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Reorganization of Physical Assets and Maintenance in a Portuguese Hospital

Abstract

The efficient management of hospital equipment is essential for the smooth running
and improvement of the quality of healthcare services. This internship report describes
the curricular internship of the academic year 2023/2024, hosted by the PortugueseOn-
cology Institute of Coimbra Francisco Gentil, is to study how the maintenance depart-
ment and finance serviceswork and how they can improve themanagement of hospital
equipment. This analysis will be undertaken with the implementation of equipment
control, metrological control and life cycle analysis of a unique oncology treatment
equipment in Portugal, a tomotherapy equipment.
The methodology involves a detailed description of how the maintenance department
and financial services work, with a focus on equipment. In addition, two studies were
carried out, the first being a metrological study examining the implementation of the
new legal metrology ordinances. The second is a study of the life cycle of the tomother-
apy, an advanced radiotherapy treatment modality.
The quantitative data collected analyzes the efficiency, associated costs and metrolog-
ical impact of each study. This study conclusions reached not only increase the op-
erational efficiency of hospitals, but also provide a solid basis for future research and
practice in hospital equipment management.
This study offers an in-depth understanding of asset management practices in the hos-
pital sector, emphasizing the need for an innovative approach to optimize operational
efficiency and to promote a smooth transition from the academic to the professional
environment.
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Resumo

A gestão eficiente de equipamentos hospitalares é fundamental para o bom funciona-
mento e melhoria da qualidade de serviços na saúde. Este relatório descreve o estágio
curricular que decorreu no ano letivo de 2023/2024, tendo como entidade de acolhi-
mento o Instituto Português de Oncologia de Coimbra Francisco Gentil. Os principais
objetivos de estagio passaram pelo estudo do modo de funcionamento do departa-
mento de manutenção e serviço financeiro e como estes podem aprimorar a gestão de
equipamentos hospitalares, com foco em implementações de controlo de equipamento,
controlo metrológico e na análise do ciclo de vida de um equipamento de tratamento
oncológico único em Portugal, um equipamento de tomoterapia.
O relátorio descreve o modo de funcionamento do departamento de manutenção e
dos serviços financeiros, tendo o foco nos equipamentos. Adicionalmente, apresenta
e analisa dois estudos realizados no decorrer do estágio, sendo o primeiro um estudo
metrológico que examina a implementação das novas portarias de metrologia legal.
O segundo retrata um estudo do ciclo de vida do equipamento de tomoterapia, uma
modalidade avançada de tratamento de radioterapia.
Os dados recolhidos de natureza quantitativa, analisam a eficiência, custos associados
e impacto metrológico, relativos a cada estudo. As conclusões atingidas não só aumen-
tam a eficiência operacional dos hospitais, mas tambémproporcionamuma base sólida
para futuras pesquisas e práticas na gestão de equipamentos hospitalares.
Este estudo oferece uma compreensão aprofundada das práticas de gestão de ativos no
setor hospitalar, enfatizando a necessidade de abordagens inovadoras e sustentáveis
para otimizar a eficiência operacional e para promover uma transição suave do ambi-
ente académico para o profissional.

Palavras-chave: departamento de manutenção, analise de ciclo de vida, metrologia,
eficiência
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Never give up on something that you can’t go a day without thinking.
Winston Churchill
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1 Introduction

The purpose of this report is to describe the internship undertaken by RodrigoManuel
Farate de Albuquerque, as part of the Internship course unit of the Master’s Degree in
Engineering and Management of Physical Assets, at the Instituto Superior de Engen-
haria de Coimbra (ISEC).

1.1 Internship Framework

The internship was carried out at the Instituto Português de Oncologia de Coimbra
Francisco Gentil (IPOCFG), in the Facilities and Equipment Service (SIE), under the
academic supervision of Professor JoséManuel Torres Farinha and Professor Fernanda
Madureira Coutinho; and with professional guidance from Engineer Vitor Neto Vaz
and Engineer Jorge Emanuel Da Silva Otero.
This internship lasted 8 months and 19 days, starting on October 9th 2023 and ending
on June 28th 2024.

1.2 Host organization - IPOCFG

The IPOCFG is an oncology institution, with over 60 years of experience, of the nature
of a Public Business Entity [8]. It has multidisciplinary capacities for providing on-
cology services, covering a wide range of fields such as diagnosis, treatment, recovery
and continuity of care so that each patient is given the most appropriate care for their
needs [8].
There are two more establishments named Instituto Português de Oncologia (IPO) in
the country, in Lisbon and Porto, respectively. By liaising between these institutions,
through a coordinating committee and other organizations, it is possible to continue
their mission [8].
It is accredited by several entities, being recognized as a Clinical Cancer Centre by the
Organisation of European Cancer Institutes, and has full accreditation from Casper
Healthcare Knowledge Systems [9].
In the last two years, its structure and operation have changed with the start of the re-
furbishment of the surgery/imaging building. It was necessary to relocate the services
from the affected building in order to guarantee continuity of response to the needs of
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users. This change has resulted in an increase in activity, as well as a reduction in the
waiting list by 5 % compared to previous years [9].
It’s an institution that over the years has won several European projects, including [9]:

• Rehabilitation of the surgery/imaging building and the replacement of two linear
accelerators - possibilitated the creation of a hospital environment with better
technical conditions, increased comfort and improved safety for both patients and
professionals. With the acquisition of linear accelerators, it became possible to
increase safety and efficiency of radiotherapy treatments;

• Humanizing digitalization - enabled the IPO to alignwith international best prac-
tices in the healthcare area, in compliance with the Electronic Medical Record
Adoption Model. With this project, it became possible to increase the efficiency
of both clinical and administrative procedures, improving the quality and quan-
tity of service levels and reducing costs and response times;

• Proximity solutions at the Coimbra IPO: Dematerialization, Safety and Innova-
tion - allows the IPO to strengthen its technological innovation through a multi-
disciplinary working method, involving pharmacy, cardiology and project man-
agement services;

• Energy efficiency - made it possible to improve the energy performance of build-
ings through reduced consumption and new energy-efficient technologies;

• Integrated radiotherapy treatment solution - acquisition of a Tomotherapy treat-
ment unit, which allows the use of advanced radiotherapy techniques in the area
of molecular intensity and image-guided radiotherapy, being the first of its kind
in Portugal, thus increasing the recognition and standard of the IPO.

1.3 Motivation
The choice of area and topic was influenced by my participation in various congresses
and conferences, allowingme to understand the state of hospital engineering. Through
these experiences, I realized that I felt fascination towards this field because it was
underdeveloped, yet had enormous potential for growth and impact on the well-being
of healthcare in Portugal.
As part of my master’s degree, which focuses on asset management, my initial goal
was to find an internship in the health sector that would allow me to apply the knowl-
edge I had acquired and make a difference in this sector in need. The internship not
only confirmedmy professional goals but also gaveme practical experience and a clear
vision of how to progress. It also allowed me to understand how I can truly contribute
to the evolution of this field.
Being able to improve processes and witnessing the positive impact of my work are
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two very rewarding aspects that reinforce my determination to make a difference in
this area.

1.4 Objectives

At the beginning of the internship, thereweremore objectives than those accomplished.
Some of these extra objectives were:

• ISO 55001 implementation study;

• Criticality analysis of medical equipment;

• Life cycle investment analysis;

• Logistics processes;

• Georeferencing of equipment using RFID;

• Waste analysis;

• Drafting terms of reference for the purchase of medical equipment.

These areas were excluded not because they were less important, but because they
would take time to develop, with no specific area to focus on. The themes developed
throughout the internship report were medical equipment maintenance management,
metrology, Key Performance Indicators (KPI) and Life Cycle Cost (LCC). In addition
to this internship report, three articles were produced:

• "ANew Legal Metrological Scenario ForMedical Devices", presented at Jornadas
de Engenharia Biomédica 2024;

• "Optimizing Equipment Replacement Decisions: A Life Cycle Cost Analysis Ap-
proach Considering System Interdependencies" for the Encontro Nacional de En-
genharia e Gestão Industrial 2024;

• KPIs aplicados a um SIE de um hospital português (KPIs applied to the SIE of a
portuguese hospital) for the Tecnohospital Journal.

Figure 1.1 shows some of the activities developed and the corresponding time periods.
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Figure 1.1: Timeline of the internship period

1.5 Report structure

This report is divided into six chapters and six appendices:
• Chapter 1 - Introduction: a brief presentation of the organization, the purpose of

the internship, and the intern’s motivation.
• Chapter 2 - Theoretical Framework: a literature review of the topics on which the

internship report will be based on.
• Chapter 3 - Hospital Equipment Management: explanation of how the main de-

partments where the internship took place operate and the tasks performed.
• Chapter 4 - Metrology Overview: examination of existing internal processes and

conducting of a case study on implementing new regulations.
• Chapter 5 - Life Cycle Cost: analysis of the costs involved over the lifetime of the

Tomotherapy, using various methods to give an estimated replacement time.
• Chapter 6 - Conclusion: presentation of the conclusions drawn during the intern-

ship and some suggestions for improvement.
• Appendix A - Template developed for the reception document.
• Appendix B - Internal document developed to standardize the designation of

maintenance reports.
• Appendix C - Internal document developed to standardize designations in the

medical equipment register.
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• Appendix D - Complete calculations for the UAIM model.
• Appendix E - Complete calculations for the MTACMmodel.
• Appendix F - Complete calculations for the MRACM-RPV model.

1.6 Questions to be answered
Throughout the internship, three core questionswere analyzed through consistent rou-
tine and study. Answering these questions lies at the core of this report.

• Question 01: How can the internal processes of the SIE increase hospital effi-
ciency?

• Question 02: What is the impact for a hospital, of certain equipment fallingwithin
the scope of legal metrology?

• Question 03: Which parameters can affect the life cycle of heavy medical equip-
ment?
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2 State of the art

This chapter provides a theoretical foundation for the topics covered by this report,
namely assetmanagement (Chapters 3 and 5),maintenance (Chapters 3 and 5),metrol-
ogy (Chapter 4) and key performance indicators (Chapters 3 and 5). This analysis in-
cludes citations from books, journal articles, conference papers, international and na-
tional standards and other relevant publications. Finally, the chapter concludes with a
brief meta-analysis of the literature used.

2.1 Asset management

The standard PAS 55 was the document that kickstarted the standardization of asset
management worldwide, enabling the establishment of common language and asset
management standards [10].

PAS 55 defines asset management as ". . . systematic and coordinated activities and prac-
tices through which an organization optimally and sustainably manages its assets and asset
systems, their associated performance, risks, and expenditures over their life cycles to achieve
the organizational strategic plan[10]."

Over the years and with the expansion of the concept, the need to evolve the standard
emerged and in 2014 the ISO 5500X family was published.

The ISO 5500X family is divided into three standards:

• ISO 55000 (Asset management — Overview, principles and terminology)

ISO 55000 [2] aims to provide an overview of asset management, define termi-
nology and outline the benefits of implementing the framework. It also explains
that this standard can be applied to all types of organizations, as it is a holistic
concept.

The standard explains how an organization can maximize the value of its assets
by balancing costs and benefits. By creating an interrelated system, as shown in
Figure 2.1, it is possible to developmanagement policies and processes to achieve
the necessary objectives.
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Figure 2.1: ISO 55000 system interrelationship [2]

• ISO 55001 (Asset management —Management systems — Requirements)

ISO 55001 [11] defines the requirements for implementing an asset management
system. To implement such a system, it is first necessary to understand the com-
pany’s current state and create all the necessary documentation for asset man-
agement. For the system to work as expected, managers must encourage the in-
tegration of processes. Finally, a continuous improvement system is established
to allow holistic monitoring of asset performance.

• ISO 55002 (Asset management — Management systems — Guidelines for the
application of ISO 55001)

ISO 55002 [12] provides the guidelines for applying the asset management sys-
tem established by ISO 55001. It also includes the various processes that theman-
agement system must go through in order to take everything into account.

2.1.1 Life cycle

Farinha [3] breaks down the life cycle of an asset into 8 stages, startingwith the decision
to purchase the equipment (t1) and ending with its write-off/renewal (t8):

• t1 - Acquisition Strategy
The Strategic Asset Management Plan (SAMP) is developed as a planning tool to
clarify the intentions, priorities and procedures to be implemented for the equip-
ment.

• t2 - Terms of Reference
Various aspects are taken into account, one of the most important stages is the
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Figure 2.2: Stages of a physical asset life cycle [3]

development of documentation, known as the Terms of Reference, for the acqui-
sition of the equipment in which the specifications of the asset are defined.
In this step, specifications are defined such as the associated risk for the user
and others, technical details, specific maintenance, Mean Time Between Failures
(MTBF),MeanTimeToRepair (MTTR),MeanWaitingTime (MWT) ratios, among
others; documentation of the equipment to ascertain its requirements covering as-
sembly plans, lists of spare parts and the equipment’s electrical diagram; details
of how the equipment must be received, installed, how it must be placed in oper-
ation andwhat sort of tests must be carried out in order tomeet the requirements,
among other necessary conditions.

• t3 - Consultation
Proposals are invited and received in accordance with the Contract Documents.
This step allows us to ensure that the received offers are in line with our Terms
of Reference. It also possibilitates the creation of a framework to make it easier
to analyze the data so that the coming decision is the most appropriate for the
organization.

• t4 – Acquisition
The submitted proposals are analyzed, with various parameters such as Return
On Investment, maintenance costs and production capabilities to select the most
suitable one.
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• t5 – Commissioning
Verification is conducted to ensure the equipment complies with our Terms of
Reference, conducting calibration tests and finally commissioning to check that
the legal standards are met when everything is working.

• t6 - Starting Production / Starting Maintenance
Start planning,management and control of the equipment to reconcile everything
that affects the equipment, frommaintenance, types of philosophy (Lean, Kaizen,
Hoshin Kanri) and other relevant aspects. This way, the output of the equipment
is maximized.

• t7 - Economic / Lifespan
Econometric models are employed to evaluate the equipment’s life cycle. This
evaluation requires equipment values such as disposal value, operating costs, in-
flation rate and others.

• t8 - Renewal / Withdrawal
Should the organization continuously monitor its econometric models, this stage
only requires an annual refresh; if not, it is important to do so at the correct mo-
ment before the end of the equipment’s life.

2.1.2 Depreciation models

According to Oliveira [13], the concept of depreciation is directly related to investment,
that is, it lasts for more than one year in an organization and refers to wear and tear
caused by the use/unuse of an asset over a certain period of time. In accounting terms,
depreciation is a cost that is recovered when products are sold, thus creating a capital
reserve that cannot be spent and is earmarked for the renewal of assets in the future.
In economic terms, it is not seen as a cost but as a source of funds for the organiza-
tion’s operations. The value is difficult to obtain due to the wide variety of existing
equipment.

2.1.3 Economical models for replacement

According to Meyer[14], replacement models are crucial for good organizational man-
agement, allowing for informed decisions regarding the equipment in question. By
using mathematical models, the future behavior of maintenance and operating costs
can be estimated.
In addition, the mathematical models allow for comparisons to be made between the
accumulated costs of maintaining the equipment and the cost of acquiring new equip-
ment. With this study, it is possible to conclude that it is not only possible to consider
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the direct costs of the equipment, it is necessary to explore indirect costs and factors
such as the efficiency of new equipment and its probability of failure [14].
Farinha [3] elaborates that there are key factors in the decision of when to replace an
asset. Some of these key factors include economic life, market value, obsolescence,
lifespan, associated costs and the possible benefits of replacement. With some of these
key factors in mind, it is possible to model equations that, by applying different depre-
ciation methods, provide predictions of replacement years.

2.2 Maintenance
François Monchy [15] says that the terminology for "Maintenance" originated in the
military, initially meaning ". . . keeping the personnel and material in combat units at a con-
stant level". This concept evolved into the onewe have today as a result of developments
during the SecondWorldWar, where failure prevention models were created based on
statistics of similar failures.
According to NP EN 13306:2021, [16], maintenance is ". . . combination of all technical,
administrative and managerial actions during the life cycle of an item intended to retain it in,
or restore it to, a state in which it can perform the required function."

Farinha [17] states that maintenance is defined as " . . . a combination of management,
technical and economic actions applied to assets to optimize their life cycles."

2.2.1 Types of maintenance

There are several types of maintenance, three of which are the main ones: Corrective
Maintenance, Predictive Maintenance and Preventive Maintenance [16]:

• Corrective Maintenance
This type ofmaintenance is unplanned. Here, action is only taken after the failure
has occurred. It aims to repair the faulty equipment to its normal operating state
[18]:

– Deferred Corrective Maintenance: not carried out immediately after fault
detection, only carried out according to pre-established factors [16].

– ImmediateCorrectiveMaintenance: after a fault is detected, immediatemain-
tenance is issued to minimize the impact [16].

• Predictive Maintenance
According to [19],[20] and [21] this maintenance strategy is based on continuous
monitoring of the equipment. ThroughMachine Learningmodels, it is possible to
predict the behavior of the equipment, anticipating faults or unexpected changes
at an early stage.

10



Reorganization of Physical Assets and Maintenance in a Portuguese Hospital

• Preventive Maintenance
It consists of carrying outmaintenancewith the aimofmitigating the degradation
of assets, acting before breakdowns occur, thus improving reliability, with two
possible methods:

– Systematic Preventive Maintenance: where maintenance is carried out at in-
tervals of time or by some utilizations without prior condition checks. It can
also be systematized by knowing the asset’s failure mechanism [16].

– Conditional Preventive Maintenance: results from a physical assessment
from visual inspection to monitoring of equipment parameters through sen-
sitization [16].

In addition to these types of maintenance, there is a new kind called PrescriptiveMain-
tenance that, according to Matyas [22] ". . . extends beyond the mere prediction of failures."

As a process that involves an enormous amount of data, one of the biggest challenges
of this technology is the collection. By analyzing the equipment history and receiving
data in real-time, mathematical models [23] can be applied to create a forecast and pre-
scribe a course of action. To minimize this obstacle, methodologies have been created,
which are divided into 4 phases [22]:

• Data acquisition and pre-processing- when the quality, structure and veracity of
the data being acquired is assessed. This assessment may be undertaken using
failure protocols that analyze the equipment’s history. This phase is extremely
important as it is the foundation for decision-making;

• Data Analysis and Simulation- where causes and effects are created for coherence
and to determine the remaining life of the equipment components;

• Creation of Reaction Models- where it is possible to compare the wear prediction
rules and check whether the rules are being respected; if they are not, the system
triggers;

• Decision Support System with prescriptive maintenance- where the result of all
the analyses are displayed, In this stage, end user will decide whether to effec-
tively comply with the proposed plan.

2.2.2 Associated costs

A maintenance manager must have a holistic view of the overall cost of their equip-
ment and facilities. By visualizing costs, we can get an idea of the effectiveness of the
management in question.
Diego Galar [24] states two main types of cost:

• Direct costs - these costs are directly linked to themaintenance service, such as the
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cost of labor in carrying out both corrective and preventive maintenance; struc-
tural costs that can be represented by energy and communications costs; the cost
of storing stock of spare parts and other equipment needed for the maintenance
service, as well as the devaluation of tools and finally the cost of the maintenance
contract, which is transposed onto external service providers that may include
replacement parts, transport and others.

• Indirect costs - these costs are more difficult to quantify as they involve expenses
due to equipment being idle, but they can be reflected in labor costs due to not
being able to work, not manufactured or non-compliant products, among others.

2.3 Key Performance Indicators
According to [25], a KPI is ". . . a metric measuring howwell the organization or an individual
performs an operational, tactical or strategic activity that is critical for the current and future
success of the organization".
KPIs are used across a wide range of industries, such as healthcare [26], logistics and
supply chain [27], sustainability [28] and energy [29]
Within each sector, there are different groups to whom different types of KPIs are rel-
evant, such as operations managers who want to maximize the performance of the
operation, investors who are interested in financial performance, maintenance man-
agers who aim to reduce downtime and the associated costs in their interventions on
equipment and the management board which must have information regarding all the
departments for which they are responsible [29].
Similarly, KPIs can be classified into three distinct categories as defined inBS 15341:2019
[30]:

• Economic: focus on the financial and economic aspects of the organization. These
are fundamental to evaluating financial and economic performance. Examples of
some economic KPIs are return on investment, cost per unit and profit margin;

• Technical: focus onmeasuring the performance of processes andoperations. They
are essential for managing operational efficiency. Some examples of technical
KPIs are productivity rate, inventory turnover and downtime;

• Organizational: focus on measuring the overall performance of customer-related
areas and personal development. They are essential for evaluating success and
competitiveness within the organization. Some examples of organizational KPIs
are customer satisfaction, employee turnover rate and time to hire.

To improve the interpretation of these metrics, a clear and visible dashboard should be
applied. This measure could improve the organization’s results, since all the informa-
tion is available to the interested groups, allowing them to assess progress towards an
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overall goal [25].

2.4 Metrology
The definition of metrology is ". . . the science of measurement, embracing both experimental
and theoretical determinations at any level of uncertainty in any field of science and technology
. . . " [31], which is made possible by the interaction betweenmeasurement systems and
their processes.

2.4.1 International metrology vocabulary

To achieve conformity in vocabulary and nomenclature within the technical-scientific
community, a document was formulated in the second half of the 20th century with
the aim of internationally harmonizing metrological concepts [32]. This document,
called the International Metrology Vocabulary (VIM), is intended to be a ". . . guidance
document that aims at disseminating scientific and technological knowledge about metrology
by harmonizing worldwide the related fundamental terminology. [32].
Below are some of the definitions considered relevant to this report:

• metrology: ". . . science of measurement and examination, and their applications."

• calibration: ". . . process carried out on a measuring instrument or a measuring system
that, under specified conditions"

• uncertainty: ". . . lower bound of measurement uncertainty resulting from the finite
amount of detail in the definition of a measurand."

• adjustment: ". . . set of operations carried out on a measuring system so that it provides
prescribed indications corresponding to given values of a quantity being measured."

• maximum permissible measurement error: ". . . extreme measurement error, with
respect to a known reference value, permitted by specifications or regulations for a given
measurement, measuring instrument, or measuring system working at the rated operat-
ing conditions."

• repeatability: ". . . specified conditions of measurement where indications or measured
values are obtained by replicate measurements with the same measurement procedure on
the same or similar objects in the same laboratory by the same operator using the same
measuring system within a short period of time.".

Over the years, the VIM has been updated to keep up with the evolution of technolog-
ical processes, allowing professionals in the field to continue harmonizing processes
with current realities.
In 1961, the International Vocabulary of Legal Metrology (VIML) was created by the
International Organization of Legal Metrology (OIML) with a similar objective to the
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VIM, aiming to harmonize nomenclature in the field of legal metrology [32].

2.4.2 Types for metrology

• Scientific metrology
The purpose of scientific metrology is to create and define new standards and
units of measurement. It is also responsible for developing new methods for
metrological traceability. This field is fundamental for technological evolution,
both in theory and practice [33].

• Applied (industrial) metrology
This part of metrology is voluntary, meaning it is not mandatory to perform. The
purpose of these metrological operations is to ensure the quality of the product
and to adopt good practices [33]. This type of metrology can be conducted inter-
nally or externally to the organization. However, when a calibration or test cer-
tificate is required, it must be performed by a properly accredited laboratory [4].

• Legal metrology
Legal metrology covers all metrological operations regulated by legislation, in-
cluding the legal control of measuring instruments andmetrological surveillance
[33]. According toDecree-Lawno. 29/2022 [34], legalmetrology is ". . . destina-se
a promover a defesa do consumidor e a proporcionar à sociedade em geral, e aos cidadãos
em particular, a garantia do rigor das medições. . . " (. . . intended to promote the de-
fense of the consumer and to guarantee for the broader society, and especially the
citizens, rigorous measuring . . . ).
There are four operations in metrological control:
1. The first is the model approval, where the measuring instrument is con-

firmed to be in conformity with the specifications applicable to its category;
2. The second is the first verification, which consists of a series of operations

to ensure that new or repaired equipment meets the respective approved
models and regulatory provisions. The first verification must be requested
by the manufacturer in the case of new equipment and by the user in the
case of repaired equipment [34];

3. The third operation is periodic verification, which involves a series of oper-
ations designed to check that the measuring instruments meet all the regu-
latory requirements. This verification takes a variable amount it time, as it
depends on the type of measuring instrument. The user of the equipment is
responsible for requesting the periodic verification;

4. Lastly, the extraordinary verification exists to confirm that the equipment
remains within the specifications that are applicable to its type. This verifi-
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cation can be requested by the equipment manager, customers or auditors,
and doesn’t affect the frequency of the periodic verification.

2.4.3 Quality regulatory systems

The Portuguese Quality Institute (IPQ) is a public organization with the mission of
". . . procura da qualidade de produtos e serviços para o aumento da qualidade de vida dos
cidadãos, aumento da competitividade das atividades económicas num contexto de progressiva
liberdade de circulação de bens" [35]. (... seeking product and service quality for an in-
crease in the citizens’ quality of life and economic competitiveness in a context of in-
creasing freedom of circulation of goods.)
The IPQ is responsible for coordinating the Portuguese Quality System (SPQ)with the
mission of promoting quality development in all sectors of activity in Portugal. The
IPQ also has two roles: as a national standardization body, it promotes national and
international standards and ensures innovation in its services. Its second role is as
the national metrology institution, ensuring the rigor and accuracy of measurements
and guaranteeing their comparability and traceability. It also fulfills the constitutional
objective of scientific, applied and legal metrology, allowing it to control measurement
standards[35].
The Portuguese Accreditation Institute (IPAC) is the organization responsible for ac-
creditation in Portugal. It focuses on managing the Portuguese accreditation system
and recognizing the technical competencies of laboratories and certification of organi-
zations. Additionally, it represents the country on international accreditation commit-
tees [36].

2.4.4 Metrological traceability

According to VIM [32], metrological traceability is the ". . . property of a measurement
result whereby the result can be related to a reference through a documented unbroken chain of
calibrations, each contributing to the measurement uncertainty.". This definition was cre-
ated by the Joint Committee for Traceability in Laboratory Medicine, which promotes
traceability and standardization in laboratories.
Traceability makes it possible to create a hierarchical link between the measurement
systems and the standards used. In Figure 2.3, this hierarchy of the reference stan-
dards can be observed. This allows for a connection to be made between the standards
because it is possible to consult ". . . documents that its reference or standard weight was
calibrated by or is traceable to the SI . . . ". In addition, it is possible to identify the entire
process associated with the standard, in order to identify the resolution and possible
sources of error [4].
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Figure 2.3: Metrological Traceability Structure [4]

2.4.5 Metrology and maintenance

The wear and tear of measuring equipment can be directly related to its continuous
use, possibly influencing the measurements. To prevent this from compromising the
reliability of themeasured quantities, it is advisable to performpreventivemaintenance
at appropriate intervals to reduce the likelihood of failure.
In addition to undergoing maintenance procedures, it is also recommended that mea-
suring equipment be calibrated. This allows for the measurement error and its un-
certainty to be determined more accurately. After maintenance, the equipment must
undergometrological processes to ensure that it ismeasuringwithin acceptable ranges.
As mentioned above, the maximum acceptable value for the error is defined according
to the area of metrology in which the equipment is used. If the error is greater than
acceptable, corrective maintenance must be carried out, followed by calibration [33].

2.4.6 Metrology in healthcare

According to [33], metrology in healthcare is important due to the fact that ". . . several
clinical decisions are taken and based on measurement results that constitute basic information
for the provision of healthcare, with particular relevance to the accuracy and reliability of these
same measurements.".
The area of metrology in the healthcare sector deals with the application of appropri-
ate metrological principles to guarantee the precision and accuracy of measurements,
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both in clinical and laboratory contexts. This precision is essential for identifying dis-
eases and ensuring the safety and effectiveness of the care provided [37]. There are
challenges to overcome, such as traceability, as it is difficult to link measurements to
reference standards [38]. According to Karaboce [39], we are living in an era in which
technology changes very quickly, which poses obstacles to defining and implementing
metrological procedures due to the frequent replacement of equipment and the lack of
regulations requiring all medical devices to undergo a metrological procedure.
But we can also see that progress is being made from the creation of standards that
support metrological processes, such as:

• ISO 10012:2003 [40] defines the requirements and generic guidelines for imple-
menting or improving a measurement management system. Although it is not
specific to the healthcare sector, it can be adapted to provide the necessary frame-
work for this field;

• ISO 17025:2017 [41] establishes the quality requirements for laboratories where
tests and calibrations are conducted. It serves to demonstrate that a laboratory is
capable of producing valid and internationally recognized results;

• Goodpractice guides [33] encourage the training of healthcare professionals through
awareness-raising systems to understandmetrological processes and adopt good
practices.

Ferreira [38] claims that by establishing chains of metrological traceability, using in-
ternational reference standards and performing dynamic calibration of equipment, it
is possible to ensure that all processes are performed correctly and that the equipment
remains within the permitted tolerance limits.

2.5 Meta-Analysis
Through meta-analysis [42], it is possible to strengthen the report itself. itself. The
choice of articles referenced throughout the report has its weight and can help elevate
its quality.

Table 2.1: Quality of the bibliography analyzed

Type of publication Referenced Number
Q1 18
Q2 6
Q3 3
Q4 1

The quartiles of the scientific journals refer to the impact factor, i.e. the importance of
the journal in relation to others in the same field of study, and are divided into Q1 (Top
25%), Q2 (26% to 50%), Q3 (51% to 75%) and Q4 (76% to 100%).
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3 Hospital Equipment Management

This chapter explains the SIE maintenance management model based on practices ap-
plied to corrective maintenance. It then discusses the Financial Management Service
(SGF), analyzing its importance and impact on the equipment life cycle.

3.1 Characterization of SIE
The importance of SIE in a hospital environment results in an indisputable necessity
for its complexity to bemaintained, from its infrastructure to electromedicine. As such,
SIE has a major impact on how a hospital operates, from the smallest where there may
not be a SIE but there is a service that performs similar functions to a large hospital
where sub-services can emerge within the SIE to fulfill the needs without having to
outsource to another company [17].
Unfortunately, the importance of SIE is only acknowledged when the final users of the
equipment/infrastructure are faced with some kind of anomaly [17]. The impact of
the SIE after the anomaly is huge, but their actions while the equipment/infrastructure
functions properly are decisive for the smooth operation of the hospital.
To achieve the goal of proper functioning, it is necessary to keep track, not of the acqui-
sition, but of the decision to acquire, since it is the SIE who is subsequently responsible
for its reception, installation and maintenance process. To protect the organization,
specifications are drawn up by the Provisioning Service with the help of the SIE. These
specifications will contain parameters defined by the organization, including [17]:

• Quality of the asset to be purchased, parameters such as equipment reliability,
warranty period, projections of maintenance costs associatedwith the asset, tech-
nological level and cost of the equipment are considered [17];

• Hospital reality where the place of installation in the case of fixed equipment or
place of use for equipment with mobility is taken into account, what conditions
are available and what is required, the availability of qualified operators for the
use of the asset [17];

• Supplier guarantees, which take into account response time, technical capacity,
supply of spare parts, staff training and other aspects [17].
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Figure 3.1: Organizational chart of SIE

Once the proposal has been selected, the purchase is made and received, where there
must be confirmation between what has been purchased and what has been received
to ensure that it matches. In addition, all documentation, from user manuals to equip-
ment operating diagrams, must be received in the desired language. After reception,
the installation is undertaken with the help of the supplier’s technicians and under the
supervision of a member of SIE so that he has a better idea of what has been done and
under what conditions.

In the case of the IPOCFG, it is a hospital that in terms of structure and size can be
considered medium-sized. It has the internal capacity to resolve a large percentage of
infrastructure-related requests. When it comes to electromedicine, however, this ser-
vice is subcontracted, as it is not feasible to have an in-house team for this purpose.
The great diversity of medical equipment, along with the fact they are increasingly
technological, requires a great investment not only in trained workers, but also in in-
frastructure, and the IPOCFG is not in a position to do this.

As can be seen in the organizational diagram in Figure 3.1, the IPOCFG SIE is hierar-
chized into a service director, an equipment manager, a warehouse supervisor, a secre-
tarial services and, finally, several workshops consisting of permanent employees who
belong to a subcontracted company. This resident team is responsible for maintaining
the infrastructure of the entire hospital campus.

For the most part, the maintenance carried out by the SIE is both immediate and de-
ferred, while preventive maintenance is provided by external companies.
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3.1.1 Maintenance software - GHAF

All activities related to SIE are registered in an Enterprise Asset Management (EAM)
called Gestão Hospitalar de Armazém e Farmácia (GHAF), which was developed by
the Serviços Técnicos de Informatica (ST+I) [43]. This EAM is used by various services
in the hospital because it is versatile with various modules with their specifications.
The Maintenance module is used in the SIE and looks like Figure 3.2. All internal
workers have access to the application, each with their restrictions so they only have
access to what is assigned to them.

Figure 3.2: Main page of GHAF

Some of the functionalities of the Maintenance module are:
• Creation of maintenance requests and assignment of worksheets to each request,

thus allowing the attachment of costs such as labor, warehouse materials and
orders, among others;

• Real-time alerts, from changes in order status to workshop section changes;
• Interface with fixed assets, making it possible to consult the entire maintenance

history, whether corrective or preventive, as well as contracts in which an asset is
included, among others;

• Display of global KPIs;
• Preventive maintenance sub-module (Figure 3.3) that allows for the scheduling

of all preventive maintenance on equipment. equipment can be grouped within
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its cost center according to maintenance frequency. It also has the function of
alerting users to the time remaining for preventive maintenance, based on the
time assigned by the equipment manager, thus preventing failures.

Figure 3.3: Preventive maintenance module

Although the software is considered simple, it is suitable for hospitals because it keeps
processes simple, enabling the flow of information throughout the hospital ecosystem.
One negative aspect of this software is that it is not very user-friendly, which increases
its learning curve. GHAF can be used on a smartphone or via its desktop application.
This EAM is also certified by SPMS, ISO 9001, ISO 13485, Rede PME and PME excelên-
cia21 [43].

3.1.2 Maintenance request management process

To start the process, there needs to be a maintenance request, usually made by the
service manager at GHAF. To process the request, it must be described in detail so that
the equipment manager can understand whether there is internal capacity to resolve
the request or if it will need to be resolved externally.
If there is no internal capacity to handle the request, one of two situations arises. Either
there is already a maintenance contract associated with this need, or no maintenance
contract exists yet, making it necessary to ask a company to provide a quote for solving
the problem.
When the request has been resolved, a report is created and uploaded to GHAF. The
equipment manager marks the request as concluded and the person responsible for
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the request, if satisfied with the execution of the request, proceeds to close it. Figure
3.4 provides an overview of the process for handling requests.

Figure 3.4: Maintenance request process

3.1.3 KPIs applied to the service

To better understand the situation of the SIE over the years, it was self-proposed to
establish some KPIs related to the service. To develop these KPIs, the GHAF software
was used as a baseline, where global KPIs are already displayed andwhere all the data
is stored. Because the GHAF presents global KPIs, it doesn’t portray an annual reality.
To compensate for this, the annual values were extracted from the software, and non-
standardized KPIs were created.
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Figure 3.5: Total requests over the years by workshop

Figure 3.6: Average requests per worker over the years per workshop

Figure 3.5 illustrates the number of requests over the last 8 years. As can be seen, de-
spite the fluctuations, the workshop with the highest number of requisitions is Elec-
tricity and the workshop with the lowest number of requisitions varies over the years
between Paintwork and Construction.
Although Figure 3.5 shows that electricity has the highest number of requisitions, Fig-
ure 3.6 shows that Metalwork and Plumbing have the highest number of requisitions
per worker over the years. Construction and Paintwork have the lowest number of
requests per worker too.
In Figure 3.7, it is possible to see across the board that associated costs have increased
in all workshops over the years. Air conditioning and Electricity have the highest costs
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per workshop, which is justified by the fact that these workshops are more technical
in nature and more refined in the type of requests they deal with. For reasons of data
protection and confidentiality, the respective amounts are not shown in the chart.

Figure 3.7: Total cost over the years per workshop

As the total cost of the workshops has increased gradually over the years, the average
cost per requisition has generally followed the same trend, as illustrated in Figure 3.8.
Paintwork andAir Conditioning have the highest average values per requisition, where
Paintwork is justified by the fact that it has a smaller number of requisitions and the
material tends to be more expensive.

Figure 3.8: Average cost per requisition over the years per workshop

The Air Conditioning and Electrical workshops also come out on top with the highest

24



Reorganization of Physical Assets and Maintenance in a Portuguese Hospital

number of hours accumulated over the years, as indicated in Figure 3.9. This is due to
the fact that generally, these tend to be more technical and finer-grained.

Figure 3.9: Total time per workshop over the years

In Figure 3.10, it can be seen that the average time per request for Air conditioning has
increased significantly over the years, while workshops such as Metalwork, Plumbing,
Carpentry and Electricity have seen their average time stabilize, showing little variation
over the years.

Figure 3.10: Average time per request over the years per workshop

Figure 3.11 displays color data in pairs, for example dark green and light green. This
differentiation is made by the existence of two parameters, Average Completion Time
(ACT) and Average Finalization Time (AFT). ACT is the time from opening the requi-
sition to its completion.
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Figure 3.11: Variation of ACT and AFT through the years

This metric is produced by the SIE, as they are the ones who control the requisitions.
The AFT is the time from opening the requisition to finalizing it. This parameter is
controlled by whoever opens the request and is only finished when they are satisfied
with the resolution.
Requisitions corresponding to preventive ACT and AFT metrics are controlled by the
SIE, which is responsible for opening this type of requisition. Requests for repair and
repair of inventoried are placed by the service managers. This means that if the infor-
mation is compared betweenACT andAFT, this time increases in relation to Preventive
this is since GHAF does not have an alert system.

3.2 Characterization of Financial Management Service

Over the years theNationalHealth Service (SNS) has increased its investment in health,
and services such as SGF are needed to manage funding in the hospital field. They are
responsible for financial sustainability, ensuring that the hospital has adequate funding
for the resources it needs. They are also able to perform cost management, allowing
them to identify areas that can be further optimized. In addition, they are responsible
for invoicing and payment processes, thus producing financial indicators that allow
the hospital to make strategic decisions.
In the case of IPOC’s SGF, as can be seen in Figure 3.12, they are composed by the
department director, treasury and accounting. Within accounting, they are subdivided
into revenue, expenditure and pre-invoicing. Although the SGF is closely involved
with assets, they don’t have a specific department for this purpose.
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Figure 3.12: Constitution of SGF

3.2.1 Financial software - SHI

The software used to catalog assets is Software Hospitalar Integrado (SHI). The SHI
has the frontend shown in Figure 3.13, where it is possible to register, transfer, amortize
and decommission assets. The registration, transfer and decommissioning processes
will be described below.

Figure 3.13: SHI software

The asset amortization process is a monthly procedure, allowing for an accounting
analysis. In addition to these main functions, it is also possible to register brands, and
cost centers according to building plans and register suppliers. At the moment, there
is no direct communication between the SHI and the GHAF, meaning that each year,
the new information on the assets acquired that year is downloaded and uploaded to
GHAF. In 2024, the complete transition to GHAF was initiated, as SHI was no longer
being represented.
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3.2.2 Asset registration

Once the invoice has been received, the reception document has been completed and
the assets have been installed (or stored), it must be registered as completely as possi-
ble. For this, some information is required, such as:

• Unique inventory number, to make it easier to search for the asset. There are also
situations where the inventory number is associated with a tag number;

• Description of the asset;
• Brand, model, serial number;
• State of preservation;
• Location of the asset (Cost center);
• Accounting classification using the Complementary Classifier, which is instituted

by the State as a way of standardizing classification, where assets are separated
by family and associated with a depreciation rate [44];

• Invoicing and entry into service date, usefulwhenwarranty services are required.
In addition to the information already recorded by the SHI, the World Health Organi-
zation (WHO) recommends recording additional information [45]:

• Identification of manufacturer with information such as address and contact in-
formation;

• Operating requirements, to establish whether there are any specific requirements
for operating the asset;

• Risk classification to determine the priority and criticality of the asset in question;
• Maintenance and metrological needs, in order to determine what will need to be

done to ensure the optimal functioning of the asset;
• Maintenance requirements for themaintenance provider, so that the organization

can make the best possible choice when selecting a maintenance provider.

3.2.3 Transfer of localization assets

The asset transfer procedure takes effect when a department needs to receive equip-
ment/furniture from another department. The purpose of this procedure is to enable
the asset to be included in the list of assets of the department that will receive it, as well
as keeping an overview of the location of the assets within the hospital campus.
In order to do this, it is necessary to fill in the template for the transfer of assets, where
the person responsible for the service of originmust fill in all fields regarding the equip-
ment/furniture. These fields include the brand, model, serial number, inventory num-
ber, label number and other details. The person responsible for the destination service

28



Reorganization of Physical Assets and Maintenance in a Portuguese Hospital

will only have to fill in the part about the new location of the transferred asset. Both
parties sign the procedure and the document goes to the SIE, where the equipment
manager is informed of what will be transferred. The document is then sent to the SGF
where the person responsible makes the change in the SHI.

3.2.4 Disposal (decommissioning) of assets

The decommissioning of assets takes placewhen the asset is obsolete, or due to a break-
down, it is too expensive to repair or spare parts are no longer available. To start the
process described in Figure 3.14, the responsible company or internal team creates a
report detailing the reasons why the asset needs to be decommissioned.

Figure 3.14: Decommissioning process

The report is delivered to the SIE, where the equipment Manager will analyze the re-
port and inform the service responsible for where the asset originates. This service
then fills in the decommissioning template by entering the inventory number, descrip-
tion of the asset, the reason for decommissioning, brand, model and serial number, so
that it is later possible to correctly identify which asset is to be decommissioned, thus
avoiding errors.
The document is then handed over to the scrapping committee, which is made up of
the SIE equipmentmanager and the person responsible for the SGF equipment register,
where they checkwhether the document is in conformity. The document is then sent to
the administrator responsible for the equipment department for approval. Finally, once
the document has been approved, it is passed on to the person in charge of equipment
registers so that they can decommission it in the SHI.
Some assets are stored in SIE, where they undergo cannibalization processes to prevent
further decommissioning of similar assets because spare parts are no longer available.
The remaining assets are stored in the "Scrap Warehouse", awaiting a significant vol-
ume of assets to be destroyed.

3.3 Assignments performed throughout the internship
During the internship, one of the main objectives achieved was to establish a bridge
between the SIE and the SGF. There was no one to make this connection, even though
such a bridge would be crucial between these departments, since both are closely in-
volved with the life cycle of equipment. Some of the activities undertaken to achieve
this important relationship included:
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• Inventory of Surgical Speciality Ward I. This was necessary due to the fact that
this unit was formed from the merger of 5 wards that had been demolished as
a result of the construction work taking place at the IPOCFG. In the process of
creating Surgical Specialities I, the appropriate transfers and respective disposals
of equipment were not implemented.
The task was based on carrying out a complete assessment of all types of equip-
ment and furniture in the ward and preparing the respective procedures. The
end result was a completely inventoriedward, with amore comprehensive record
than the initial one. This challenge would not have succeeded without the help
of the head nurses and assistants;

• Inventory of services such as Operating Room, Nuclear Medicine, Gastroenterol-
ogy, Pneumology, Surgical Speciality II, Day Hospital, Gynaecology, Urology,
Cardiology, Dermatology, Endocrinology, Pharmacy, Catering Service, Clinical
Pathology, Virology Laboratory, among others that had an incomplete inventory
from 2015 to 2023;

• Collecting and performing asset decommissioning procedures fromDecember to
June;

• Collecting and processing transfers of assets between the different hospital divi-
sions, in order to make the location more up-to-date;

• Filling in the reception document in full from November to June. The existing
template was not suited to existing needs, so a new template, presented in Ap-
pendix A, was created on my own initiative, approved and implemented;

• Labelling all of the equipment/furniture acquired during the internship period.
Apart from these tasks involving the two departments, there were tasks for each de-
partment.

• SIE
- Control of the process for allocating and completing corrective and preventive
maintenance at GHAF;
- Accompanying workers during the processing of requests;
- Creation of a work instruction (Appendix B) for the designation of the report
files, in order to make it easier to locate files within folders;
- Digitization of overdue maintenance reports;
- Updating all preventive maintenance, placing the digitized reports on the ap-
propriate dates;
- Creation of new preventive maintenance procedures at GHAF;
- Updating maintenance contracts for 2024, listing the equipment and the corre-
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sponding periodicities;
- Follow up on equipment installations and electromedical maintenance compa-
nies.

• SGF
- Registration of acquisitions of assets in SHI;
- Creation of a work instruction (Appendix C) to standardize the designations
given to medical devices acquired, in order to standardize the inventory of these
assets.
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4 Metrology in healthcare

This chapter presents the metrology applied to healthcare at IPOCFG, describing the
existing processes for equipment and the steps for implementing new procedures for
equipment. A case study is conducted on the implementation of new metrological
control ordinances for sphygmomanometers and infrared ear thermometers, covering
verification tests and the requirements imposed by the OIML.

4.1 Characterization of existing procedures

To understand the situation regarding the metrological status of the equipment used
at the IPOCFG, a survey was carried out on the procedures already in place at the
hospital. The aim of this survey was to understand where they are located and what
conditions they are subject to. In the institution in question, the Immunohemotherapy
service, which is ISO 9001 certified [46], has certain obligations to carry out metrologi-
cal operations on some of the measuring equipment present in the service. The reason
for these requirements is contained in ISO 9001 [46]. In addition to this service, there
is also the Clinical Pathology service, which is currently in the process of ISO 9001
certification.
Table 4.1 shows the measuring equipment that is currently covered by metrological
processes.

Table 4.1: List of equipment considered
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In addition to the equipment in the Immunohemotherapy and Clinical Pathology de-
partments, there are two measuring devices in the Medical Physics department, as
shown in Table 4.1, which are already covered by legal metrology.
Whenevermeasuring equipment covered by appliedmetrology undergoes ametrolog-
ical operation, it must be accompanied by a calibration certificate issued by the relevant
authorities. Several parameters are necessary to generate this document, as detailed in
[33]:

• Title, name and address of the laboratory and the place where the calibration is
conducted;

• Clear identification of all pages to ensure that it is part of the constitution of the
calibration certificate;

• Customer identification;
• Identification of the used method;
• Description and identification of the calibrated measuring instrument;
• Date of calibration tests, along with results;
• Complete identification of the participants in the document validation process.

To be able to interpret the results, one will need information such as [33]:
• Conditions in which the calibration tests were conducted;
• Measurement uncertainty associated with the standard used;
• Traceability chain associated with measurements;
• If the measuring instrument needs to be adjusted or repaired, the results of the

before and after procedure must be made available.
The general circuit through which the measuring equipment passes is shown in ISO
10012:2003 [40].
For equipment to be subject tometrological operations, it’s necessary tomake a request
to the responsible entity, following the path described in Figure 4.1.

Figure 4.1: Internal procedure for requesting a metrological operation
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4.2 Portugal’s new metrological scenario

In 2022, Decree-Law 29/2022 was published, approving the General Regulation on the
Legal Metrological Control of Measuring Methods and Instruments. This regulation
defines the general characteristics, model approval procedures, periodic verification,
marking of control symbols and information labels for legalmetrological control of var-
ious measuring instruments, including medical equipment and devices. The Decree-
Law also provides guidance on howmanufacturers, repairers and users should request
legal metrological control, thereby establishing general conditions to ensure themetro-
logical quality of instruments. This document serves as the foundation for subsequent
regulations published in November 2023.

4.2.1 Sphygmomanometer

Regulation no. 354/2023 [47] and Declaration of Rectification no. 1-A [48] refer to
the aneroid and digital sphygmomanometers shown in Figure 4.2, which measure the
blood pressure of the human body. The value measured by sphygmomanometers is
expressed in SI units, which are kiloPascal (kPa) or millimeters of mercury (mmHg)
[47].

(a) (b)

Figure 4.2: Types of sphygmomanometers:(a) Aneroid1; (b) Digital2

The device operates by placing a cuff around one of the upper limbs, at the level of the
heart. In the case of an aneroid sphygmomanometer, the professional places a stetho-
scope under the cuff and inflates it until the pressure is sufficient to temporarily stop
the blood flow. Deflation begins slowly, and the Korotkoff sounds can be heard, indi-
cating the systolic (maximum arterial pressure in the arteries caused by the contraction
of the ventricles) and diastolic (minimum arterial pressure caused by the filling and
relaxation phase of the ventricles) values [49].

1Source: https://www.flipkart.com/dr-morepen-spg-07-palm-type-aneroid-sphygmomanometer-bp-
monitor/p/itmebd2z2srdaz8h

2Source: https://www.gimaitaly.com/it/assets/altreimmagini/49880.jpg
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Themain diagnosismade using this equipment is hypertension, which is characterized
by a systolic pressure over 140 mmHg or a diastolic pressure exceeding 90 mmHg.
To highlight the importance ofmetrological operations in this type ofmeasuring equip-
ment, a studywas conducted by Turner[50]. Considering that hypertension is themost
common diagnosis made using this equipment, it was concluded that overestimating
the diastolic pressure by 5 mmHg increases false positives by between 102% and 166%.
Conversely, underestimating the diastolic pressure by 5 mmHg results in a failure to
diagnose the condition in between 57% and 67% of cases. As for systolic pressure, an
overestimation of 3 to 5mmHg increases false positives by between 24% and 43%,while
underestimation in the same range results in between 19% and 30% of patients going
undiagnosed.

4.2.2 Digital infrared ear thermometers

Regulation no. 367/2023 [51] and Declaration of Rectification No. 1-D [52] pertain
to digital infrared ear thermometers, depicted in Figure 4.3, designed for measuring
human body temperature. The readings from these thermometers are expressed in
degrees Celsius (ºC) [51]. It operates by inserting the thermometer’s tip into the ear
canal, where an infrared sensor detects the radiation emitted by the tympanic mem-
brane and its surroundings. This detected signal is then converted into an electrical
signal, which undergoes an algorithmic process to calculate the temperature, subse-
quently displayed on the thermometer’s screen [53].

Figure 4.3: Infrared Ear Thermometer3

The sole function of thismeasuring equipment is tomeasure the subject’s body temper-
ature. However, as Pušnik [54] explains, several factors can influence the obtained re-
sult, including the positioning of the thermometer and variations between users. Given

3Source: https://www.hillrom.lat/pt/products/braun-thermoscan-pro-6000/
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these challenges, Pušnik [54] emphasizes the importance of implementing a proper cal-
ibration system and reinforces recommendations for users to ensure the most accurate
measurements possible.

4.2.3 Tonometer

Regulation No. 368/2023 [55] pertains to tonometers, illustrated in Figure 4.4, de-
signed for measuring human intraocular pressure. The measurements provided by
the tonometer are in units of kPa or mmHg. Various types of tonometers exist, each
with its specific operational mode [56]. Since this equipment is now subject to legal
metrology, it must comply with the requirements stipulated in OIML R 145 [57].

Figure 4.4: Tonometer4

4.2.4 Instruments for measuring ionizing radiation

Ordinance No. 356/2023 [58] and Declaration of Rectification No. 1-B [59] includes in-
struments used formeasuring ionizing radiation, specifically for Radiotherapy (Dosime-
ter), Nuclear Medicine (Calibrator), Radiology (Dosimeter) and Radiological Protec-
tion (Individual Monitor, Area Monitor and Contamination Monitor). These types of
measuring equipment must undergo biannual checks.
Sphygmomanometers, digital infrared ear thermometers, and tonometers are now sub-
ject to legal metrological control, overseen by IPQ, which handles First Verification,
Periodic Verification and Extraordinary Verification. Before being put into service, fol-
lowing repairs or seal breakages, this equipmentmust undergo a First Verification. [47]
[51] [55] [58].

4Source: https://www.oftaltec.pt/produtos-e-equipamentos/equipamentos/diagnostico/tonometros-
icar0e/novo-icare-ic100/
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Periodic verification is valid for one year andmust be renewed annually, while extraor-
dinary checks occur between these periodic verifications.
Medical devices (MD)must be maintained in good repair, with inscriptions andmark-
ings compliant with metrological and technical requirements, always visible and legi-
ble.

4.3 Case study
The objective of this case study is to evaluate the implementation of two new metro-
logical control ordinances. To achieve this, it is essential to identify themedical devices
affected and assess the process they will undergo.
As part of the internship, one of the self-assigned tasks was to conduct a survey of the
MD covered by regulations [47] and [51]. To accomplish this, the quality department
was engaged to devise a comprehensive and reliable survey methodology, given that
many of theseMDs are not typically documented due to their lower value. The devised
solution involved approaching Head Nurses and departmental supervisors to assist in
surveying the MD within their departments. The intern created a template, as shown
in Figure 4.5, to facilitate the collection of all necessary information about the MD.
Information such as brand and model helped provide an estimation of the MD value
within the hospital’s equipment inventory.

Figure 4.5: MD survey template

When the survey was finished, the number of MD present in the hospital was deter-
mined. It was concluded that there were 33 sphygmomanometers and 34 digital in-
frared ear thermometers.
After the study, a meeting was held with the Supply department. During this meet-
ing, it was revealed that the digital ear thermometers in the IPOCFG are for counter-
consumption, that is, compliance with the ordinance is the responsibility of the entity
that has the counter-consumption contract.
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In the following two sections, the tests to which the aneroid and digital sphygmome-
ters are subject were reviewed. These tests were created by the OIML with the aim of
standardizing the practical procedures of legal metrology.

4.3.1 Aneroid sphygmomanometers

Aneroid sphygmomanometers must follow the guidelines imposed by the OIML. For
this measuring equipment, the guideline is the OIML R 148 [1], which is divided into
three parts:

• OIMLR 148 - 1: Metrological and technical requirements - it includes the terms
and definitions applicable to this type of measuring equipment. It explains the
metrological requirements (Table 4.2), providing the Maximum Permissible Er-
ror and the test conditions.

Table 4.2: Maximum permissible error conditions for aneroid sphygmomanometers

It also presents the technical requirements (Table 4.3), which outline the technical
limits for its design, construction and use.

Table 4.3: Technical conditions for aneroid sphygmomanometers

Finally, it specifies the marking and labeling requirements for this type of mea-
suring equipment.

• OIML R 148 - 2: Test procedures - although sphygmomanometers are simple to
operate and build, a number of tests are required to ensure that they are working
as expected. The tests that sphygmomanometers undergo include:
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1. Test for maximum permissible errors of the cuff pressure indication

For this test, shown in Figure 4.4, the cuff is replaced by a metal container
represented by the number three in Figure 4.4. Connect the reference device
and the sphygmomanometer being tested using a T-connector. Then, con-
nect the pressure generator using another T-connector. The test is conducted
between 0 mmHg and the maximum value on the scale, with increments of
less than 50mmHg. The differences between the device being tested and the
reference device are recorded.

Table 4.4: Test procedure on aneroid sphygmomanometers [1]

2. Test formaximumpermissible errors of the cuffpressure indication under
varying temperature conditions

The procedure for this test is similar to test one, with a change in the test
conditions, as shown in Figure 4.6. Three tests are conducted, each test last-
ing at least 3 hours in the climate chamber represented by the number two
in Figure 4.6, with the following conditions: 10 ºC ambient temperature and
85% relative humidity, 20 ºC ambient temperature and 85% relative humid-
ity and 40 ºC ambient temperature and 85% relative humidity.
The differences between the equipment being tested and the reference equip-
ment are recorded in the temperatures of each test.
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Figure 4.6: Test procedure on aneroid sphygmomanometerswith varying temperatures
[1]

3. Test for maximum permissible error of the cuff pressure indication under
storage conditions

This test is only applied to sphygmomanometers that are still in their orig-
inal packaging. To conduct this test, tests one and two are combined. The
equipment is placed in the conditions shown in 4.6, for one hour at 20 ºC
and a relative humidity of 60 % and then test one is carried out. The differ-
ences between the equipment being tested and the reference equipment are
recorded.

4. Test for air leakage of the pneumatic system

Place the cuff around a cylinder of the appropriate size. Conduct the test
over at least three equally spaced pressure ranges, testing for air leakage over
a period of 5 minutes to determine the measured value. Finally, present the
result as the rate of pressure loss per minute.

5. Test for pressure reduction rate for deflation valves

Connect the reference pressure gauge to the cuff with a T-connector, and
connect the output of the calibrated reference pressure gauge to the record-
ing unit. The test should be carried out at three pressure values: 8 kPa (60
mmHg), 16 kPa (120 mmHg) and 24 kPa (180 mmHg).
As the deflation rate can be influenced by the way the cuff is applied, a re-
peatability test should be conducted with at least 10 repeat measurements
and in two different sizes.
For this test, either human or artificial limbs are required, but artificial limbs
are recommended.
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The pressure reduction should be graphed as a function of pressure versus
time. The rate of pressure reduction is calculated separately from the average
value of the three pressure values and the different sizes.

6. Test for rapid exhaust

In this test, the cuff is replaced with a container. The reference pressure
gauge is then connected to the pneumatic system of the sphygmomanometer
using a T-connector. The system is inflated to maximum pressure and then
quickly released. The result is the time taken for the pressure to reduce from
the maximum value to zero.

7. Test for scale spacing and thickness of the scale marks

Using a graduated lens, the thickness of the scale marks and their spacing
are determined in at least three different areas of the gauge.

8. Test for security against mercury losses

Place the equipment to be tested in a collection container, connect the ref-
erence pressure gauge to the hose leading to the mercury tank, and switch
on the pressure generator. Using the pressure generator, increase the pres-
sure by 100 mmHg relative to the maximum reading indicated on the scale,
maintain this pressure for 5 seconds, and then release the pressure. After
this test, check for any mercury spillage.

9. Test for the influence of the mercury stopping device

Connect the pressure generator to the tube that connects directly to the mer-
cury reservoir. Increase the pressure until it exceeds 200 mmHg, then re-
move the connection tube and pressure generator. The result is obtained by
measuring the time taken for the pressure to decrease from 200 mmHg to 40
mmHg.

10. Test for the hysteresis error of aneroid manometer

Place the cuff around the container, then connect the reference pressure gauge
to the pneumatic systemwith a T-connector, and connect an additional pres-
sure generator to the same connection. Conduct the test in increasing incre-
ments of no more than 50 mmHg up to the maximum of the scale. After
reaching the maximum, reverse the steps. The result is obtained from the
difference between the pressure values during the increasing test and the
decreasing test.

11. Test for durability of aneroid manometers

Repeat test number one. Connect the sphygmomanometer to an alternat-
ing pressure generator and take 10,000 repetitive measurements, where one
repetitive measurement ranges from 20 mmHg to the top of the scale and
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back to 20 mmHg. After completing this test, wait 1 hour and repeat test
number one to check for any differences. The result is given by the variation
in the deflation and inflation values.

12. Test for mechanical safety

This test is subdivided into two parts: the vibration and shock resistance test,
where the sphygmomanometer must function normally after a free fall of 25
cm. To obtain the "Shock Resistant" indication, it must function normally
after a fall of 1 meter. This test is repeated six times.
The next test is for a sphygmomanometer with mercury pressure gauges,
where the sphygmomanometer is dropped from a height of 1 meter, and
repeated six times. Throughout the test, it should be checked that there is no
mercury leakage, and after the test has finished, a visual inspection should
be made to ensure there is no leakage.

13. Test for durability of markings

For this test, it is necessary to rub the marks on the equipment, without ex-
cessive pressure, first for 15 seconds with a cloth containing distilled water,
then for 15 seconds with a cloth containing methylated alcohol, and finally
for 15 seconds with a cloth containing isopropyl alcohol.
The adhesives must not become loose or curl at the edges.

It should be noted that only sphygmomanometers withmercury pressure gauges
perform the relatedmercury tests, while the other sphygmomanometers skip this
test.

• OIMLR148 - 3: Test report format - a template is presented describing the equip-
ment and the purpose of the report, the test conditions to which the equipment
was subjected and the reference methods and equipment used.
The results of the tests are summarized, and an assessment is made of the perfor-
mance and conformity of the tested equipment. Ultimately, it is a document that
serves as a template to standardize evaluation reports.

4.3.2 Digital sphygmomanometers

Digital sphygmomanometers, like aneroid sphygmomanometers, are also subject to
guidelines, the OIML R 149 [5].
OIML R 149 - 1: Metrological and technical requirements - the terms and defini-
tions applied to this type of measuring equipment are established. The metrological
requirements (Figure 4.7) are explained, from the maximum permissible error to the
test conditions. In addition, technical conditions are presented, which establish the
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technical limits from design to usage. Finally, the marking and labeling requirements
for this measuring equipment are also specified.

Figure 4.7: Maximum Permissible Error for digital sphygmomanometers

OIMLR149 - 2: Test procedures - although sphygmomanometers are simple to operate
and set up, several tests are required to ensure they are working as expected. The tests
that digital sphygmomanometers undergo are:

1. Test for maximum permissible errors of the cuff pressure indication

This test is subdivided into two: environmental conditions and storage condi-
tions.
For the first test, place the cuff around the container, then connect the reference
pressure gauge to the pressure gauge of the device under test using a T-connector.
This assembly will connect to the pneumatic system, as shown in Figure 4.8. The
equipment is put into test mode, according to the manufacturer’s recommenda-
tions.

Figure 4.8: Test procedure on automatic sphygmomanometers [5]

The additional pressure system is connected to the pressure system to aid the
process. The test starts gradually and constantly, on a scale of no more than 50
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mmHg, between the minimum and maximum values on the scale. For the envi-
ronmental conditions test, 3 tests are conducted. Each test lasts at least 3 hours
in the climate chamber, represented by the number 2 in Figure 4.8, with the fol-
lowing conditions: 10 ºC ambient temperature and 85% relative humidity, 20 ºC
ambient temperature and 85 % relative humidity and 40 ºC ambient temperature
and 85 % relative humidity.
In each combination of temperature and humidity, it’s essential to wait for the
sphygmomanometer to reach its operating temperature before starting the tests.
In storage conditions, the thermometer is subjected for 24 hours to a temperature
of -5 ºC and immediately after it is subjected for 24 hours to 50 ºC. After this
period, the ambient conditions test is repeated. For these two tests, the result
is obtained from the difference between the reference pressure gauge and the
equipment being tested.

2. Test for blood pressure measurement range

A cuff is placed on a patient simulator so that the sphygmomanometer displays
diastolic blood pressure values equal to or less than 20 mmHg and systolic blood
pressure values equal to or greater than 110 mmHg. The result is obtained by
visually confirming the values obtained by the equipment.

3. Test for repeatability of blood pressure indication

Connect the sphygmomanometer and the patient simulatorwhich is set to the tar-
get values for systolic and diastolic blood pressure (Figure 4.9). Perform twenty
repetitions at temperatures between 10 ºC and 40 ºC and relative humidity be-
tween 15 % and 85 %.

Figure 4.9: Setup to test [5]

The result on blood pressure repeatability is calculated from Equation 4.1:

rS(D) =

√∑n
i=1

(
L̄S(D) − LS(D)i

)2
n− 1

(4.1)
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Where L̄S(D) is the repeatability of the visualized value of systolic or diastolic
blood pressure; LS(D)i is the systolic or diastolic blood pressure value at the i-
th measurement; S(D) is the average systolic or diastolic blood pressure of the
equipment; and lastly n is the number of measurements.

4. Test for effect of voltage variations of the power source

This test is subdivided into five different tests:

Internal power supply - where the procedure involves replacing the internal
power supply with a power supply that has an impedance equivalent to the one
specified by the manufacturer, measuring the voltage variation with a voltmeter.
Then, test the equipment by alternating the voltage in 0.1 V increments to deter-
mine the lowest voltage threshold at which the arterial voltage indication con-
tinues to appear. Carry out test number one only at an ambient temperature of
20 ºC and ambient relative humidity, with a 0.1 V increase and also at the nom-
inal voltage. The results are obtained by measuring the difference between the
blood pressure indication of the equipment being tested and the readings of the
reference pressure gauge at the lower limit of voltage, increasing by 0.1 V.

External power supply - alternating current - this procedure involves connecting
the sphygmomanometer to the adjustable high current source andmeasuring the
voltage variation using a voltmeter. Test number one is repeated, but only at an
ambient temperature of 20 ºC and relative humidity, using the maximum voltage
supplied by the manufacturer, as well as the maximum and minimum nominal
voltage values supplied by the manufacturer. The result will be the difference be-
tween the values of the equipment being tested and the reference pressure gauge.

External power supply - direct current - in this procedure it’s necessary to con-
nect the equipment to the direct current source and monitor it with a voltmeter.
Test number one is repeated, but only at 20 ºC ambient temperature and relative
humidity, with the conditions of maximum nominal voltage and maximum and
minimumaverage voltage value indicated by themanufacturer. The result will be
the difference between the values of the equipment being tested and the reference
pressure gauge.

Voltage fluctuations from the external power supply - alternating current - in
this procedure, it’s necessary to connect the equipment to the adjustable alter-
nating current source and measure the voltage with a voltmeter. The voltage is
then adjusted in increments of 5 V to determine theminimum value for the blood
pressure indication. Test number one is repeated, but only at 20 ºC ambient tem-
perature and relative humidity at the limit of the lowest voltage, adding 5 V. The
result is the difference between the blood pressure indication of the equipment
being tested and the readings of the reference pressure gauge at the lower limit
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of voltage, increasing incrementally by 5 V.
Voltage variations from the external power supply - direct current - in this pro-
cedure, it’s necessary to connect the equipment to the direct current source and
monitor it with a voltmeter. The voltage is then adjusted in increments of 0.1 V to
determine the minimum value for indicating blood pressure. Test number one is
repeated, but only at 20 ºC ambient temperature and ambient relative humidity at
the limit of the lowest voltage, adding 0.1 V. The result is the difference between
the blood pressure indication of the equipment being tested and the readings of
the reference pressure gauge at the lower voltage limit, increasing incrementally
by 0.1 V.

5. Test for air leakage of the pneumatic system

Before the test begins, allow themeasuring equipment to reach operating temper-
ature. Place the cuff around the metal container. Conduct the tests in at least 3
equally spaced ranges, for example 50mmHg, 150mmHg and 250mmHg. Check
for air leakage over a period of 5 minutes and calculate the average value. The
result is expressed as a loss rate per minute.

6. Test for pressure reduction rate of devices using the auscultatory method

Connect the reference pressure gauge via a T-connector to the cuff and the record-
ing unit. The deflation rate can be influenced by the way the cuff is fitted. To
verify this influence, a repeatability test is performed with a duration of at least
10 measurement repetitions andwith 2 different cuff sizes. This test is performed
on a person or on a patient simulator. The test should be carried out in 3 equally
spaced ranges, for example 60 mmHg, 120 mmHg and 180 mmHg. The pressure
reduction should be plotted as a curve as a function of pressure versus time. The
rate of pressure reduction is calculated separately from the average value of the
three pressure values and the different sizes.

7. Test for rapid exhaust

Replace the cuff with a metal container and connect the reference pressure gauge
to the pneumatic system. Inflate to the maximum point, wait 60 seconds, and
then activate the exhaust valve, noting the time elapsed during deflation.

8. Test for zero adjustment of a measuring system

To start the procedure, apply a pressure of +6 mmHg and then -6 mmHg to the
pneumatic system and turn on the equipment’s autoregulator. Check that the
measurement values show a systematic error of +6 mmHg and -6 mmHg.
Replace the cuff with a metal container and connect the reference pressure gauge
to the pneumatic system, then insert a pressure/suction pump and a pressure
generator into the pneumatic system.
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Next, self-adjust to 0 on the sphygmomanometer, after self-adjustment increase
the pressure to 100 mmHg and record the value shown, then increase +6 mmHg
and self-adjust again, and repeat the previous process, with the expected value
being 6 mmHg. Finally, decrease -6 mmHg and self-adjust, eventually increasing
the pressure to 100 mmHg, with the expected value being 6 mmHg.

9. Test for instrumental drift of the cuff pressure indication

Place the cuff around the metal container and connect the reference pressure
gauge to the pneumatic circuit simulator using a T-connector. Before starting the
test, allow the sphygmomanometer to reach its operating temperature, which is
indicated in the instructions for use. Then take the measurement and time it un-
til it switches off automatically. Switch the sphygmomanometer back on, set it to
test mode and apply a pressure of 50 mmHg. Repeat test number one, but only
at a temperature of 20 ºC ± 5 ºC and ambient humidity, and start the stopwatch.
The result is obtained by varying the pressure indication on the cuff during the
time interval.

10. Test for maximum time for which the cuff is inflated

Place the sphygmomanometer cuff on a person or a patient simulator, and simul-
taneously start a repeat measurement and the stopwatch. Prolong the measure-
ment as much as possible by, for example, moving the limb or manually blocking
the deflation valve.

11. Test for durability
Repeat test number one, but only at a temperature of 20 ºC ± 5 ºC and at ambient
humidity. Carry out 10,000 repetitions of simulated measurements, reaching a
pressure of at least 150 mmHg. The result is the difference between before and
after the 10,000 repeat measurements, under the same conditions.

12. Test for signal input and output ports

Replace the cuff with a metal container and connect the reference pressure gauge
to the pneumatic system via a T-connector. Then increase the pressure to 100
mmHg and record the value. Repeat this test, this time short-circuiting all the
contacts on the input and output ports.
Finally, increase the pressure again to 100 mmHg, and this time set all the sphyg-
momanometer contacts to the maximum voltage allowed by the manufacturer.
The result is obtained by comparing the tests.

13. Test for cuff pressure deflation following an aborted measurement

Put the sphygmomanometer cuff on a person or a patient simulator, start the
blood pressure test and stop the test. Start the test again and stop it while the
pressure is reducing. If possible, repeat the test under the same conditions. The
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result is obtained by visually checking that the quick space is active.
14. Test for resistance to vibration and shock

For this test, the shock test should be carried out in accordance with IEC 60068-2-
27:2008 Environmental testing - Part 2-27:Tests - Test Ea and the guidance:Shock
using test 1 or 2. For the vibration test, IEC 60068-2-64:2008 Environmental testing
part 2-64:Test - Test Fhmust be followed. After these tests, the sphygmomanome-
ter must comply with the permitted temperature range of 20ºC ± 5ºC.

15. Test for durability of markings

For this test, it is necessary to rub the marks on the equipment, without exerting
excessive pressure, first for 15 seconds with a cloth containing distilled water,
followed by 15 seconds with a cloth containing methylated alcohol, and finally
15 seconds with a cloth containing isopropyl alcohol.
The adhesives must not become loose or curl at the edges.

OIML R 149 - 3: Test report format - this template describes the equipment and the
purpose of the report. It details the test conditions to which the equipment was sub-
jected, as well as the methods and reference instruments used. It includes a summary
of the test results and an assessment of the equipment’s performance and conformity.
It aims to standardize and improve the transparency of the process.

4.3.3 Discussion

The research conducted intowhichmetrological tests are performedon sphygmomanome-
ters, both aneroid and digital, is unclear regarding which tests are carried out for each
type of verification.
Although Declaration of Rectification no. 1-A [48] only contains OIML R 148, with
some research it was possible to find OIML R 149, which is specific to digital sphyg-
momanometers.
In addition to themaintenance costs associatedwith this type of equipment, the need to
perform these tests entails additional expenses. These additional costs are not included
in this report due to the limited data available, but it would be useful to evaluate the
economic impact of these measures.
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5 Life Cycle Cost

This chapter provides a holistic analysis of the life cycle of Tomotherapy at the IPO.
The associated costs, benefits and rates are analyzed and applied to replacement and
depreciation models.

5.1 Equipment information
The concept of Tomotherapy (Figure 5.1), which stands for "slice therapy" [6], was de-
veloped at the end of the 1980s by a group led by Thomas R. Mackie [60]. This new
method was initially not well received due to some limitations in its process. A To-
motherapy system is a helical radiation dose delivery system, using a linear accelerator
that rotates around the patient. It is characterized by the adaptation of the treatment
to the movement of the tumor. Some of its advantages include [60] [6]:

• Possibility of adjusting the treatment plan after each treatment session;
• Possibility of checking the three-dimensional positioning of the patient in real-

time;
• Modulation of radiation intensity bymoving the LinearAccelerator andMultileaf

Collimator (MLC) around the patient;
• Simplicity of treatment.

Figure 5.1: Equipment present at IPO

At IPO, Tomotherapy was installed on February 26th 2016 in the Radiotherapy build-
ing, on the treatment floor. Table 5.1 presents some information about Tomotherapy,
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such as the purchase price [61] and expected lifetime.

Table 5.1: Equipment information

The value of the disposal of the equipment was obtained through a meeting with one
of the maintenance technicians of the company contracted for the maintenance. In this
meeting, through the available documentation, it was concluded that the value of the
disposal will be the value shown in Table 5.1.

5.2 Adjacent equipment components
In order for the Tomotherapy to performas expected, components and adjacent systems
are required. Tomake this brief characterization, an internal document supplied by the
maintenance department was used.
Components

• Gantry - system of mechanisms for rotating the linear accelerator around the pa-
tient;

• Linear accelerator - directs the beam of high-energy electrons at the tungsten tar-
get, causing high-energy photons to be used for treatment and image acquisition;

• MLC - made up of a set of plates that have only 2 positions, either open or closed,
which will allow intermittent radiation to hit the patient;

• Jaws - opening and closing device in 3 possible opening angles to allow radiation
to pass from the linear accelerator to the MLC;

• Treatment table - where the patient lies, positioned to undergo treatment.
Adjacent systems

• Planning station - used to plan the course of the treatment, from the expected
dose to real-time treatment changes;

• RDS software - responsible for connecting the data acquisition system, data re-
ceiver and gantry positioning control system;
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• Optimization servers - optimize treatment plans and the most appropriate doses;
• Data servers - store all the information relating to each patient’s treatment plan.

5.3 Functioning mode

Assuming that the patient is undergoing treatment for the first time, he or she will
have to undergo a Computed Tomography (CT) scan. There, the tumor is observed
and outlined, so that the specific planning regarding the patient can then determine
the best way to proceed with the treatment. The scan also helps medical physicists to
calculate the dose of radiation per treatment and the size of the field that will be used.
To start the treatment (Figure 5.2a), the patient is placed on the Tomotherapy table,
where a Megavoltage Computed Tomography (MVCT) is performed, so that the pa-
tient’s position matches the images taken on the day of planning. After the MVCT has
been carried out, if the patient is not positioned according to the initial images, they
are positioned accordingly. The treatment begins with the start of the gantry rotation,
where the radiation is emitted constantly.
The table moves into the gantry and the MLC, through pneumatic actuators, allows
the radiation to reach the patient, thus administering the radiation dose as shown in
Figure 5.2b [62].

(a) (b)

Figure 5.2: Operating mode :(a) Illustration of Tomotherapy (b) MLC functioning di-
agram [6]
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The end of the patient’s treatment is reached when the treatment zone is exceeded.
Then, the gantry stops, after which the patient can leave the treatment table and the
preparations for a new treatment can begin.

5.4 Depreciation models

To calculate the replacementmodels, the depreciationmethodsmust be calculated pre-
viously. There are several depreciation methods, all of which work similarly, that is,
there is an initial value (acquisition value) and the goal is to reach a final value (dis-
posal value) at the end of several years (lifetime). Each different method thus seeks to
calculate how the depreciation curves will behave. For this situation, the linear, expo-
nential, sum of digits and inverse sum of digits methods are considered [3].

• Linear method

This method uses a constant depreciation rate, d, obtained from Equation 5.1, re-
sulting in a value of 201 690,00 €. Table 5.2 shows the disposal value, Vn obtained
from Equation 5.2, for each year of the equipment’s life cycle.

d =
C0 −R

N
(5.1)

Vn = C0 − (n× d) (5.2)

Where:
d - Annual depreciation value
C0 - Initial value of equipment
R - Residual value of equipment after N time intervals
N - Time interval corresponding to R
n - Period of time below N
Vn - Value of equipment at a certain period of time (n)
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Table 5.2: Linear method

• Exponential method
For the exponential method, depreciation begins to decrease slowly, then rapidly,
decreasing slowly again at the end. To calculate the depreciation rate, T, Equation
5.3 is used, resulting in a value of 0.2539. To calculate the disposal value, Vn,
Equation 5.4 is used, where the annual values are shown in Table 5.3.

T = 1− N

√
R

C0

(5.3)

Vn = C0 × (1− T )n (5.4)
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Where:
Vn - Value of equipment at a certain period of time (n)
T - Annual depreciation value

Table 5.3: Exponencial method

• Sum of digits method
In the method shown in Table 5.4, depreciation is high in the initial years and
gradually decreases over the years. To calculate depreciation, it is first necessary
to calculate the SD, shown in Equation 5.5, then the annual depreciation value, d,
using Equation 5.6. It should be noted that every year, the value dwill be a differ-
ent value. Finally, the annual disposal value, Vn, is calculated from Equation 5.7.
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SD =
N(N + 1)

2
(5.5)

dn =
N − (n− 1)

SD
× (C0 −R) (5.6)

Vn = Vn−1 − dn (5.7)

Where:
dn - Annual depreciation value
Vn−1 - Value of equipment from the previous period of time (n)

Table 5.4: Sum of digits method
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• Inverse sum of digits method
The method described in Table 5.5 is the inverse of the one mentioned above,
with depreciation being low in the initial years and gradually increasing over the
years. The SD is calculated according to Equation 5.5, then the depreciation, d, is
calculated from Equation 5.8, with the depreciation value always being different.
Finally, the disposal value, Vn is calculated from Equation 5.7.

dn =
n

SD
× (C0 −R) (5.8)

Table 5.5: Inverse sum of digits method

The inverse sum of digits method was selected in addition to traditional methods
due to its appropriateness for situations where technological obsolescence is of
interest [13].
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Figure 5.3: Comparison between different depreciation methods

The methods detailed above are shown in Figure 5.3. To understand which one best
reflects the reality of the situation, the seller of the equipmentwas contacted to evaluate
if it would be possible to have a value of annual depreciation to compare to a single
method. The response did not allow for this to be clarified, claiming that it would be
necessary to conduct an in-depth study of the status of the components.

5.5 Costs

To implement the LCC, it is necessary to do a complete and integrated assessment of
all costs associated with Tomotherapy, from its acquisition to its disposal, regardless
of whether it has reached the end of its life or not. This assessment will allow us to
forecast what these costs will be using historical data on the equipment, thus allowing
them to be applied to replacement models, and allowing for more strategic decisions
to be made. The associated costs can be broken down as follows:

5.5.1 Functioning costs

Operating costs include all costs associated with operating the equipment, such as en-
ergy, which will depend on the price of kWh, system efficiency and downtime; and
labor, which includes the salary costs of the equipment workers.

• Energy costs

Since the consumption of each equipment is not documented, it was suggested
that amperemeter clamps should be placed on the Tomotherapy panel over the
course of a week. This way, it would be possible to get an overview of the weekly
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Table 5.6: Electricity consumption during a week

Table 5.7: Estimated annual electricity consumption

consumption, which is shown in Table 5.6.

The equipment operating mode is constant, that is, its operating cycle is similar
throughout the weeks. This means that to get an idea of the equipment’s annual
consumption, the values collected in a week were multiplied by 52 to obtain an
estimate of the annual consumption, as shown in Table 5.7. Since the equipment
is in the hospital field, since 2016, it was assumed that the consumption value
was constant over the years. The year 2016 is an exception because it went into
service on April 16th. Thus, that year, only 37 weeks were considered. Although
this is only an approximation of the real value and is subject to error, it allows for
an understanding of the energy cost.

To calculate the value of the electricity bill, over the years the following formulas
have been used:

Invoice = Tf + Tp + Ea + Er + V AT (5.9)

Tp =
kWh P

n × e/kWh P+ kW C× e/kW C (5.10)

Ea =
∑
e/kWh T× kWh T (5.11)
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Er =
∑
e/kVAh TC× kVAh TC (5.12)

Where:
Tf - Fixed tariff term,
Tp - Power charges (contracted (C) and peak hours (P)),
Ea - Charges for active energy consumed;
Er - Charges for reactive energy consumed;
T - Types of hours (Peak, Full, Normal Empty, Super Empty)[63]);
TC - Type of consumption (Inductive or Capacitive)
V AT - Value Added Tax;
n - Number of total hours
The contracted kW cannot be fully attributed to the equipment, so in order to
calculate the impact that the equipment has on the contracted power, a study of
the terms of reference was conducted to ascertain the maximum power of the
equipment, which is 48 kW. To calculate the direct power to the equipment, the
total contracted power, which is 1100 kW, is taken into account and the following
equation is applied: 48kW

1100kW × 100 = 4.36%.
This means that in the Tp formula, in the contracted power portion, the value
of 4.36 % must also be multiplied so that only the impact corresponding to the
equipment is considered.
For the costs of the various elements present in the equations for calculating the
invoices, a study was conducted on the invoices from 2016 to 2023 to obtain the
value of each element over the years. For data protection and confidentiality rea-
sons, the final outcome shown in Figure 5.4 has been multiplied by an x factor.

Figure 5.4: Evolution of the energy invoice value over the years
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Figure 5.5: Code developed for forecasting values for functioning costs

The hospital is not charged for reactive energy, due to the fact that they have
strategically installed capacitors, which allow for the internal production of re-
active energy, therefore correcting the power factor, increasing energy efficiency
and reducing energy charges.

• Wages costs

As labor is essential for the operation of the equipment, it is an expense that is
incorporated into operating costs. Labor costs include not only wages but also
the cost of training and overtime [64]. In this case, to acquire the costs, Human
Resources was asked to compile an average salary for each category of profes-
sional from 2015 to 2024. In order to understand the number of people involved
and their professional categories in the Tomotherapy treatment process, meetings
were held with the department director. The final amounts are multiplied by a
factor of x for the purpose of information protection and confidentiality.

In order to forecast the values of the functioning costs from 2025 to 2032, the Auto-
Regressive Integrated Moving Average (ARIMA) algorithm shown in Figure 5.5 was
used, which serves as a statistical model for forecasting time series where there are no
non-linear patterns [65].
It is divided into three parts: AutoRegressive, which creates a relationship between an
observation and a fixed number of previous observations; Integrated, which removes
trends that could affect the analysis; and finally Moving Average, which creates a re-
lationship between an observation and the residual error of the moving averages of
previous observations.

5.5.2 Maintenance costs

Every maintenance performed on the Tomotherapy is under a maintenance contract
with the company that supplied the equipment, which has the highest level of knowl-
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edge of the equipment. Maintenance contracts have been signed between the two orga-
nizations on an annual basis, where there is always an update on the services provided
or the annual value. The maintenance contract is global, including labor, spare parts
and remote support. In the terms of reference, there is a clause limiting the maximum
value of the maintenance contract, which may not exceed 7.5 % of the value of the
overall proposal [61].
To forecast themaintenance cost from 2025 to 2032, it was assumed that the costs would
behave like a bathtub curve. There are various bathtub curves adapted for different
types of equipment, but in this case, there is no specific bathtub curve for the Tomother-
apy, so it was assumed that it would follow the behavior shown in Figure 5.6, the classic
bathtub curve.

Figure 5.6: Classic bathtub curve [7]

In an attempt to resemble the bathtub curve, the code presented in Figure 5.7was devel-
oped. A function was added to force the predicted data to be adjusted to the historical
data.

Figure 5.7: Code developed for forecasting values for maintenance costs
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5.5.3 Non-production costs

Traditionally, non-production costs refer to financial losses caused by a reduction in the
production of the equipment. These costs include labor costs, lost income and equip-
ment depreciation. In this specific case, a different approach was taken in order to
calculate an estimation for the non-production costs related to Tomotherapy.
The amount received by IPOCFG for exams and treatments is determined by the insti-
tute in conjunction with the Central Administration of the Health System (ACSS). This
happens through the establishment of a program contract for in-house production for
the following year on the basis of previous records.
In this case, in order to quantify the outputs, the program contract was not used, but
rather the unit value per treatment presented in Ministerial Order no. 234/2015, of 7
August 2015 [66].
To determine the total possible number of treatments, the study shown in Table 5.8 was
conducted. After meetings with the medical physics department, it was established
that Tomotherapy operates between Monday and Friday, with 13 hours of work per
day (except in 2016 and 2017, when there were only 11 hours per day for in-house
reasons). On public holidays, it only works for 8 hours and every day it is required to
use quality assurance mode to ensure that the equipment performs as intended.
With the total number of hours per year, subtracting the value of hours of quality as-
surance mode, the value of public holidays is then obtained as the value of total hours
possible for treatment.

Table 5.8: Total possible working hours

The approach only considered downtime, that is, the difference between the value of
possible working hours and the actual working hours realized. This difference is ob-
tained in two different approaches:

• Maintenance time

By analyzing all the maintenance reports, both corrective and preventive, it was
possible to collect the annualmaintenance hours, as can be seen in Table 5.9. Since
there are mainly three types of treatment performed on this equipment, the val-
ues of the treatments were collected [66] and the average was calculated. Then,
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Table 5.9: Calculation of maintenance impact

the average time of each treatment was estimated, making it possible to calculate
the value that could have been generated had there been no maintenance.

For confidentiality and information protection reasons, the amounts shown have
been multiplied by an x-factor.

• Production "losses"

Figure 5.10 presents values such as the number of treatments performed each year
and average time per treatment. With these two values, it is possible to determine
how much time is spent on treatments each year. To determine the monetary
value of the difference between the hours of possible treatment and the hours of
treatment, subtracting one from the other.

Table 5.10: Calculation of production "losses" impact

For reasons of confidentiality and data protection, the data presented is multi-
plied by an x factor.

To forecast non-production costs between 2024 and 2032, the ARIMA algorithm was
applied again, as shown in Figure 5.8.
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Figure 5.8: Code developed for forecasting values for non-production costs

5.6 Replacement models

Replacementmodels are globalmodels that help organizations identify decision points
in the equipment life cycle. Based on the replacement forecast, it is possible to discuss
potential approaches regarding the purchase of new equipment.
Despite being a very useful tool for organizations, replacement models have two neg-
ative aspects. The first is their high dependence on the disposal value. To overcome
this, in an ideal scenario, it would be necessary to obtain the market value every year.
As this approach is not always possible or is difficult to achieve, it is necessary to ana-
lyze various depreciation methods to understand the model’s behavior andmake safer
decisions.
The second aspect is the lack of considerations about the continuity of production.
This is relevant when analyzing heavy equipment, where the process of removing and
installing equipment is time-consuming. The models do not include data on the cost
associated with replacing equipment, such as the loss of production.
In addition to depreciation methods the apparent rate, iA, is used to calculate the
present value of the values over the years. To obtain iA, Equation 5.13 is used [3].

iA = i+ Φ+ i× Φ (5.13)

Where:
i - Capitalization rate
Φ - Inflation rate
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The capitalization rate for this kind of situation is not explicit. The value that was
considered was 2 %, like the authors [67] and [68].

The inflation rate was gathered from [69]. The data considered for the 2016 to 2023
time period was the total inflation value. The figures for 2024 and 2025 are projected
figures published by [70]. The figure for the years 2026 to 2032 is the average of the
figures for 2016 to 2032.

The information and outcomes represented in the followingmodels do not correspond
to the real results for reasons of confidentiality and data protection. The real data was
delivered to the SIE.

The substitution models considered for the life cycle analysis were:

• Uniform Annual Income Method (UAIM)

To reach the final annual income result, the Equations 5.14, 5.15 and 5.16 used
are:

U =
iA × (1 + iA)

n

(1 + iA)n − 1
×

n∑
j=0

× Xj

(1 + iA)j
(5.14)

P =
n∑

j=0

× Xj

(1 + iA)j
(5.15)

U ′ =
iA × (1 + iA)

n

(1 + iA)n − 1
(5.16)

Where:

U - Uniform annual income
n— Period for which U is calculated
Xj —Operating and Maintenance costs for the period j

P - Present value
U ′ - Factor of capital recovery

According to Farinha [3], the minimum point of U, marked in green in Table 5.11,
represents the year in which the replacement should be made.
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Figure 5.9: UAIM behavior with the different depreciation methods

Table 5.11: UAIM values for the different depreciation methods

In terms of interpreting the result, as shown in the Table 5.11 and Figure 5.9,
the early result of the inverse sum-of-the-digits method can be explained by the
low depreciation of the asset. This factor makes its disposal value high enough
to consider it the best year for sale. In this case, the inverse sum-of-the-digits
method is not suitable due to its result.
Consequently, the linear, exponential and sum-of-the-digits methods produce
similar results in terms of the annual income point, despite the discrepancy in
the transfer values. The difference between the outputs of these methods is one
year, as shown in Table 5.11. The peak in year six is attributable to the high infla-
tion rate in that year.
Appendix D contains the complete calculations used for calculating the annual
income using the different depreciation methods.
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• Minimizing the Total Average Cost Method (MTACM)

To reach the final Cn result, the Equations 5.17, 5.18 and 5.19 used are:

C ′
n =

∑n
j=1×CMi

n
(5.17)

C ′′
n =

VA − VCn

n
(5.18)

Cn = C ′
n + C ′′

n (5.19)

Where:
C ′

n - Average annual maintenance and operating costs over the period n

CMi - Operating and maintenance costs for the period i

C ′′
n - Average annual depreciation cost over the period n

VA - Acquisition value
VCn - Cession value in year n
Cn - Total cost

For the MTACMmodel, the apparent rate is not taken into account in the process
of determining the lowest average cost of ownership. In this model, according to
Farinha [3], the optimum time for replacing equipment is in the year in which
the minimum cost is represented, as shown in green in Table 5.12.

Table 5.12: MTACM values for the different depreciation methods
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Figure 5.10: MTACM behavior with the different depreciation methods

When interpreting these results, the outcomes of the straight-line, sum of digits,
and inverse sum of digits methods can be explained by the low depreciation of
the asset, whichmakes its disposal value high enough to justify selling it to obtain
the minimum cost point. In this case, the straight-line and inverse sum of digits
methods are not appropriate due to their results.

For the comparative analysis, the lowest value in the sum of digits method was
not considered; instead, the second lowest value was used, which occurred in the
tenth year as shown in Table 5.12 and Figure 5.10. Consequently, the exponential
and sum of digits methods produce close results regarding the minimum cost
point, despite the initial discrepancies in the disposal values. These methods
only show a difference in results of 2 years.

Appendix E contains the complete calculations used for calculating Cn using the
different depreciation methods.

• MTACMwith Reduction to the Present Value (MTACM-RPV)

To reach the final Cn result, the Equations 5.20, 5.21 and 5.22 used are:

C ′
n =

1

n
×

n∑
j=1

× CMi

(1 + iA)i
(5.20)

C ′′
n =

VA − VCn/(1 + iA)
n

n
(5.21)
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Cn = C ′
n + C ′′

n (5.22)

In the MTACM-RPV model, the apparent rate is a key factor in determining the
lowest average cost of ownership. Farinha [3] explains that the best time to re-
place equipment is when the cost reaches its minimum, which is indicated in
green in Table 5.12.

Table 5.13: MTACM-RPV values for the different depreciation methods

The results of this model show that, due to the impact of the apparent rate, all
depreciation methods have later replacement years, as shown in Table 5.13 and
Figure 5.11.

Figure 5.11: MTACM-RPV behavior with the different depreciation methods
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The sum of digits and exponential methods share the same replacement year,
which is the fourteenth year and also the latest among the methods analyzed.
This can be attributed to their high initial depreciation. The inverse sum of digits
method has the lowest minimum cost of all the analyzed methods and the ear-
liest replacement year, which is the eleventh. Finally, the linear method has a
replacement year in the twelfth year.

Appendix F contains the complete calculations used for calculating Cn using the
different depreciation methods.

5.7 KPIs applied to the Tomotherapy

In an effort to understand the operational behavior of Tomotherapy over the years, KPIs
were developed. TheseKPIs do not represent true values, having beenmultiplied by an
x-factor for the purpose of information protection and confidentiality. The true values
have been delivered to the SIE service.

• Availability

Equipment availability is the probability of the equipment being operational for
use [67]. There are various ways of estimating the availability, and in this case, it
was used the formula in Equation 5.23. As shown in Table 5.14, the availability of
the Tomotherapy has fluctuated over the years, maintaining an average of 93,71%.

Availability =
Working hours without maintenance hours

Total possible working hours × 100% (5.23)

• Occupancy

The occupancy rate is the probability of the equipment being occupied. The
Equation 5.24 was developed to calculate its annual value. It can be seen (Table
5.14) that the occupancy rate has fluctuated slightly over the years, maintaining
an average of 94,17 %.

Occupancy =
Total hours

Possible working hours × 100% (5.24)
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Table 5.14: KPIs applied to Tomotherapy

• Overall efficiency

The overall efficiency of the equipment provides insight into the performance of
the equipment. In this case, Equation 5.25 was developed only considering avail-
ability and occupancy. It also shows as evidenced by Table 5.14 some fluctuations
over the years and maintains an average of 88.22 %.

Overall efficiency = Availability×Occupancy (5.25)

5.8 Discussion
The model that shows the most promising results is MTACM-RPV, as all substitution
methods show plausible results. The other replacement models show promising re-
sults with the exponential method, as it is the closest to the lifetime provided by the
supplier. The inverse sum of digits depreciation method, although not a traditionally
used method, has shown that it has the potential to help in decision-making, but only
in specific cases.
In order to enable a better life cycle analysis, it would be necessary to find out what the
actual annual depreciation value of the equipment is, and somehow create a capital-
ization rate appropriate to a hospital situation.
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6 Conclusion

During the internship at IPOCFG, it was possible to see how important the manage-
ment of medical equipment is and how engineering and medicine are increasingly in-
terconnected.
In the introduction to this internship report, three questions were raised, to which the
answer now appears:

• Question 01: How can the internal processes of the SIE increase hospital effi-
ciency?
Answer 01: With the SIE internal procedures, it’s possible to control the equip-
ment/facilities so that they are in the best condition forwhen they need to be used
by health professionals. By continuously improving processes and adopting in-
novative ideas and technologies, it is possible to increase operational efficiency
and improve the care provided to patients.

• Question 02: What is the impact for a hospital of certain equipment fallingwithin
the scope of legal metrology?
Answer 02: In most cases, the most basic medical equipment, such as sphyg-
momanometers and thermometers, are used across the hospital campus, which
translates into large quantities of such equipment. For this reason, this type of
equipment must be considered at some level of criticality due to its transversality.
With the new regulations published, it’s possible to understand the importance of
metrological monitoring to guarantee accurate and precise measurements. This
increases patient safety and maintains the trust and reputation of healthcare ser-
vices.
If the adoption of metrological processes for basic medical equipment has a pos-
itive impact on the successful operation of the hospital, then the adoption of
metrological processes for all measuring equipment should be considered. These
processes in turn demand that calibration tests be carried out at intervals appro-
priate to the type of equipment.

• Question 03: Which parameters can affect the life cycle of heavy medical equip-
ment?
Answer 03: An assessment of the costs of heavy medical equipment can aid in
decision-making throughout the equipment’s life cycle. To achieve this, it is nec-
essary to analyze all costs generated by the equipment over the years, namely
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labor, energy, maintenance and non-production costs. In addition to costs, devel-
oping equipment KPIs can help determine where the equipment presents oppor-
tunities for improvement and how these can be addressed.

6.1 Suggestions for improvement
Throughout the internship, with the interaction between various departments and nu-
merous people, it was possible to recognize that some points could be improved. In
the area of asset management, it is necessary to have a Kaizen perspective, as this has
a direct impact on the smooth operation of the hospital.
To address the aspects that need to be improved, here are some suggestive improve-
ments aimed at improving the functioning of the institution:

• Although there are already internal processes for the reception of equipment,
transfers, and disposals, control should be strengthened;

• Reinforcement of the human resources of the SIE, so that there is holistic control
of equipment and with the new building more workforce will be needed;

• Aworkplace for an electromedical technician, to expeditemaintenance processes,
both corrective and preventive, for medical equipment;

• Implementation of large-scale metrology processes for medical equipment;
• Reinforcing the training of health professionals in the GHAF software, so that

requisition operations run as efficiently as possible;
• Giving the cleaning crew and security team access to the GHAF software, so that

they can submit requisitions;
• A holistic assessment of all the hospital’s assets to update the inventory;
• Creation of a multidisciplinary team for the inventory that will be acquired for

the new building to take control of the inventory;
• Certification of the SIE by ISO 9001:2008, ISO 55001:2014 and Joint Commission

International Accreditation;
• Planning for implementing prescriptivemaintenance for themost criticalmedical

equipment.
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Appendix A - Template created for reception document
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Appendix B - Work instruction for designation of mainte-
nance reports
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Appendix C - Work instruction for standardizing equip-
ment registration designations
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Appendix D - UAIM substitution model

Figure 6.1: Calculation of UAIM model (part 01)
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Figure 6.2: Calculation of UAIM model (part 02)
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Figure 6.3: Calculation of UAIM model (part 03)
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Appendix E - MTACM substitution model

Figure 6.4: Calculation of MTACMmodel (part 01)
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Figure 6.5: Calculation of MTACMmodel (part 02)
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Figure 6.6: Calculation of MTACMmodel (part 03)
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Appendix F - MTACM-RPV substitution model

Figure 6.7: Calculation of MTACM-RPV model (part 01)
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Figure 6.8: Calculation of MTACM-RPV model (part 02)
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Figure 6.9: Calculation of MTACM-RPV model (part 03)
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