cameras that are not intended in advance to each 
patient. There are some exceptions to this rule, 
since only one camera has capability to perform CT 
scans and there is another one that has only one 
detector, so it is only used to perform some types of 
exams, such as renograms and thyroid 
scintigraphies.      

RF are one of the resources that require more 
attention in the operations management of a 
Nuclear Medicine unit. Their perishable nature, 
related with the radioactive decay, implies that the 
management of all activities in the unit must be 
directed, on one hand, to maximize the use of these 
products, avoiding waste, and, on the other hand, to 
ensure that there is enough for all scheduled exams. 
So, the stock management of RF must be an 
efficient process, since they also have associated 
significant costs. The products used can be divided 
in three main classes: the technetium generator, the 
“cold kits” and other RF. The technetium generator 
is fundamental to the operation of a Nuclear 
Medicine unit, since the technetium (

99m
Tc) is used 

in about 90% of the exams [4, 5]. At Atomedical, 
these generators are usually received on Saturday 
and Wednesday morning. The “cold kits”, non-
radioactive chemical compounds that are marked 
with technetium or other radionuclide, can be 
stored in the clinic, so they are ordered whenever 
they are needed. The other RF comprise the RF that 
do not use technetium but other radionuclide, such 
as gallium (

67
Ga). These RF are ordered when 

needed and in individual doses. 

Human resources are a significant portion of costs 
in the operation of a Nuclear Medicine unit, as they 
are usually in the delivery health care area, and 
most staff is highly skilled and work in shifts. Thus, 
several challenges arise for, on the one hand, reduce 
costs but, on the other hand, ensure that there are 
enough workers to accomplish all the existent work 
[1]. In the clinic under study, there are five major 
types of human resources: secretaries, Nuclear 
Medicine technologists (NMT), Nuclear Medicine 
physicians and cardiologists. Beginning with the 
secretaries, they are six and work in three different 

shifts: two of them are present in the unit from 7:30 
a.m. to 4:30 p.m., other two from 9:00 a.m. to 6:00 
p.m. and the last ones from 1:00 p.m. till the last 
patient leaves the unit. They have several functions 
such as booking the exams, informing the patients, 
billing and checking-in patients. The NMT are 
responsible for all the exam procedures, such as RF 
preparation and administration, and routing, 
preparation and positioning patients in the gamma 
cameras. At Atomedical work twelve NMT by shifts, 
which can be observed in figure 1. For the 
myocardial perfusion study is mandatory the 
presence of a cardiologist, so there are two working 
in the unit, but they never meet simultaneously 
there. Nuclear Medicine physicians (NMP) are 
responsible for all the exam procedures, delegating 
some functions to the NMT, and elaboration of 
reports after the exams. At Atomedical, there are 
two NMP and at least one of them is always present. 

B – Appointment scheduling 

At Atomedical, the exams are schedule in advance, 
except in emergency cases. The main objective of 
scheduling the exams is to maximize the resources 
available in the unit and to avoid wasting products. 
The Atomedical schedule is organized weekly, in 
other words, in each week day there are exams that 
frequently are repeated. The main concerning about 
which exams to perform in each day is that the 
exams that require more RF activity be performed as 
close as possible to the technetium generator 
arrival. For example, cardiac exams, that need more 

 
Monday Tuesday Wednesday Thursday Friday 

1 
7:30 a.m.-
2:30 p.m. 

7:30 a.m.-
2:30 p.m. 

7:30 a.m.-
2:30 p.m. 

7:30 a.m.- 
2:30 p.m. 

7:30 a.m.- 
2:30 p.m. 

2 
7:30 a.m.-
1:30 p.m. 

8 a.m.-      
2 p.m. 

7:30 a.m.-
1:30 p.m. 

7:30 a.m.-
1:30 p.m. 

8 a.m.-  
2 p.m. 

3 
8 a.m.-     
5 p.m. 

1 a.m.-      
9 p.m. 

8 a.m. -   
 5 p.m. 

8 a.m. -    
5 p.m. 

8 a.m. -    
 5 p.m. 

4 
1 a.m.-     
9 p.m. 

1 a.m.-      
9 p.m. 

1 a.m.-       
9 p.m. 

1 a.m.-      
9 p.m. 

1 a.m.-      
 9 p.m. 

5 
1 a.m.-     
9 p.m. 

1 a.m.-      
9 p.m. 

1 a.m.-  
  9 p.m. 

1 a.m.-      
9 p.m. 

7:30 a.m.-
4:30 p.m. 

6 
1 a.m.-     
9 p.m. 

7:30 a.m.-
4:30 p.m. 

1 a.m.- 
9 p.m. 

1 a.m.-      
9 p.m. 

1 a.m.-      
9 p.m. 

7 
8 a.m. -    
5 p.m. 

8 a.m. -     
5 p.m. 

8 a.m. -   
    5 p.m. 

12:30a.m.-
8:30 p.m 

12:30 a.m. -
8:30 p.m 

8 
3 a.m. -    
9 p.m. 

3 a.m. -    
9 p.m 

3 a.m. -     
9 p.m 

3 a.m. -    
9 p.m 

Off work 

9 
3 a.m. -    
9 p.m. 

Off work 
3 a.m. –  
9 p.m 

3 a.m. –  
9 p.m 

3 a.m. -   
9 p.m 

10 
7:30 a.m.-
4:30 p.m. 

7:30 a.m.-
4:30 p.m. 

7:30 a.m.-
4:30 p.m. 

12:30a.m.- 
8:30 p.m 

12:30 a.m. -
8:30 p.m 

11 
12:30a.m.-
8:30 p.m. 

12:30a.m.- 
8:30 p.m. 

12:30 a.m.-
8:30 p.m. 

7:30 a.m.-
4:30 p.m. 

7:30 a.m.-
4:30 p.m. 

12 
12:30a.m.-
5:30 p.m. 

9 a.m.-  
2 p.m. 

9 a.m.-  
2 p.m. 

9 a.m.-  
2 p.m. 

9 a.m.-  
2 p.m. 

Figure 1. NMT shifts 
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activity, are performed at Mondays, Wednesdays 
and Thursdays, since the generators usually arrive at 
Saturdays and Wednesdays and therefore there is a 
better use of the generated Technetium. The exams 
that require a long waiting time between the RF 
administration and image acquisition, like the 
whole-body bone scintigraphy, are mainly schedule 
to early morning or afternoon and in the between 
while those patients wait, the exams, which the RF 
administration is done in the gamma camera, are 
performed. The main limitations to the scheduling 
process are the emergency exams that can cause 
delays in the other exams. 

At each week day are scheduled several exams at the 
same time, beginning at 8 a.m. and in intervals of 30 
minutes, till 5:30 p.m. or 6 p.m.. The objective of 
schedule several exams to the same time is to 
perform the RF administrations sequentially. 

These considerations are not always verified, since 
for example the technetium generators cannot be at 
the unit in the predicted days and so the schedule is 
flexible and adaptable. 

C – Objectives of the present work  

Through this brief description is possible to 
understand that the operations management of a 
Nuclear Medicine unit is bounded to several 
restrictions, namely related with the time windows 
of exam procedures, due to the use of RF and their 
biodistribution and then image acquisition. So the 
objective is to develop a tool that allows analyzing 
different operations scenarios, like the scheduling of 
exams and resources, resources allocation, with the 
ultimate goal of maximizing process efficiency, the 
quality of services and profits. 

      III – Bibliographic review and proposed 

methodology 

In the literature, several ways are pointed to study a 
problem at the management point of view, like 
experiment with the actual system or with a model 
of the system. The models used can be of two kinds: 
physical or mathematical, which includes analytical 
solutions and simulation [6].  

Considering the purpose of this work, the chosen 
tool was the simulation, namely the discrete event 
simulation (DES). The simulation can be defined as 
“(…) the imitation of the operation of a real-world 
process or system over time. Simulation involves the 
generation of an artificial history of the system, and 
the observation of that artificial history to draw 
inferences concerning the operating characteristics 
of the real system that is represented” [7]. The DES 

in particular allows studying the changes in the 
system over time and considering stochastic 
variables that characterize more closely the system 
under study. In the context of this work several 
reasons can be pointed out for the choosing the 
simulation: the unit studied is a complex system 
with multiple products, each one with its own 
characteristics, like the demand, the procedure or 
the times involved in that procedure; the 
experimentation with the actual system could 
comprise health risks to the patients and 
compromise the normal operation of the unit; the 
stochastic nature of some variables, such the 
demand and times associated to some exams.     

Simulation has been applied to a wide range of 
topics related with health and health care delivery. 
The number of works published in the health care 
modeling field has grown significantly in the last 
years [8]. Many examples can be referred, but, given 
the objectives of this work, the focus of this review 
is the area of the operations management, namely 
resource management and scheduling, and then 
studies in that area related to Nuclear Medicine.  

In the literature several studies address the 
appointment scheduling thematic, using the 
simulation to test and analyze different 
appointment schedules with the main objective of 
minimize the waiting time for the exam and 
maximize the resources use [9-14]. At operations 
management level there are also studies about the 
scheduling of human resources, namely in 
emergency departments [15, 16], resource allocation 
[17, 18], surgeries scheduling in order to maximize 
the operating rooms and minimize surgeries waiting 
lists [19, 20].  

About the particular area of Nuclear Medicine, there 
are not many studies. As Pérez [3, 21] and his team 
referred, the patients and resources management in 
Nuclear Medicine units is a very changeling 
problem with very little research attention. Two 
studies of this team can be referred, the first one 
where they develop a DES in the context of a 
Nuclear Medicine unit [3] and the second one where 
some algorithms are considered to the appointment 
scheduling and tested on the simulation model 
developed [21]. In the Portuguese context only one 
study related to this area was found. The study was 
developed in the Nuclear Medicine unit of Hospital 
Privado de Almada[22]. However, Atomedical 
represents a particular reality in the Portuguese 
context, either by the number of gamma cameras or 
by the number of patients examined. So, this work 
aims at contributing to a little studied area and, in 
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particular, studying a unit that has never been 
studied before at the operations level.   

IV – Model development 

The present study comprised several steps to the 
model development: process characterization and 
which exams to model, model conceptualization, 
computational implementation, data and 
calibration, validation and experimentation. 

Because of the variability of the procedures and 
times associated to each exam type and the short 
time to develop this study, only four exams were 
modeled separately, namely: the myocardial 
perfusion study, whole-body bone scintigraphy and 
thyroid scintigraphy, because of their weight in the 
revenues, and the renogram, because of its dynamic 
nature and importance in the cameras utilization. 
The dynamic nature means that the image 
acquisition in the gamma camera is performed 
immediately after the RF administration. The other 
exams that represent more residual revenues were 
model in two different groups for validation 
proposes.  

The appointment booking is identical for the four 
exams modeled. The patient or the health 
institution contacts the unit usually by phone and 
an appointment schedule is consulted in the 
computer. Since none of the four exams modeled 
require the order of special products, they can be 
booked to the following day if there are vacancies.  

B – Conceptual Model 

After characterizing the operation of Atomedical, a 
model, based on the studied processes, was 
developed. In figure 1, the representation of the 
conceptual model shows five main blocks in which 
the processes at the clinic can be divided. The blue 
arrows represent the patients’ or information’s flow 
during the exam. At the reception it is initiated the 
contact between the patient and the clinic, through 

appointment booking. Then, on the exam day the 
first activity is performed in the reception, namely 
the check-in. The reception block is connected to 
the radiopharmacy, sending information that a 
patient has arrived and so a RF must be prepared, 
and to the exam procedure block through a waiting 
room. At the end of the exam, it is send to the 
reports room the information that the image 
processing and the report can be done. The 
resources are used in all the other blocks, as it can 
be noted by the grey arrows in figure 2.  

To obtain more interesting results and facilitate 
data handling, an Excel interface was developed. 

 C – Computational Implementation 

The model was implemented in the SIMUL8 
software, so before proceeding, it is important to 
present the SIMUL8 main building objects[23] [24]:  

 Work Entry Point (WEP) – entry points for the 
work items (WI – entities that flow across the 
model); 

 Work Center (WC) – place where work takes 
place on the WI. 

 Storage Bin (SB) – place where work can wait 
until can be done; 

 Resource (Res) – items that are required at WC 
in order for the WC to work on a work item; 

 Work Exit Point (WExP) – point where work 
that is complete leaves the simulation. 

Other SIMUL8 features were used in this work and 
it is important to refer some of them: 

 Labels – can be attached to any work item; it 
allows differentiating work items; 

 Jobs Matrix – additional way to control the 
sequence of work. 

 
The model implemented using SIMUL8 is presented 
in figure 3. The distribution of objects in the model 
tries to reproduce the unit’s layout.  

The model implemented is complex, but the base is 
the logical link between its objects. The arrows in 
the model represent the work items flow through 
the model. The work items in this case are patients. 
The link between the four delimited areas 
(Reception, Radiopharmacy, Reports Room and 
Resources) and the not delimited area (Exam) 
follows the logic of the conceptual model. The 
Reception area is linked to the not delimited area 
through the SB Sala de Espera, where patients wait 
for RF administration, or through the SB Exame, if 
it’s a dynamical study in which the RF 
administration is made at the gamma camera. The 
Reception area is also linked to the Radiopharmacy 

Reception 

Radiopharmacy 

Reports 

room 

Resources 

Exam 

Figure 2. Schematic representation of the conceptual model. 
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area, since when a work item passes through the 
WC Recepção another work item is added to the SB 
Preparação RF. After passing through the exam area, 
the patient leaves the simulation at the object WExP 
Pacientes.  Before that happens, the WC Auxiliar is 
programmed to add a new work item to the SB 
Processamento. The Resources are used in several 
WC, specified ahead. Now, a description of each 
area is important to understand model’s behavior. 

Beginning with the Reception area, work items 
enter the model through the WEP Pacientes. Here, 
the exam type is attached to each patient through 
the label Work Type, according to a probability 
profile distribution. This label assumes the following 
values: 1 to the whole-body bone scintigraphy, 2 to 
the myocardial perfusion study, 3 to the thyroid 
scintigraphy, 4 to renogram, 5 to the group of 
residual exams that implicate waiting time between 
the RF administration and the image acquisition 
and 6 to the group of residual exams that the image 
acquisition is performed immediately after the 
radiopharmaceuticals administration. The first 
process modeled is the appointment booking, so 
after entering the model, the work item is directed 
to the SB Marcação exame and then to the WC 
Marcação exame. At this WC it was implemented an 
algorithm to simulate the appointment booking. 
Basically this algorithm searches, from the day after 
the current day, the earliest vacancy for the Work 
Type of the work item by consulting two 
spreadsheets. One spreadsheet represents the 
weekly schedule of Atomedical and the other one 
has all the simulation days and exams booked till 
then. After, the patient is routed to the SB Hora do 
exame, where it stays until the time of the exam. 

Then, when that time arrives, WC Entrada clínica 
pulls the work item and routes it to the SB Recepção 
that feeds the WC Recepção, where check-in is 
performed. The model considered three check-in 
points.  

After WC Recepção each patient has a path 
according to his Work Type. These paths were 
implemented through a Jobs Matrix. Briefly, patients 
with Work Types values equal to 1, 2, 3 and 5 are 
routed to SB Sala de Espera, then WC Injecção and 
finally SB Exame. Patients with Work Types 4 and 6 
are routed directly from WC Recepção to SB Exame. 
Every patient has associated the label T_esp_ob, 
which determined the minimum time he stays at SB 
Exame. Then, after that minimum time, the patient 
can be routed to one of the WC Câmara Gama 1, 2, 3 
or 4, with the exception that WC Câmara Gama 4 is 
only used to Work Types 3 or 4. After image 
acquisition, patients with Work Types 1, 2, 3, 5 or 6 
go to WC PreProcessamento and then to WC 
Auxiliar. If patient’s Work Type is 4, he is routed to 
the WC Auxiliar. It is important to notice that if 
patient’s Work Type is 2, after the first passage in 
the WC Auxiliar, he is routed to WC Prova esforço, 
then again to SB Exame, WC Câmara Gama 1, 2 or 3, 
SB PreProcessamento,  WC PreProcessamento and 
WC Auxiliar. Patients leave the model through 
WExP Pacientes. 

The radiopharmacy was modeled with resource 
allocation purposes, namely the NMT. The two WC 
are intended to simulate RF preparation. The WC 
RF represents the time in the morning and 
afternoon, before the arrival of the majority of 
patients, that there is always a NMT present in the 

Figure 3. Model implementation using SIMUL8. 
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radiopharmacy. WC Preparação RF represents the 
syringes preparation and transportation. 

The WC Processamento models the image 
processing made after the patient leaves the unit 
and before the report is made at WC Relatórios. 

Four types of resources were considered in the 
model: Nuclear Medicine technologists (Res TMN), 
Nuclear Medicine physicians (Res Médicos MN), 
secretaries (Res Secretárias) and cardiologists (Res 
Cardiologista). Each resource is allocated to the 
following WC: 

 Res TMN – WC Injecção, WC Câmara Gama 1, 2, 
3 e 4, WC PreProcessamento, WC Prova de 
esforço, WC Preparação RF, WC RF, WC 
Processamento;  

 Res Médicos MN – WC Prova de esforço, WC 
Relatórios; 

 Res Secretárias – WC Marcação exame, WC 
Recepção; 

 Res Cardiologista – WC Prova de esforço. 

For a financial analysis, two labels were considered, 
one to associate the revenues and other the RF costs 
to each exam (Label receita e label custo). 

The inputs considered in the Excel interface are: the 
appointment schedule, the Jobs Matrix and the 
NMT shifts. The main indicators after data 
processing are presented on the table I. 

 

Number of exams performed: total and by exam type. 

Gamma camera and NMT use. 

Waiting time in the clinic: reception, RF Administration and 
image preprocessing (average, maximum, minimum and 
standard deviation). 

Leaving time of the last patient each day (average, maximum, 
minimum and standard deviation). 

Total time spend by patients in the unit (average, maximum, 
minimum and standard deviation). 

Revenues: total and by exam type. 

RF costs: total and by exam type. 

  

Data and model calibration       

After the computational implementation, the model 
was calibrated using current data or in its absence 
using information provided by the staff. The 
parameters associated with a significant variability 
were considered stochastic, to take advantage of the 
possibility to model stochastic events provided by 
the DES. Tables II, III and IV show the main values 
and distributions considered to calibrate the model.   

At the radiopharmacy area, WC RF works 4 hours a 
day, and WC Preparação RF has a processing time of 
2 minutes per work item. The time associated with 
the image preprocessing is 1 minute. 

  

 

 

Validation 

Model validation is a process that can be define as 
“substantiation that a computerized model within 
its domain of applicability possesses a satisfactory 
range of accuracy consistent with the intended 
application of the model” [25]. The model developed 
in this work was validated in two ways: through the 
staff and through comparing quantitative data. The 
first way consisted in the validation of the processes 
and implemented flows by the staff. In the second 
way, outputs from running a model test were 
compared with actual data from the clinic. The test 
was performed considering as inputs the schedule 
presented in figure 4, the NMT shifts presented in 
figure 1 and the JobsMatrix described in the  

Parameter Object Value 

Time between the 
entry of patients in 

the model 

WEP 
Pacientes 

var_entrada (min): update 
from a nd (8.94, 1.99) 

Label Work Type 
(exam type) 

WEP 
Pacientes 

ppd Tipo exame (min): WT 1 – 
30%; WT 2 – 41%; WT 3 – 10%, 

WT 4 – 7%, WT 5 e 6 – 6% 

Duration of the 
appointment 

booking 

WC 
Marcação 

exame 

ud Marcação exame (min): 
between the values 2 and 4 

Duration of the 
check-in 

WC 
Recepção 

ud Check-in (min):  between 
the values 2 and 5 

Label T_esp_ob 
WC 

Entrada 
clínica 

90 min to the WT  1, 20 min to 
the WT 2 e 3, 0 to the WT 4 e 
6, ppd T_ob_WT5 (min) to 
the WT 5: 20 – 17%; 30 – 1%; 

90 – 29%; 120 – 43%; 320 – 4% 

Parameter Object Value 

Label 
receita 

WEP clínica, 
WC Câmara 

Gama 1, 2, 3 e 4 

WT 1  – 127.44 €; WT 2 – 421.48 €; 
WT 3 – 38.41 €; WT 4 – 99.76 €, 
130.69 €, 195.53 € ou 226.45 €; 

WT 5 – 466.99 €; WT 6 – 212.54 € 

Label 
custo 

WEP clínica, 
WC Câmara 

Gama 1, 2, 3 e 4 

WT 1 – 19.95 €; WT 2 – 314.24 €; 
WT 3 – 4.99 €; WT 4 – 24.84 €, 
49.78 €, 91.20 € ou 182.40 €; WT 

5 – 402.29 €; WT 6 – 119.42 € 

Table I. Outputs from the model. 

Table III. Parameters used in the financial calibration of the 
model. WT – Work Type.  

Table II. Parameters used in the calibration of the objects in 
the reception area. Ppd – probability profile distribution; ud 
– uniform distribution; nd – normal distribution; WT – 
Work Type.  
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computer implementation section. The schedule 
considered is the result of the study of the  

Atomedical schedule in the first three months of 
2010, in other words, first the patterns were 
identified and then the number of vacancies was 
considered to be the largest number present for 
those patterns.  For the validation test, a warm 
period and results collection period of six months 
(128700 minutes) were considered. 

The indicators total number of exams and waiting 

times for the exams whole body scintigraphy (Work 

Type 1), myocardial perfusion study (Work Type 2), 

thyroid scintigraphy (Work Type 3) and renogram 

(Work Type 4) from the validation run were 

compared to real indicators from 2010 provided by 

the clinic and the differences between the values are 

considered to be acceptable. The most significant 

difference was between the waiting days from the 

real values to model values, for the whole-body 

scintigraphy and the myocardial perfusion study, 

which can be due to a change in the demand for 

these two exams from 2009 to the first three months 

of 2010. 

 

 

V – Results 

In the present chapter some results are presented 
for the simulation of the current situation of the 
unit and two scenarios. In the first scenario it is 
considered an increase of 10% in the demand and an 
extra check-in point. In the second one, an 
alternative schedule is tested.  

A – Current context 

The same inputs from the validation run were 
considered to this test. The main results are 
presented in the tables V, VI, VII, VIII, IX and X. 
Comparing with half the exams performed in 2009, 
the number of exams per type is decreased 15.2% in 
the myocardial perfusion study (Work Type 2) and 
augmented in the other exam types, from 3% in the 
renogram (Work Type 4) till 18% in the whole-body 
bone scintigraphy (Work Type 1). The reason for 
these discrepancies is related to the difference 
between the demand and the vacancies in the 
schedule considered for each type. For the waiting 
days indicator the same argument is valid, i.e., when 
comparing with the average waiting days for each 
type of exam in 2010, the result is augmented for the 
myocardial perfusion study (real value – 3 days), due 
to the considered schedule and decreased more 
considerably in the whole-body bone scintigraphy 
(real value – 2 days). 

Parameter Object Value 

Duration of the RF 
Administration 

WC Injecção 
ud Injecção (min): 

between the 
values 5 and 10 

Duration of image 
acquisition for WT 1 

WC Câmara Gama 
1, 2 e 3 

ud ósseo (min):  
between the 

values 10 and 20   

Duration of image 
acquisition for WT2 

WC Câmara Gama 
1, 2 e 3 

Repose – 6 min 
Stress – 7 min 

Duration of image 
acquisition for WT 3 

WC Câmara Gama 
1, 2, 3 e 4  

5 min 

Duration of image 
acquisition for WT 4 

WC Câmara Gama 
1, 2, 3 e 4 

ppd renograma 
(min): 30 – 51%; 
35 – 19%; 43 – 
24%; 48 – 16% 

Duration of image 
acquisition for WT5 

WC Câmara Gama 
1, 2 e 3 

ppd Aq_tipo5 
(min): 5 – 29%; 7 
– 1%; 10 – 59%; 15 

– 9%; 24 – 2%   

Duration of image 
acquisition for WT6 

WC Câmara Gama 
1, 2 e 3 

Ppd Aq_tipo6 
(min): : 3 – 1%; 10 
– 53%; 20 – 1%; 30 
– 40%; 45 – 3%; 

60 – 2%   

Duration of  image 
preprocessing  

WC 
PreProcessamento 

1 min 

Duration of the stress 
test 

WC Prova esforço 

ppd 
prova_esforço 

(min): 5 – 50%; 7 
– 50%  

Table IV. Parameters used in the calibration of the objects in 
the exam area. Ppd – probability profile distribution; ud – 
uniform distribution; WT – Work Type.  

Figure 4. Appointment schedule used as input for the 
validation test. The first column represents the appointment 

time and the others represent a week day. 
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About the waiting times in the unit, in the table VIII 
some of them are presented. Some values, such the 
maximum waiting time to the RF administration, 
seem to be excessive, when compared with the 
times observed at the clinic and staff’s experience, 
which could be a consequence of the calibration 
performed.  The average time of last patient leaving 
the unit at each simulation day is in accordance 
with the hour that the unit normally closes, at 9 
p.m.. However, maximum leaving time is too late. 
Two main reasons can be referred to support this 
value, the first is that sometimes in the daily 
practice, later appointments are reschedule for 
earlier hours and the second is that the Work Type 5 
considers waiting times between RP administration 
and image acquisition up to 320 minutes, which can 
delay the leaving hour of the last patient when it 
happens in the afternoon.     

In the table X, it is possible to observe the results 
about some resources use, namely the gamma 
cameras and NMT. These results are calculated by 
the SIMUL8 considering all the simulation time 
defined (16.5 hours a day) and not only the time in 
which the clinic is working. The fourth gamma 
camera has less use than the other since it is only 
used for two types of exams: thyroid scintigraphy 
and renogram. 

The financial results obtained aren’t in consonance 
with the global values of Atomedical, so they are 
merely indicative and in the future a more deep 
study about this matter is needed. 

 B – Scenario I 

In this scenario two changes to the current situation 
were made: a 10% increase in the demand and a 
fourth check-in point was considered. 

The results from the simulation of this scenario 
show a global increase in the number of exam, 
which is expected since the demand was raised in 
10%. However, the number of myocardial perfusion 
studies (Work Type 2) remained constant, which 
means that the vacancies for this exam were already 
all booked for the demand considered in the current 

situation. This fact can also be verified in the table 
V, through the significant increase in the waiting 
days for that exam.  

Using an extra check-in point resulted in the 
reduction of the average waiting time to the 
reception, as can be observed in the table VIII, and 
the maximum waiting time to the reception 
increased from 36.15 to 37.13 minutes. However, 
should be noticed that the volume of patients also 
increased. A more deep analysis of this issue is 
needed, namely related with the use of the resource 
secretaries. In the simulation of this scenario, the 
four check-in points are not always working, 
because sometimes the resource secretaries is not 
available in sufficient number.   

Other results for this scenario show expectable 
increases in the cameras and NMT use, in the 
revenues and RF costs, since the number of patients 
diagnosed also increased. 

  

 

 

Total number of exams performed 

 

Current 
situation 

Scenario I Scenario II 

Work Type 1 5820 6044 5460 

Work Type 2 6110 6110 
6624 

Work Type 3 1794 1943 1760 

Work Type 4 804 929 796 

Work Type 5 838 1041 838 

Work Type 6 1048 1087 958 

Total 16414 17154 16436 

 

C – Scenario II 

In this scenario, some changes to the appointment 
schedule considered in the simulation of the current 
situation were tested.  So, based on the current 
situation results, the vacancies for the myocardial 
perfusion study were increased in about 24%, and 
the vacancies for other exams were decreased, 
namely: in 7.5% for the whole-body bone 
scintigraphy, in 7% for the renogram, in 8% for the 
thyroid scintigraphy and in 13% for the Work Type 
6. On the other hand, to test the variation in the 
leaving time of the last patient, the schedule tested 
did not considered vacancies after 5:30 p.m.. 

  

 

Average waiting days for the exam 

 

Current 
situation 

Scenario I Scenario II 

Work Type 1 1.1 1.9 1.2 

Work Type 2 5.4 11.2 1.6 

Work Type 3 0.7 1.2 0.9 

Work Type 4 0.7 0.9 1.07 

Table VI. Total number of exams performed in the 
simulations.  

Table V. Average waiting days for the WT1, WT2, WT3 
and WT4 exams.  
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The results for this scenario show a little significant 
increase in the total number of exams performed, 
but significant differences in some exam types. The 
number of myocardial perfusion studies preformed 
increased 8.5% and for the other exams, the number 
decreased, except for the Work Type 5 that 
remained constant. These production indicators 
should be analyzed considering the waiting lists 
associated. So, observing the table V, it is possible to 
verify that the average waiting time for the 
myocardial perfusion study decreased considerably 
to 1.6 days. For the other exams, the average waiting 
time increased, as expected, since the vacancies 
were reduced, but remained at acceptable values 
taking into account the type of service delivered.  

About quality and efficiency indicators of the service 
delivered in the unit, in the table VIII, it is possible 
to verify that the waiting time to the reception 
decreased slightly, but the waiting times to the RF 
administration and the image preprocessing 

increased significantly. The increase in the waiting 
time to RF administration could be related with the 
fact that, in the schedule tested, the number of 
myocardial perfusion studies increased, and those 
always involve RP administration out of the gamma 
camera. About the increase in the waiting time for 
image preprocessing, it could also be related with 
the increase in the number of myocardial perfusion 
studies, since each exam of that type involves two 
different image acquisitions and then two image 
preprocessing. 

The average leaving time of the last patient 
decreased to 20.7, which could be a consequence of 
not considering exams after 5:30 p.m.. The 
maximum value of this indicator is not very 
different from that obtained in the simulation of the 
current situation, which reinforces was explained 
before about the fact that Work Type 5 considers 
waiting times between RP administration and image 
acquisition up to 320 minutes, which can delay the 
leaving hour of the last patient when it happens in 
the afternoon.     

In the gamma cameras use there are not significant 
differences. There is a more remarkable difference 
in the use of gamma cameras 3 and 4 which can be 
explain by the double acquisition in the myocardial 
perfusion study. So, those two acquisitions per exam 
can be sufficient to increase the use of gamma 
camera 3 and to route more thyroid scintigraphies 
and renograms to gamma camera 4. The use of NMT 
also increased to 65%, which can also be explained 
by the increase in the number of acquisitions, but 
also by the increase in the number of stress tests. 

The partial financial analysis reveals that the total 
revenues increased about 4%, driven by the increase 
in the revenues from the myocardial perfusion 
study. The total RP costs also increased 8% due to 
the increase in the number of myocardial perfusion 
studies. However, if it is considered the difference 
between the total income and the total RP costs, 
there is an increase of 1.5%, comparing the scenario 
II with the current situation. 

VI – Conclusions 

The purpose of the present work was to develop a 
decision support tool to the Nuclear Medicine unit 

 
Average leaving time of the last patient 

(hours) 

 
Current situation Scenario II 

Average 21.07 20.7 

Standard 
deviation 

1.257 
1.39 

Maximum 23.20 23.3 

Minimum 18.21 18.36 

 
 Camera 1 Camera 2 Camera 3 Camera 4 NMT 

Use 
(%) 

Current 
situation 

50.77 50.14 37.68 11.63 63 

Scenario 
I 

52.68 52.52 52.59 12.65 65 

Scenario 
II 

49.69 50.82 39.58 13.36 65 

 Average waiting time (min) 

 Current 
situation 

Scenario 
I 

Scenario 
II 

Reception 4.3 3.75 3.81 

RF Administration 23.01 24.42 29.64 

Image Preprocessing 1.41 1.81 3.22 

 
Revenue 

(€) 
RF costs (€) 

Ratio RF 
costs/Total 

Revenue (%) 

Work Type 1 741700.80 116109 2.8 

Work Type 2 2575242.80 1920006.4 46.7 

Work Type 3 68907.54 8952.06 0.22 

Work Type 4 108896.23 39982.92 0.97 

Work Type 5 391337.62 337119.02 8.20 

Work Type 6 222741.92 125152.16 3.04 

Total 4108826.91 2547321.56 61.9 

Table IX. Financial results for the simulation of the actual 
situation.  

 

 

Table VIII. Average waiting time in the clinic for check-
in, RF administration and image preprocessing.   

Table VII. Average, standard deviation, maximum and 
minimum value of the leaving time of the last patient. 

Table X. Gamma cameras and NMT utilization. 
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Atomedical. The DES model developed and 
implemented in SIMUL8 allowed to represent the 
inherent variability of the complex health care 
provision system studied and revealed to be a useful 
method to approach the problem. 

The model implemented allows testing different 
operation scenarios of the unit, obtaining quality 
and efficiency indicators important to their 
evaluation, like waiting times to the exams and in 
the clinic and resources use. However, the results 
should be analyzed considering that the model can 
be improved to better reproduce the operations in 
the unit and that the calibration made has its 
limitations since not all parameters are based on 
actual data.  

Although the limitations, the two tested scenarios 
allow understanding the potential of the model 
developed and revealed some important aspects in 
the management of the unit. The appointment 
schedule should be adequate to the demand of each 
exam type to on the one hand make an efficient use 
of the resources, and on the other hand not increase 
the waiting lists for the exams. The test of an extra 
check-in point revealed not to be sufficient to 
decrease the maximum waiting time at the 
reception, with the current number of the resource 
secretaries. At least, the test of an alternative exams 
schedule allowed decreasing the waiting time to the 
myocardial perfusion test and increase the resources 
use. However, the improvement in these indicators 
was followed by a deterioration in the quality of the 
provided services. 

To finalize some improvements are indicated for 
future work: a more complete modeling and 
implementation of the radiopharmacy; a calibration 
through actual data collected at the unit; the 
implementation of more quality and efficiency 
indicators; the development of the financial 
analyzes; the realization of trials (set of runs 
performed with the same settings for all parameters 
other than “random numbers”) in SIMUL8 and the 
use of the optimization tools provided by SIMUL8.  
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